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| ABSTRACT IN ENGLISH I

DNA methylation is an epigenetic mark associated with gene repression, playing a
central role in development as demonstrated by the early lethality of mouse embryos
lacking DNA methylation. During epiblast formation, embryonic stem cells (ESCs)
transition from low to high DNA methylation levels, as they exit naive pluripotency and
get primed for somatic lineage commitment. In parallel, emerging primordial germ
cells (PGCs) undergo DNA methylation erasure. Whilst early development represents
an ideal context to study the interplay between DNA methylation and cell fates, how
DNA methylation impacts priming and early lineage induction, notably germline
specification, remains unclear.

To address these questions, | took advantage of DNA methylation-free ESCs
(Dnmt-TKO) submitted to in vitro differentiation protocols to probe the role of DNA
methylation in cell fate commitment. | found that DNA methylation was dispensable
for priming and for neural induction, as TKO cells acquired functional primed features
and could be engaged into neurogenesis. Strikingly, DNA methylation appeared
unnecessary for adopting the germline fate, and its absence rather extended temporal
competency for PGC specification. Based on chromatin profiling results, | propose
that DNA methylation allows multi-lineage diversification by decommissioning DNA
methylation-sensitive neural and germline enhancers during epiblast formation,
therefore tempering these fates as default differentiation routes.

| ABSTRACT EN FRANCAIS I

La méthylation de ’ADN est une marque épigénétique associée a la répression des
genes, dont le réle central dans le développement est illustré par la létalité
embryonnaire observée chez les souris sans méthylation de I’ADN. Durant la
formation de I'épiblaste, les cellules souches embryonnaire murines (CSE) transitent
d’un génome hypométhylé a hyperméthylé, alors qu’elles quittent la pluripotence
naive et s’engagent dans la pluripotence amorcée vers les lignages somatiques. En
parallele, les cellules primordiales germinales (CPG) vont, au contraire, perdre leurs
profils de méthylation de ’ADN. Alors que le développement embryonnaire précoce
représente une fenétre idéale pour I’étude des liens entre dynamique de la méthylation
de I’ADN et prise d’identité cellulaire, comment la méthylation impacte la transition de
pluripotence, et I'adoption des différents lignages embryonnaires, notamment
germinal, reste mal compris.

Au cours de ma these, j’ai utilisé des CSE dépourvues de méthylation de I’ADN
(Dnmt-TKO) et des protocoles de différenciations in vitro, pour étudier le role de la
méthylation dans la prise d’identité cellulaire. J’ai pu observer que si la méthylation
semble dispensable pour la transition de pluripotence et I'induction du lignage
somatique neurale, son absence étend la fenétre de compétence a adopter un destin
germinal. En se basant sur des analyses de cartographies chromatiniennes, je
propose que la méthylation controle la temporalité des prises d’identité cellulaire
neurale et germinale, en désengageant des éléments régulateurs de ces identités,
évitant ainsi que ces deux lignées ne deviennent des voies de différentiation par
défaut au cours du développement embryonnaire précoce.
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La méthylation de ’ADN est une marque épigénétique associée a la répression des
genes, assurant un controle des identités cellulaires. Cette marque est critique pour
le développement, comme le démontre la |étalité embryonnaire des souris mutantes
pour les ADN méthyltransférases DNMT1 ou DNMT3A/3B. Durant ’embryogenese,
les profils de méthylation sont profondément reprogrammés. Apres la fécondation,
les marques de méthylation gamétiques sont effacées alors que le blastocyste se
forme, générant des cellules souches pluripotentes naives au génome hypométhylé,
capables de donner naissance a tous les futurs lignages embryonnaires. Alors que
I'épiblaste se développe, et que les cellules souches transitent vers un état de
pluripotence amorcée, des profils somatiques de méthylation sont établis. Ces profils
sont globalement maintenus dans les différents lignages somatiques, mais pas dans
les cellules germinales primordiales qui émergent dans I’épiblaste au cours de cette
transition, et qui perdent rapidement ces profils de méthylation somatiques
nouvellement acquis. Il a été montré que I'absence de méthylation est compatible
avec un état de pluripotence naive, mais affecte les capacités de différenciation
somatique des cellules embryonnaires. Cependant, le rOle de la méthylation de I’ADN
dans la régulation de la transition de pluripotence naive-amorcée et I’émergence de
la lignée germinale reste peu caractérisé. Elucider les relations entre méthylation de
I’ADN et identités cellulaires est central pour comprendre la régulation épigénétique
des identités normales et pathologiques.

Durant ma these, j'ai interrogé la fonction de la méthylation de ’ADN dans la
prise d’identité cellulaire au cours de ’'embryogenese précoce, en générant une lignée
de cellules souches embryonnaire murines dépourvues de méthylation par délétion
de Dnmt1, Dnmt3a, Dnmt3b (TKO). Mes objectifs étaient d’étudier I'impact de la
méthylation de I’ADN i) dans I’émergence des lignages somatiques, ii) dans la
régulation de la transition de pluripotence et iii) dans la spécification de la lignée

germinale.

() En réalisant une différenciation somatique non dirigée in vitro, j’ai trouvé que
les cellules TKO ne survivent pas a cette différentiation, suggérant que la méthylation
de I’ADN est centrale dans la coordination de I’émergence des identités somatiques.

Au contraire, les cellules TKO en différentiation dirigée vers le lignage neural gardent
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leur compétence d’induction somatique vers ce lignage. Cependant, si I'induction du
programme neural ne semble pas affectée par I'absence de méthylation de I’ADN, elle
apparait centrale pour éviter la réactivation des genes de pluripotence dans les stades
tardifs de la neurogenéese. Ainsi, j’ai montré que si la méthylation de I’ADN peut jouer
un réle crucial dans la coordination des lignages somatiques, elle n’est pas nécessaire
pour I'induction du programme neural, mais reste importante pour la consolidation de

cette identité.

(i) Pour comprendre comment la méthylation de ’ADN régule les genes de la
pluripotence, j'ai étudié la capacité des cellules TKO a opérer la transition de
pluripotence naive a amorcée au cours d’une différentiation épiblastique in vitro. En
opposition au dogme étabili, il est apparu que la méthylation de ’ADN n’est requise ni
pour la sortie de la pluripotence naive, ni pour I'acquisition d’une identité de
pluripotence amorcée. En effet, les cellules TKO ne montrent pas de différence
notable dans la régulation des genes impliqués dans cette transition de pluripotence,
et développent des capacités fonctionnelles de cellules amorcées, in vitro et in vivo.
Alors qu’il est connu que la méthylation de I’ADN n’est pas nécessaire pour la mise
en place de la pluripotence naive, je propose que cette notion soit €également étendue
a la pluripotence amorcée, ou il semble que I’'absence de méthylation n’impacte pas

la transition des états de pluripotence.

(ili) Cependant, les cellules sans méthylation de I’ADN sur-expriment les genes
de la lignée germinale au cours de la différentiation épiblastique. En induisant les
cellules TKO vers un destin germinal in vitro, j’ai trouvé que |'absence de méthylation
de I'ADN étend la fenétre de compétence des cellules souches embryonnaires
murines pour la spécification germinale. Pour comprendre comment la méthylation
de ’ADN peut contrdler cette fenétre de compétence germinale, j’ai procédé a des
analyses génomiques de profilage de la chromatine. Il est apparu qu’en absence de
méthylation de I’ADN, les cellules souches conservent des profils de chromatine
permissifs sur des éléments régulateur de I'activité des genes de la lignées germinale,
mais aussi de la lignée neurale. J’ai également trouvé que ces éléments sont la cible

de facteurs de transcription sensibles a la méthylation de I’ADN, et qui pourraient étre

14



impliqués dans le maintien de ces profils de chromatine permissifs dans les cellules
TKO. Enfin, j’ai pu observer que cet effet est spécifique au destin germinal et neural,
puisque les éléments régulateurs d’autres lignages somatiques, comme le
mésoderme et I’endoderme, ne montrent pas de rétention marques de chromatine
permissive. De plus, en induisant la différentiation in vitro des cellules TKO vers les
lignées méso/endoderme, j’ai observé que sans méthylation de I’ADN, les cellules
souches ne parviennent pas a activer correctement les genes régulateurs du destin
méso/endoderme, mais induisent fortement I’expression de genes neuraux. De fagon
similaire, 'adoption d’un destin germinal semble également étre accrue dans les

cellules TKO, méme en absence des signaux inducteur de la lignée germinale.

En résumé, jai pu montrer que la méthylation de I’ADN harmonise la
coordination entre les différentes identités cellulaires. La méthylation de ’ADN semble
critique pour le désengagement de certains éléments régulateurs des destins
germinaux et neuraux, possiblement en contrecarrant la liaison de facteurs de
transcription sensibles a la méthylation. Ainsi, la méthylation de I’ADN limite
I’engagement par défaut des cellules embryonnaires vers un destin neural et germinal,

en temporisant le maintien de profils épigénétiques déterministiques.
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| 1. Preface I

How organisms are formed is a longstanding question in the history of life sciences.
Aristotle in his treaty “On the Generation of Animals” written around 330-322 BC
postulated that the development of an organism is a progressive growth process
starting from the “germ”, and mostly driven by external cues. This is referred to as the
“epigenesis model”, in opposition to the “preformation model”, which assumed that
a preformed organism is contained in male or female germ, with its final shape
although of smaller size. Centuries later, in 1940, English embryologist Conrad
Waddington, in an attempt to conciliate the genotype (with its static nature alike the
preformation model), and the phenotype (subject to environmental influences alike the
epigenesis model), coined the term “Epigenetics”. From this, he drew his idea of an
“epigenetic landscape”; a way of illustrating how external signals influences the
genotype to produce the phenotype during development (Allen, 2015).

In the mid-XX™ century, new mechanisms regulating gene expression are
discovered. Among these fundamental studies, the identification of transcription
factors by Jacob and Monod (Jacob and Monod, 1961), the Polycomb group of
protein by Lewis (Lewis, 1978) and DNA methylation by Holliday (Holliday and Pugh,
1975) as key actors of cellular memory, shed some light on how genes can relate on
external factors to regulate their activity. However, with the advent of molecular
biology, and uncertainties on how such processes mechanistically achieve their
regulation, came up a period of “genetic reductionism” starting in the early 1980’s
from which will arise the central molecular dogma of biology enunciated as ‘one gene
encode for one protein, leading to one phenotype’ (Pisco et al., 2016). However,
after the completion of the Human Genome Sequencing Project in the beginning of
the XXI* century, came the realization that genes alone do not hold the key to fully
understand development. From DNA methylation to the Histone code (Jenuwein and
Allis, 2001), and others, these processes became the irrefutable support of what we
now call the “epigenetic information”. Thus, the word “epigenetics” took on another
definition, enunciated notably by Holliday, and later elaborated by Bird and others
(Bird, 2007; Holliday, 1994), and is now mostly understood as the “the processes by

which genes can regulate and maintain their activity across cell divisions and
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development without changes in the DNA sequence”. Thus, epigenetics is now
considered as a central way regulating morphogenesis and cell differentiation, as the
genetic information remains the same in every cell type (Figure 1).

During my PhD project, focusing on DNA methylation, | aimed at understanding
how this epigenetic mark could impact early development using mouse embryonic
cells as a model. More specifically, | investigated peri-implantation development, a
period when embryos make crucial cell fate decisions while profoundly reshaping their
epigenetic landscape. In this Introduction, | will first make on overview of DNA
methylation in evolution, with its regulation and known function(s) in development.
Then, | will focus on early mouse development, and the emergence of the pluripotent
stem cells. During this part, | will emphasize the epigenetic reprogramming that stem
cells undergo while they acquire the ability to give rise to the embryonic tissues,
alongside the methods and tools available to study this developmental period. Finally,

| will describe how the somatic and germline identities are acquired in embryonic cells.
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Fig. 1| Historical perspective on "Epigenetics"

Adapted from Pisco, et al. 2016 (BioRxv) and Cavalli & Heard, 2019 (Nature). Line curve representing
the number of published research articles mentioning "Epigenetics" in Log scale from 1940 to 2020
(Data obtained from https://app.dimensions.ai/discover/publication).
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| 2. DNA methylation: an ancient partner of life I

2.1 DNA methylation origin and mechanistic

Chemical addition of a methyl group (-CH3) on DNA nucleotides is a highly conserved
modification that is found in the three reigns of life. In bacteria, it is found under
various forms, like N6-methyl-adenine (m6A), C5-methyl-cytosine (5mC) and N4-
methyl-cytosine (4mC) (Sanchez-Romero and Casadesus, 2020). Although DNA
methylation in the context of bacteria has been initially perceived as a primitive
genome defense mechanism against bacteriophages through restriction-modification
systems, it has then been broadened to new functions, like transcriptional regulation,
virulence, and as a selective force for bacterial evolution (Cota et al., 2015; Fang et
al., 2012; Marinus and Casadesus, 2009). In contrast, 5SmC and m6A are the only
modifications found in eukaryotic genomes. Although it is supposed that the last
common eukaryotic ancestor did not bear DNA methylation, these marks seem to
have been nevertheless inherited from bacteria during eukaryogenesis (Talbert et al.,
2019).

2.1.1 DNA methylation across eukaryotic evolution

Genomic analyses have revealed a great variability in the content and profiles of
genomic DNA methylation across the eukaryotic kingdom. First of all, 5mC appears
to be the predominant form of DNA methylation in eukaryotes. It is mostly found on
CG (CpG dinucleotides), but also occurs rarely in a CHG or CHH context (where H=
A, T or C) (Zemach et al., 2010). While mCpGs are found in every vertebrate and plant
genomes studied so far and play conserved functions like in genomic imprinting or
transposon repression (Niederhuth and Schmitz, 2017; Zhang et al., 2018), global
levels of 5mC are strikingly variable among eukaryotes’ genome. Indeed, many
species do not harbor any DNA methylation (Bewick et al., 2019, 2017), such as the
model organisms D. melanogaster, C. elegans, or S. cerevisiae, suggesting that this
epigenetic modification is not fundamentally required for the survival of some

eukaryotic organisms (Figure 2A). Coincidently, DNA methylation-free organisms rely
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on alternative mechanisms to regulate gene or transposon expression. Nevertheless,
DNA methylation remains critical for vertebrates and flowering plants development,
suggesting that in these organisms, DNA methylation might have acquired functions
that cannot be fully compensated by other repressive mechanisms (Schmitz et al.,
2019).

Paradoxically, species with heavily methylated DNA typically demonstrate CG
‘poor’ genomes (Bird, 1980; Schorderet and Gartler, 1992). Indeed, the deamination
of pyrimidines, including cytosines, is a highly mutagenic process occurring at a rate
of approximately 200-300 events per cell per day, converting cytosines into thymines.
Moreover, the rate of 5mC deamination is 3-fold higher than the one of unmethylated
cytosines. While DNA methylation plays crucial functions, it also comes with
evolutionary costs: deamination leads to potential accumulation of miscoding
mutations in genes and elevated single nucleotide polymorphisms among individuals,
which can be inherited in their offspring if occurring in the germline. Incidentally, it is
estimated that a third of mutations found in coding regions of tumoral cells arise from
5mC deamination at CpG sites (Bellacosa and Drohat, 2015). Therefore, in mammalian
genomes, CpGs occur at a lesser frequency than expected. Namely, the human
genome displays only one fifth of the expected CpG number (International Human
Genome Sequencing Consortium, 2001).

In average, vertebrate genomes harbor around 80% of methylated CpGs, with
the notable exception of CpG-rich regions, termed CpG islands (CGl) (de Mendoza et
al., 2020). These hypomethylated regions are defined as sequences of at least 200bp
with a GC content over 50% and a ratio of observed/expected CpGs over 0.6. In
mammalian genomes, almost two-third of protein-coding genes bear a CGl in their
promoter regions, alike many housekeeping genes (Gardiner-Garden and Frommer,
1987; Greenberg and Bourc’his, 2019). As a consequence, half of CGls are found
around gene promoters in mammalian genomes, while the rest map to gene bodies
or intergenic regions where they have been proposed to act as alternative gene
promoters and/or, more recently, as tethering elements mediating physical contact
between genes and their distal regulatory elements (/lingworth et al., 2010; Pachano
etal., 2021).

28



2.1.2 The DNA methylation machinery

The eukaryotic DNA methyltransferases (DNMTs) bear a catalytic domain (MTase)
made of 10 motifs that share strong conservation with bacterial methyltransferases.
In fact, the predictive value of these motifs is so high that almost all eukaryotic
cytosine methyltransferases were identified by the presence of these motifs (Goll and

Bestor, 2005). Eukaryotic DNMTs are classified into several lineages (Figure 2B-C):

The DNMT1 maintenance super family of methyltransferases:

This first lineage contains the maintenance family of methyltransferases, which are
related to DNMT1 and its derivatives, MET1/ CMTs in plants and RID/DIM-2 in fungi
(also sometimes known as DNMT4). This family most probably emerged from ancient
duplications of an ancestral form of DNMT1, allowing the duplicated copies to acquire
new functions in a species-specific manner (de Mendoza et al., 2020; Huff and
Zilberman, 2014). The conserved structures in all DNMT1 family members encompass
the MTase domain, as well as one or several Bromo-adjacent Homology domains
(BAH), whose function are still uncertain but their presence in other chromatin
regulators suggests they could act as a platform for protein-protein interactions. The
murine DNMT1 was the first DNA methyltransferase to be identified in mammals, in
1988 (Bestor et al., 1988). It contains additional domains including a replication foci-
targeted domain (RFD) and a DNA-binding domain (CXXC) (Figure 3A) (Song et al.,
2011). In order to perpetuate DNA methylation across cell division, DNMT1 is targeted
to replication foci by binding the proliferating cell nuclear antigen PCNA via its RFD
domain. DNMT1 is then recruited to hemi-methylated DNA by nuclear protein 95
(NP95 or UHRF1), which contains a SET and RING-associated (SRA) domain that
preferentially binds to hemi-methylated DNA (Bostick et al., 2007; Sharif et al., 2007).
Without this interaction, DNMT1 adopts an auto-inhibitory conformation, preventing
any catalytic activity outside these hemi-methylated regions (Song et al., 20117). In
addition, more recent data provided novel insights into time-dependent modes of
DNMT1 recruitment to the replication machinery, depending on ubiquitylation of the
protein PAF15 in early S phase and on Histone H3 in late S phase (Nishiyama et al.,
2020). Finally, recent analyses proposed weak de novo activity for DNMT1 in mice

embryonic stem cells, notably toward some
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Fig. 21 DNA methylation in the eukaryotic kingdom of life

A. Percentage of methylated CpG sites among various and representative eukaryotic species ordered
based on phylogenetic relationships (coverage >10X). B. DNA methyltransferase (DNMT) distribution
among major eukaryotic clades, associated with their DNA methylation profiles, as described on the right.
Asterisks indicate species for which the methylation status of enhancers has been characterized (de
Mendoza, et al. 2020 JMB). C. Maximum likelihood family tree for DNMT structures found in eukaryotic
(colored branches) and prokaryotic (gray branches) species. Numbers indicate percentage of supported
bootstrap for each node in eukaryotes, underlying overall similarity between DNMT families (Huff, 2014
Cell).
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classes of transposable elements in mice embryonic stem cells (ESCs) (Haggerty et
al., 2021). This is consistent with reminiscent de novo activity of purified DNMT1
protein observed on unmethylated DNA substrate in biochemical assays in vitro
(Fatemi et al., 2001; Vilkaitis et al., 2005). Yet, this conclusion remains controversial: it
is not clear how this de novo activity of DNMT1 could be directed specifically toward
transposable elements. Moreover, remnant activity of DNMT3C —a rodent-specific de
novo methyltransferase normally expressed in mouse spermatogenesis— at young
transposable elements in mouse ESCs, could potentially explain this low de novo
activity (Barau et al., 2016; Wang et al., 2020). Finally, in vivo studies still exclude a
role for de novo methylation by DNMT1 during early mouse embryogenesis (Dahlet et
al., 2020). Interestingly, some species only possess a maintenance DNA
methyltransferase (Figure 2B), without known active de novo DNA methyltransferase
enzymes. This implies that these species maintained their methylation profile across
evolutionary times, demonstrating the strong fidelity in the propagation of DNA
methylation patterns by the maintenance methyltransferases (Catania et al., 2020).
Another sub-family of maintenance DNA methyltransferases, known as DNMT5, is
found in many eukaryotic lineages, from fungi to Chlorophytes. Although related to
DNMT1 structurally, DNMT5 activity is regulated by a very different mechanism.
Briefly, a positive loop between DNMT5 hemi-methylated binding domain stimulates
the ATPase activity of its SNF2 domain, catalyzing the methylation of cytosines. This
renders DNMT5 activity toward hemi-methylated DNA much more specific than other
DNMT1 proteins and with higher fidelity (Dumesic et al., 2020).

DNMT3 and DNMTX family catalyze de novo DNA methylation:

In contrast to the DNMT1 family, the lineages that contain de novo DNA
methyltransferases are very diverse and hold very different structure conformations
among eukaryotes. The most well-studied de novo DNMTs are undoubtedly the
DNMT3-related enzymes, present in all eukaryotic lineages. The phylogenetic link
between DNMT1 and DNMT3-related proteins remains unclear. However, since their
phylogenetic relationship is rooted among prokaryotic MTases, this suggests that
DNMT1/DNMT3 families were acquired independently from prokaryotic/viral

sequences during evolution (De Mendoza et al., 2018; Huff and Zilberman, 2014).
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Some land plants, like angiosperms, have developed homologs of DNMT3s: Domains
Rearranged methyltransferases (DRMs). These DRMs, alike DNMT3s, contain a
MTase domain, but also display a ubiquitin associated domain that is absent in
DNMT3s, and can methylate cytosines in CHH sequence contexts (Law and
Jacobsen, 2010; Yaari et al., 2019). Another type of de novo DNMTs is the recently
characterized DNMTX that has been identified in some fungus species and contains
a BAH domain in addition to its catalytic domain. However, DNMTX has been lost in
many fungi that now rely only on DNMT5 proteins to maintain their 5mC patterns
(Catania et al., 2020). Mammalian genomes also demonstrate strong innovations
when looking at de novo DNMT3s. After the discovery of two functional de novo
DNMT3s in the mouse genome, DNMT3A and DNMT3B (Lei et al., 1996, Okano et al.,
1998), which are shared among all mammals, a third Dnmt3-Like (Dnmt3L) gene was
identified. It shares strong homology with Dnmt3A from which it probably emerged
through duplication in placental mammals, despite the absence of catalytic activity
(Aapola et al., 2000; Yokomine et al., 2006). Finally, DNMT3C emerged from a
duplication of the Dnmt3B gene in Muroidea rodents specifically, around 46 to 60
million years ago (Barau et al., 2016).

The typical architecture of mammalian DNMT3 proteins is comprised of a
PWWP (Pro-Trp-Trp-Pro) and an ADD (ATRX-DNMT3L-DNMT3A) domains, in
addition to the classic MTase domain, as originally reported in DNMT3A and
DNMT3B. Yet, DNMT3L lacks the PWWP domain and displays a non-functional
MTase domain (Lyko, 2018). Nonetheless, DNMT3L acts as an essential co-factor for
de novo DNMTS3s: biochemical assays have shown interactions through the C-
terminal domain of DNMT3L and ADD domain of DNMT3A/B and stimulation of the
activity of DNMT3A/B by DNMT3L, which is essential for germline de novo DNA
methylation specifically (Bourc’his et al., 2001; Chen et al., 2005; Jia et al., 2007;
Suetake et al., 2004) (Figure 3A- 3B). DNMT3C also lacks a PWWP domain, while
showing strong overall homology with DNMT3B, with the notable exception of its N-
terminus region (Molaro et al., 2020).

The PWWP domain allows for the recognition of H3K36 di- and tri-methylation
(K3K36me2/3), the latter being usually found at gene bodies as it is deposited by SET

Domain enzyme 2 (SETD2) alongside the transcriptional machinery (Baubec et al.,

32



2015; Dhayalan et al., 2010; Krogan et al., 2003; Sun et al., 2005). This explains the
strong association observed between DNA methylation at gene bodies and high
transcriptional activity of these genes. Then, recent work demonstrated differential
affinity for the PWWP domains of DNMT3A and 3B, which have a higher affinity for
H3K36me2 and H3K36me3, respectively (Weinberg et al., 2019). A hypothetical
function for DNA methylation at intragenic regions could be the repression of cryptic
promoters and prevention of spurious transcription (Neri et al., 2017). Finally, the
PWWP domain is also critical to address the DNMT3s at pericentric heterochromatin
that is enriched in H3K36 methylation (Chen et al., 2004).

The ADD domain allows DNMT3s to bind to unmethylated H3K4 residues. If
methylated —with H3K4 tri-methylation (H3K4me3) being the most repulsive form—
the ADD domain folds into an auto-inhibitory conformation impairing the MTase
activity (X. Guo et al., 2015; Otani et al., 2009). As a result of this strong antagonism
between H3K4me3 and the de novo DNMTS3s, regions marked by H3K4me3, like
promoters and CpG islands, are usually DNA methylation-poor (Weber et al., 2007).
More details about the interplay between DNA methylation, DNMTs and other
chromatin marks will be provided later in this Introduction.

Mammalian de novo DNMTS3s, although similar structurally, play non-
redundant functions and are associated to different outcomes when deleted during
development. Indeed, while DNMT3A and DNMT3B are critical for proper
development in vivo, DNMT3B is the predominant catalyzer of DNA methylation
deposition during embryogenesis (Borgel et al., 2010; Yagi et al., 2020), while
DNMTS3A plays a more critical role around developmental genes and in differentiated
tissues, including germ cells (Dura et al., 2021; Shirane et al., 2013). Similarly,
DNMT3C developed a selective activity toward young transposable elements during
spermatogenesis. While the knock-out mice of Dnmt3L or Dnmt3C are viable but
infertile (Barau et al., 2016; Bourc’his et al., 2001), deletion of DNMT3A or DNMT3B
demonstrate stronger phenotype. Notably, Dnmt3A-KO mice despite being also
infertile, show growth retardation, and die four weeks after birth, while Dnmt3B-KO
mice die at mid-gestation (Okano et al., 1999; Ueda et al., 2006). Similarly, DNMT3A

or DNMT3B mutations in humans are associated with a number of diseases, like
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microcephalic dwarfism, acute myeloid leukemia, and immunodeficiency (Greenberg

and Bourc’his, 2019).

DNMT2 and DNMT6 families, the “fake” DNA methyltransferases:

Although they are associated to the DNA methyltransferase family, no chromatin
binding domain can be found in DNMT2/DNMT6 proteins. As a result, these DNMTs
do not target DNA sequences but other substrates (de Mendoza et al., 2020). Indeed,
DNMT2 is deeply conserved among eukaryotes, being found in all species where
DNMT1 and DNMT3 homologs are present, and has been reported to act as a tRNA
methyltransferase (Goll et al., 2006, Goll and Bestor, 2005; Lyko, 2018). On that line,
a recent study has shown that altering DNMT2 in sperm of mice alters the small non-
coding RNA signature affecting paternal epigenetic inheritance (Yunfang Zhang et al.,
2018). On the other hand, the DNMT6 proteins are less well characterized, but one
study found no change in DNA methylation level when Dnmt6 is knocked-out or
overexpressed in the protozoan Leishmania donovanil (Cuypers et al., 2020). Whilst
DNMT6 demonstrates no activity at the chromatin level, a role related to RNA

methylation, alike DNMT2, cannot be excluded.

2.1.3 DNA methylation, a not so static epigenetic mark

DNA methylation is considered as a stable and robust epigenetic mark, notably
because of the reliable maintenance activity of DNMT1. However, DNA methylation
patterns also present some dynamic properties. Most notably, in mammals, DNA
methylation undergoes waves of developmental reprogramming, being almost
completely erased in early embryogenesis and gametogenesis.

They are two main processes by which 5mC can be removed. The first is
managed via passive dilution of 5mC during cell division and inhibition of the
maintenance activity of 5mC by excluding DNMT1 from the replication fork (von
Meyenn et al., 2016b). The second mechanism involved in DNA demethylation relates
to active enzymatic removal of 5mC (Figure 3C). The Ten-eleven Translocation (TET)
proteins—which have been extensively characterized in mammals—are very

conserved among eukaryotes, as they originate from lateral gene transfer from
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Fig. 31 DNMTs and DNA methylation machinery in mammals

A. Architectural structure of mammalian DNA methyltransferases containing; NLS= nuclear localization
signal, RFD= Replication foci domain, CxxC= DNA binding domain, BAH= Bromo-adjacent homology
domain, MTase= Methyltransferase catalytic domain, PWWP= Pro-Trp-Trp-Pro histone lysine binding
domain, ADD= ATRX-DNMT3A-DNMTS3L histone lysine binding domain. B. 3D Structure of DNMT3B-
DNMTB3L tetramers binding to the DNA; with a close-up view of the TRD (target recognition domain)
and catalytic loops of the MTase on a cytosine residue (C. Lin, et al. 2020 Nucleic acids research). C.
The cycle of DNA methylation; de novo established and maintained by DNMT3s and DNMT1, and
actively removed through the Ten-eleven translocation (TET) protein or passively by cell division and
DNMT1 inactivity (Wu & Zhang 2017 Nat Rev Genetics).
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bacteriophages who bear a minimal version of these proteins (Iyer et al., 2071). All
mammalian TETs (TET1, 2 and 3) harbor a double stranded B-helix fold (DSBH) that is
responsible for the conversion of 5mC into 5-hydroxymethylcytosine (5hmC), then into
5-formylcytosine (5fC) and finally into 5-carboxylcytosine (5caC) (Ito et al., 2011).
These derivative forms of 5mC can then be removed from the DNA by dilution during
replication and cell division, as UHRF1 and DNMT1 show lower ability to recognize
and maintain these marks on the chromatin (Hashimoto et al., 2012). Conversely,
Thymine DNA glycosylase (TDG) pathways can recognize 5fC and 5caC forms and
excise these modified bases from the chromatin, followed by the restoration of DNA
integrity by the base-excision reparation (BER) pathway (He et al., 2071; Wu and
Zhang, 2017). Some links might exist between active and passive DNA demethylation,
as a recent study reported that TETs induce Dppa3/Stella expression in mouse
embryonic stem cells, whose product initiates genome-wide DNA demethylation by
excluding UHRF1and DNMT1 from the chromatin in mammals (Mulholland et al.,
2020a).

Finally, TET enzymes are also important for mammalian development. They are
involved in the regulation of many developmental genes, often in synergy with the
DNMTs, thus impacting cell fate decisions in early mammalian embryogenesis
(Charlton et al., 2020; Dai et al., 2016; Dawlaty et al., 2014; Verma et al., 2018).
Moreover, TETs also play important roles in other contexts like meiosis and the control
of transposable elements (Guallar et al., 2017; Yamaguchi et al., 2012). Whilst being
central for mammalian development, not all TETs are expressed and likely required
simultaneously during development. Notably, while TET1 and TET2 are both present
in embryonic stem cells, TET3 is the prominent DNA demethylase enzyme after
fertilization (Mulholland et al., 2020b; Shen et al., 2014).

2.2 Functions of 5mC as a repressive mark during mammalian
development

DNA methylation is usually associated with gene repression when located on
regulatory elements. However, the presence of mCpGs does not necessarily induce
silencing. | mentioned before the case of CGl promoters that are found on almost

70% of human and mouse genes. These promoter-associated CpG islands remain, in
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fact, unmethylated independently of the transcriptional status of the genes (Weber et
al., 2007). In contrast, CpG-poor promoters can be sparsely methylated, but this does
not impact their transcriptional activity. This suggests that DNA methylation-mediated
repression of gene transcription is mostly dependent on CpG density (Figure 4A).

In addition, several transcription factors (TFs) have been found to be sensitive
to DNA methylation and can affect transcriptional outcomes. Among them, the
Methyl-CpG binding domain (MBD) proteins (MBD1/2/4 and MeCP2) (Baubec et al.,
2013) can bind to methylated CpGs and induce chromatin compaction through the
formation of secondary structures (Georgel et al., 2003), or the recruitment of
chromatin modifiers like histone deacetylase, leading to gene silencing (Ng et al.,
7999). Reversely, some transcription factors show preferential binding to
unmethylated sequences and safeguard transcription by opening the chromatin, like
BANP (Grand et al., 2021), or by repelling de novo DNA methylation, like NRF1 and
the recently discovered QSER1 transcription factor (Figure 4B- 4C) (Dixon et al.,
2021; Domcke et al., 2015). The exact mechanisms by which DNA methylation
mediates its repressive activity are still incomplete. Nonetheless, there are biological
processes where DNA methylation-mediated repression remains central: germline-
gene repression in somatic lineages, transposable element control, parent-specific

imprinting regulation and X chromosome inactivation.

2.2.1 DNA methylation in the control of germline genes

Germline genes encompass genes involved in meiosis, general gametogenesis, but
also some germline-specific “genome-defense” genes, such as members of the piwi-
interacting RNA (piRNA) pathway. The majority of these genes bear a methylated CGl
promoter in somatic cells, and are especially sensitive to DNA methylation loss (Dahlet
et al., 2020). The temporal repression exerted by DNA methylation on these genes is
critical for proper germline development, as many of these DNA methylation-sensitive
genes have been found important for the formation of differentiated germ cells, like
Dazl and Asz1 (Haston et al., 2009; Wang et al., 2013). Moreover, inability to maintain
DNA methylation in the emerging male germline in vivo leads to precocious acivation
of meiotic genes and decreased germ cell numbers, as exemplified in conditional

Dnmt1-KO mutant mice (Hargan-Calvopina et al., 2016). But beyond regulating proper
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temporal expression during germ cell development, DNA methylation is of crucial
importance for silencing germline genes in somatic cells. Indeed, cancer cells
frequently adopt an hypomethylated genome and tend to reactivate germline genes,
which could promote oncogenic pathways (Simpson et al., 2005; Van Tongelen et al.,
2017).

The mechanisms by which DNA methylation is deposited at germline genes are
under strong investigation. The most prevalent model postulates that E2F6, a subunit
of the non-canonical Polycomb Repressive Complex 1 (PRC1), targets and recruits
DNMT3B at meiotic genes, as they have been found to co-interact. This mechanism
has been observed first in somatic cells (Pohlers et al., 2005; Velasco et al., 2010).
However, E2f6 knock-out only induces partial reduction of DNA methylation at
germline genes in mouse embryos, suggesting that alternative mechanisms address
DNMTs at these loci (Dahlet et al., 2021). Potential candidates include SETDB1 and
MGA/MAX, which are also involved in the repression of germline genes through the
deposition of repressive histone marks H2AK119Ub, H3K27me3 and H3K9me3, in
hypomethylated embryonic stem cells (Endoh et al., 2017; Karimi et al., 2011). A
recent and thorough reanalysis of published data indeed demonstrated that H2Aub
and H3KOme3 (but not H3K27me3) are the primary marks by which germline genes
are repressed in embryonic stem cells, while DNA methylation-mediated repression
becomes more prevalent as cells differentiate in the epiblast (Mochizuki et al., 2021),
where it probably acts as a final repressive “lock” to ensure germline gene silencing

in differentiated cells (Figure 4D).

2.2.2 DNA methylation, a protector of genome against transposable
elements

Transposable elements (TEs) are “mobile” elements that can move around the
genome either by a “copy-paste” (retrotransposons) or a “cut-paste” (DNA
transposons) mechanism. These elements represent a significant amount of the
genome in mammals (Senft and Macfarlan, 2027). In mice, they constitute at least
44% of the genome, with the LINEs, SINEs (Long/Short interspaced nuclear elements)
and LTR-elements (Long terminal repeats) representing 19%, 8% and 10% of the

genome, respectively (Mouse genome sequencing consortium, 2002). Considered for
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Fig. 4 | DNA methylation patterning and its control on germline genes

A. DNA methylation landscape in CpG-poor mammalian genomes: most DNA methylation is found on
intergenic CpGs, on CpG-poor gene promoters and around transposable elements, while CpG Islands
(CGls) remain mostly unmethylated. B. Electron microscopy pictures of 10 nucleosomes associated with
DNA. Subpanel (a) shows nucleosomal array incubated in native condition. Subpanels (b-€) show
nucleosomal array forming secondary structures and condensation when exposed to MeCP2 (Georgel,
et al 2003 Journal of biological chemistry). C. Genomic tracks at the Pax6 locus for DNA methylation
(black), TET1 (Blue), QSER1 (Yellow) and DNMTs (Purple), in WT, Tet1 and Qser1 single or double
knock-outs, in differentiated cells. This graph show how binding of QSER1 recruit TET1 and active DNA
demethylation, while repulsing DNMTs to promote the formation of hypomethylated valleys (DMVs).
Failure to maintain such DMVs comes in harm's way for proper differentiation (Dixon, et al 2021
Science). D. Multilayered-epigenetic repression of germline genes in differentiating cells toward somatic
lineages. (a) First, repressive histone marks are deposited around the promoter region of germline
genes. (b) During differentiation, DNA methylation is then deposited at the promoters as a final "locker"
for transcriptional repression.
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a long time as “selfish genes” or “junk DNA”, their impact on the genome is
considerable, as they can be both detrimental or beneficial for development and
evolution (Figure 5A-B). TEs can act as binding platforms for transcription factors,
like OCT4 or SOX2 (Bourque et al., 2008). Genome-wide analysis in mouse and human
cells has revealed that 20% of TF-binding events are found in TE sequences
(Sundaram et al., 2014) (Figure 5C). Hence, TEs can be co-opted as cis-regulatory
elements for cell-type specific expression of gene networks, like LTR5H elements in
human germ cells, and RLTR13D6 elements in mouse embryonic stem cells (Todd et
al., 2019; Xiang et al., 2022). Accordingly, expression of specific classes of TEs can
be detected at specific stages of development. Examples include elements like
MERVL (Mouse endogenous retroviruses type L) in the zygote, Intracisternal A
Particles (IAP) family in naive embryonic stem cells and LINEs in early differentiated
pluripotent cells (Hackett et al., 2017; Kigami et al., 2003; Peaston et al., 2004). Other
beneficial aspects of TEs lie in the proteins they encode and their co-option for the
emergence of new functions for host organisms, such as the RAG1 protein that
controls VDJ recombination in vertebrates (Kapitonov and Jurka, 2005), the
telomerase activity for chromosome telomere maintenance in Drosophila (Biessmann
et al., 1990), and the SYNCYTINS involved in placental formation in mammalian
species (Dupressoir et al., 2005).

Despite these effects, TEs also represent potential threats for the genome that
need to be controlled. Most strikingly, during development, improper repression of
TEs is embryonic lethal, as shown in experiments with forced expression of L1
elements (Jachowicz et al., 2017) or deletions of genes encoding TE repressors, such
as Setdb1, Trim28 (Kap1) or Dnmts (En et al., 1993; Matsui et al., 2010). Moreover, TE
de novo insertions can also be linked to cancer formation when located in a tumor-
suppressor gene (Figure 5D). As an example, several Alu and LINE insertions were
reported in the breast cancer genes BRCA1/2 as well as in leukemia, skin and colon
cancers (Chénais, 2013; Lee et al., 2012).

Coincidently, plants, fungi and vertebrates demonstrate high levels of DNA
methylation at transposable elements. But the importance of DNA methylation-
mediated repression varies according to classes of TEs and developmental stages.

For example, loss of DNA methylation in somatic cells leads to aberrant expression of
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IAP elements (Dunican et al., 2013; Hutnick et al., 2010; Jackson-Grusby et al., 2001).
On the other hand, in hypomethylated ESCs, whilst DNMTs are addressed to IAPs via
a diverse family of specific KRAB (Krippel-associated box domain) zinc finger
proteins interacting with KAP1, compensatory mechanisms like repressive H3K9me3
marks—also recruited to TEs via KAP1- can compensate for DNA methylation loss
(Senft and Macfarlan, 2021) (Figure 5E). Moreover, Muroidea rodents recently
acquired a new de novo DNA methyltransferase, DNMT3C that is expressed in male
fetal germ cells. DNMT3C selectively represses the promoters of young LINE 1
transposable elements during spermatogenesis (Barau et al., 2016), as Dnmt3C
mutant mice show sterility phenotype with hypogonadism and azoospermia, and
strong reactivation of young L1 transposable elements. Finally, DNA methylation
could also temper TE deleterious effects in a more indirect manner than directed
repression, with DNA methylation-associated deamination leading to gradual genetic

inactivation of TEs on the long run.

2.2.3 DNA methylation in gene imprinting and X chromosome inactivation

X chromosome inactivation (XCI): taming sex chromosomes

Mammalian females carry two X chromosomes, while males only possess one. To
avoid imbalanced dosage of X-linked gene expression, several hypotheses were
proposed, like in 1967 when Dr. Susumu Ohno postulated that X-linked genes were
to be two-fold up regulated in males (Ohno, 1967). However, in 1961, after observing
X-linked mosaicism in female mice that affected coat color, Dr. Mary Lyon proposed
a mechanism of random X chromosome inactivation (XCI) for the silencing of one
chromosome during early embryogenesis in XX females (Lyon, 1961). Validation of
Mary Lyon’s theory became evident with the discovery of a long non-coding RNA
(ncRNA) called X-inactive specific transcript (Xist), in mice and humans, that is
expressed from one of the two X chromosomes in females and induces XCI in cis by
coating the entire chromosome (Brockdorff et al., 1991; Brown C et al., 1997). DNA
methylation is then deposited by DNMT3B at later stages of the inactivation process,
notably around the CGI promoters of X-linked genes, ensuring a stable lock for proper
silencing (Gendrel et al., 2012). Although dispensable at the initial stages of XCI, DNA

methylation is critical for its maintenance, as embryos lacking DNMT1 demonstrate
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A. Classes of transposable elements (Tase= Transposase, TIR= Tandem inverted repeats, UTR=
Untranslated region, TSD= Tandem site duplication, LTR= Long terminal repeat, ERV= Endogenous
retroviruses, IAP= Intracisternal A-particule). B. Phylogeny of transposable elements in vertebrate
genomes, pie charts represent the percentage of the genome (size indicated below in Gb) associated to
transposable elements of each main family (Senft and Macfarlan, et al 2021 Nat. Rev. Genetics). C.
Barplots display the percentage of peaks for transcription factors found in a transposable element
sequence in humans (red) and mice (blue) (Sundaram, et al 2014 Genome research). D. Number of
somatic L1 insertions found in different Colorectal, Prostatic, Ovarian, Myeloma and Glioblastoma tumors
in humans (Lee, et al 2012 Science). E. Directed repression of transposable elements through KRAB
Zinc-fingers proteins, acting as a platform to recruit KAP1 and ensuring multilayered epigenetic repression
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reactivation of genes of the inactive X chromosome in embryonic lineages.
Accordingly, recent work in an in vitro model of mouse neural stem cells has
associated 5-aza treatment (an inhibitor of DNMT1) with reactivation of the inactive X
chromosome and its associated genes (Mira-Bontenbal et al., 2022). However, the
reliance of XCl on DNA methylation is also context-dependent. Indeed, in extra-
embryonic tissues, maternally-inherited repressive histones marks deposited by the
Polycomb group of proteins (PRC1 and PRC2) are required for paternal X
chromosome inactivation (Figure 6A) (Sado et al., 2000; Wang et al., 2001).

Genomic imprinted genes: parentally inherited DNA methylation
In 1984, groundbreaking work from Surani and Solter demonstrated the non-
equivalent contribution of the paternal and maternal genomes for embryonic growth
using nuclear transfer in the mouse (Figure 6B) (Barton et al., 1984; Surani et al.,
1984). Screening the mouse genome for regions with unequal parental effects on
phenotypes allowed the first mapping of imprinted chromosomal regions (Cattanach
and Kirk, 1985). Since then, over 100 imprinted genes have been identified in
mammals (Bartolomei and Ferguson-Smith, 2011), characterized by mono-allelic
parent-of-origin expression. This peculiar mode of parental regulation comes from the
inheritance of gametic DNA methylation marks established at so-called imprinting
control regions (ICRs), which have the extraordinary ability to resist the epigenetic
reprogramming that occurs post-fertilization, during early mammalian embryonic
development. Most imprinting is driven by maternally inherited ICRs established at
CGis in the oocyte; there are only 3 paternal ICRs in the mouse genome, established
during spermatogenesis at intragenic CpG-poor regions (Schulz et al., 2010). The
persistence of ICRs during epigenetic reprogramming comes from the presence of
motifs for methylation-sensitive KRAB zing finger proteins, like ZFP57 and ZFP445,
that allow for the recruitment of the KAP1/DNMT complex and prevent DNA
methylation loss (Figure 6C) (Li et al., 2008; Messerschmidt et al., 2012; Quenneville
et al., 2011; Takahashi et al., 2019).

The regulation of imprints can be lifelong or only transient during development.
Screening strategy developed in our lab revealed dozens of potential oocyte-inherited

transient imprinted loci in the mouse early embryo, that will lose their imprint in a
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tissue-specific manner (Proudhon et al., 2012). One of these transiently imprinted loci
is the Grp1/Zdbf2 locus. Inherited DNA methylation from the oocyte drives paternal
allele-specific expression of a long-isoform of Zdfb2 (Liz) in the pre-implantation
blastocyst, while the Zdbf2 promoter is kept repressed by H3K27me3 marks.
However, at implantation, Liz expression from the paternal allele allows for DNA
methylation deposition upstream of Zdbf2 promoter, alleviating H3K27me3
repression and establishing a lifelong imprint for paternal-specific expression of
Zdbf2. This transient imprinting is also tissue specific, as in extra-embryonic lineages,
Liz expression is maintained (Duffie et al., 2014; Greenberg et al., 2017).

Interestingly, the methylation of maternal ICRs in the oocyte is often driven by
transposable elements. Indeed, it was found that in mouse oocytes—but also in other
species like humans and rats— expression LTR-type transposable elements, termed
LIT (LTR-initiated transcriptional units), promote DNA methylation of CGils located
downstream, on their transcriptional path. The expression of such LITs occurs in
oocytes specifically, promoting the formation of maternal imprinted loci. For example,
Cdh15 and AKOO080 imprints, that were also identified from the screen conducted in
our lab, seem to belong to this class of LIT elements (Bogutz et al., 2019; Brind’Amour
etal., 2018).

2.3 DNA methylation at the cross-road of chromatin pathways

The folding of DNA in eukaryotic nuclei represents a major challenge for DNA-based
processes. As an illustration, human cells need to compact a two-meter-long DNA
double-helix into a nucleus of 6um of diameter. This requires a higher-order
organization for the DNA, relying on architectural proteins. The most notable of them
are the histones, which associate with the DNA in a nucleoprotein complex, forming
the chromatin.

For a long time, there has been debates in the scientific community to know
which of the histones or the DNA were the true carriers of the genetic information.
Indeed, early observations in the sperm of different fish species revealed that each
species bears its own specific type of nuclear proteins, while the DNA composition

remains (of course) uniform. Thus, it was argued that “protein carries the promise
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imprint on Xist ensures paternal-only X chromosome inactivation at the 8-cell stage, which will be
maintained in extra-embryonic tissues. In the epiblast, the two X become active, and random inactivation
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tissues (in green), underlying the foundation for the "parental-conflict" theory (Barton ef al, 1984 Nature
and Surani et al, 1984 Nature). C. The imprinting life-cycle in the germline. Imprints are marked by DNA
methylation and established via the DNMT3A-3L complex in a sex-specific manner during gametogenesis.
After fertilization, imprints are protected from DNA demethylation by the recruitment of DNMT1 via KAP1-
ZFP57 and inhibition of TET activity by STELLA. However, during the arising of germline precursors,
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that there may be the specificities that the geneticist desires within them, [while]
the function of the nucleic acids is to "protect" the active side chains of the protein
molecule.” (Kossel, 1884). However, the resolution of the structure of the DNA double-
helix by Franklin, Crick and Watson in 1953 provided the molecular framework
sustaining the model of a DNA-based carrier of genetic information (Watson et al.,
1953). Despite being ruled out as the carriers of genetic information, it has now
become evident that post-translational modifications (PTMs) of histones constitute a
template for epigenetic information and have an unambiguous impact on the
regulation of gene expression. In the next parts, | will describe the structure of the
chromatin and introduce histone PTMs, their impact on gene regulation and

association with DNA methylation.

2.3.1 Nucleosome structure and histone modifications

In eukaryotes, DNA is wrapped around an octamer composed of two copies of each
histone variant (H2A, H2B, H3 and H4), and this association is further stabilized by the
linker histone H1. This nucleoprotein complex (DNA-histone octamer-H1) is called the
“nucleosome” and is repeated every 200+40 base pairs (bp). It forms a “bead-on-a-
string” structure, of around 10 nm in diameter, that can be furthermore compacted
into higher order structures, like the 30 nm chromatin fiber, or the chromosomes,
resulting in an overall compaction of the DNA by a factor of 30-40 (Figure 7A-7B)
(Luger et al., 2012, 1997). However, this 30 nm chromatin fiber structure remains
difficult to observe in vivo, and its formation appears to be dependent on many
different parameters like salt concentration, length of DNA and histone PTMs, for
example (Hansen, 2002; Tremethick, 2007). As a consequence, some studies suggest
that the 10 nm chromatin fiber represents the “natural” state of the chromatin and that
higher degrees of compaction are achieved by the compaction of smaller dynamic
units of 2-10 nucleosomes (Krietenstein and Rando, 2020; Maeshima et al., 2014).
The compaction state of the chromatin and its impact on the activity of the
genome has been studied for a long time. In 1928, after observing that some
chromosomal domains remained in a compacted state after mitosis, German
geneticist Emil Heitz referred to these regions as “heterochromatin” and suggested

that they were in an inactive state compared to the rest of the genome. This is in
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contrast with "euchromatin” regions that appear more loose in the interphasic cell
nucleus (Figure 7C) (Brown, 1966). Indeed, it is now well-known that heterochromatic
regions are transcriptionally silent and gene poor, and are further divided into
constitutive heterochromatin—around centromeres and telomeres—and facultative
heterochromatin —regions that can be in different states of condensation depending
on the cell type. On the other hand, euchromatin contains actively transcribed gene-
rich domains (Allis and Jenuwein, 2016).

Interestingly, whilst the vast majority of proteins regulating the eukaryotic
chromatin landscape are also found in prokaryotes, octameric nucleosomes are found
exclusively in archaea and eukaryotes. The origin of this discrepancy is still strongly
debated, some arguing that eukaryotic nucleosomes could have been inherited from
lateral gene transfer from archaea or giant viruses in the last eukaryotic common
ancestor (LECA) (Erives, 2017; Talbert et al., 2019). Nevertheless, the integration of
nucleosomes into the eukaryotic genome shifted the fundamental logic of
transcription regulation compared to prokaryotes. Indeed, as the latter are depleted
of chromatin, there is no evident structural restriction for the RNA polymerase to bind
promoters, whereas nucleosomes can act as a barrier for transcription factors or even
polymerases in eukaryotes (Struhl, 1999). Moreover, post-translational modifications
(PTMs) of the histone tails can also directly affect the transcriptional machinery,
allowing the promoters to exist in intermediate states, beyond the “black and white”
silenced and active states found in prokaryotes.

The most well-known and studied PTMs are found on the N-terminal tails of
histones H3 and H4. This might be due to the fact that in non-dividing cells, the turn-
over of H3 and H4 is lower than the one observed for H2A and H2AB, which display
less PTMs (Jamai et al., 2007). This is consistent with the lesser evolutionary
conservation found for H2B proteins in eukaryotes (Malik and Henikoff, 2003). Despite
this, histone tails have critical functions for organisms, as their removal in yeast leads
to lethality (Ling et al., 1996), as they represent around 28% of the histone DNA
sequence and as they act as a platform for protein interactions. They are also the
substrate of different PTMs that are dynamically regulated by chromatin modifiers and

protein domains among which we can find “writers” that deposit/remove PTMs, and
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Fig. 71 Chromatin structure and histone PTMs

A. Schematic representation of the increasingly higher order of compaction of the DNA. First wrapped
around nucleosomes every 200bp in average, the DNA is further condensed into chromatin fibers of 10nm
and 30nm of diameter. Chromosomes formed during mitosis or meiosis represent the highest compaction
form of the DNA. B. (a) lonic spread of nucleosomes "bead on a string", size marker 30nm, (b) isolated
mononucleosomes, size marker 10nm, (¢) Chromatin fiber, size marker 50nm (Olins, et al 2003 Nat Rev
Mol Cell biology). C. Electron microscopy pictures of domains of heterochromatin (dark regions) and
euchromatin (lighter regions) inside the nucleus of the cell (circled in red). From “medcell.med.yale.edu”.
D. Non-exhaustive list of known histone modifications with their associated function on transcription and
biological processes. Adapted from Abcam, Cell signaling and Servier Medical Art.
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“readers” that can recognize a specific PTM and can regulate gene expression
(Figure 7D) (Luger and Richmond, 1998).

Early work by Vincent Allfrey led in 1964 proposed that acetylation of lysine
residues of histone tails is associated with active transcription (Allfrey et al., 1964).
Mechanistically, histone acetylation is a very plastic mark and is controlled by many
histone acetyltransferases (HATs) and deacetylases (HDACs) (Fioravanti et al., 2020).
The deposition of acetylation promotes nucleosome unfolding and chromatin de-
condensation by antagonizing the positively charged lysine, which decreases the
interaction between histone tails and the negatively charged DNA (Hong et al., 1993;
Norton et al., 1989). Such chromatin “relaxation” allows the recruitment of the
transcription machinery and thus, histone acetylation strongly correlates with a
“relaxed” chromatin state and gene activity (Lee et al., 1993).

Lysine methylation is another common PTM found on histone tails. In contrast
to histone acetylation, methylation of distinct lysine residues can be associated with
either gene activity or gene repression (Janssen and Lorincz, 2021). No impact on the
histone tail charge is known for lysine methylation and thus, it is thought that these
modifications do not have a direct effect on the chromatin compaction. Nonetheless,
lysine methylation can be recognized by chromatin readers and other proteins bearing
specific domains. Among them, we briefly mentioned the PWWP domain of DNMT3B
that is attracted to H3K36me3 (Baubec et al., 2015).

2.3.2 DNA methylation in association with repressive chromatin marks

H3K9 methylation:

The methylation of the ninth lysine residue of H3 can occur at mono-, di- or tri-
methylated state. Among the Lysine methyltransferases (KMTs) responsible for the
deposition of H3K9me, we can find GO9A and GLP that catalyze H3K9me1/me2,
SUV39H1/H2 that tri-methylates residues marked by H3K9me1, and ESET/SETDB1
that deposits de novo H3K9me3. Overall, H3K9 methylation is usually associated with
the formation of constitutive heterochromatin at gene-poor regions, most notably at
pericentromeric regions and on telomeres (Nicetto and Zaret, 2019). Compaction of
chromatin through H3K9me is mediated by the recruitment of the architectural protein

HP1 that recognizes methylated H3K9 through its chromodomain (Nielsen et al.,
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2002). The exact mechanism by which HP1 and H3K9 methylation promote
condensation remains unresolved, but it is known that HP1 can act as a platform to
recruit architectural chromatin proteins like BRG1 that modulates heterochromatin
structures (Nielsen, 2002). Recent studies predicted that HP1 could generate phase-
separated droplets, hence promoting a model of heterochromatin formation through
liquid-phase separation (Larson et al., 2017; Strom et al., 2017). In addition, H3K9
methylation is also recruited around transposable elements and imprinted genes,
thanks to a variety of specific KRAB-zinc finger proteins that can recruit KAP1, as
mentioned previously (Almeida et al., 2022; Matsui et al., 2010). All in all, the general
view is that the methylation of H3K9 is strongly correlated with repression and
silencing.

DNA and H3K9 methylation have complex relationships. Indeed, H3KOme3/2
show strong positive correlation with DNA methylation in the context of early
embryonic development. Methylation of H3K9me2/3 can promote DNA methylation
maintenance (Figure 8A), through UHRF1 binding and subsequent enhancement of
DNMT1 activity (Liu et al., 2013; Rothbart et al., 2012). Accordingly, loss of H3K9me2
in ESCs is accompanied by DNA methylation dissolution due to impaired targeting of
UHRF1 at the replication fork (von Meyenn et al., 2016b). In contrast, loss of DNMTs
does not appear to perturb the deposition of H3K9me3 at pericentromeric regions
(Tsumura et al., 2006). Finally, H3K9me can also act as a protector against DNA
demethylation. In early embryos, the presence of DPPA3 (or STELLA/PGC7) on
H3K9me2-marked regions protects the maternal genome from TET3-induced removal
of DNA methylation (Nakamura et al., 2012).

In addition to enhancing DNA methylation maintenance, H3K9me can also
interact with the de novo DNA methylation machinery. For example, mouse ESCs with
G9a-KO or treated with a GO9A/GLP inhibitor demonstrate hypomethylation at gene
promoters and imprinted genes, as G9A/GLP have been found to recruit DNMT3s
through their ankyrin domains (Epsztejn-Litman et al., 2008; Zhang et al., 2016). Loss
of DNA methylation in single G9a mutants is most evident around germline genes and
TEs (Dong et al., 2008). Then, upon deletion of KAP1, and alike to what has been
observed with G9A/GLP KO, TEs and imprinted loci are reactivated and lose both
DNA and H3K9 methylation in mouse ESCs (Rowe et al., 2010).
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Interestingly, at periods of development associated with a DNA hypomethylated
genome, like in ESCs, H3K9me3 can partially compensate for DNA methylation loss,
and participate in maintaining epigenetic repression of TEs (Walter et al., 2016).
Moreover, it was proposed that H3K9me3 accumulated at the promoters of germline
genes to induce their repression in the early DNA hypomethylated embryo, prior to
DNA methylation establishment during epiblast differentiation (Mochizuki et al., 20217).
In contrast, during the methylation phase of the male germline from embryonic days
E13.5 to E16.5, H3K9 and DNA methylation seem to display a more antagonistic
relationship: domains marked by H3K9me3 tend to acquire DNA methylation with a
delayed kinetics (Shirane et al., 2020).

Taken together, it appears that H3K9 methylation is especially critical for the
maintenance of DNA methylation, at imprinted, germline genes and on TEs (Figure
4D -5E) and to act in synergy with DNA methylation to ensure their stable repression.
But these central effects seem to be restricted to developmental time windows
whereby DNA methylation is especially dynamic or even absent. In contrast, loss of
H3K9 methyltransferases in differentiated cells, where DNA methylation patterns are
established and stable, does not result in DNA hypomethylation or re-activation of
TEs.

H3K27 methylation:

The methylation of H3K27 is mediated by the Polycomb group of proteins (PcG), a
complex of proteins that was first identified in a Drosophila mutant for body
segmentation (Lewis, 1978). The high conservation of the PcG complex, from
unicellular eukaryotes to plants and animals, suggests an ancient origin that might
have appeared in LECA (Talbert et al., 2019). In mammals, the Polycomb repressive
complex 2 (PRC2) is responsible for methylating H3K27. The PRC2 methyltransferase
ability is found in the SET domain of EZH2 and EZH1, the latter having a lower catalytic
activity than the former (Margueron et al., 2008). On the side note, the PRC1 complex
catalyzes mono-ubiquitination of H2AK119, and can recruit PRC2 and promote
H3K27me3 deposition, as demonstrated in mouse ESCs (Blackledge et al., 2014).
Similarly to H3K9me3, H3K27me3 is associated with gene repression and (facultative)

heterochromatin (Trojer and Reinberg, 2007). In particular, H3K27me3 is involved in a
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form of non-canonical genomic imprinting, as it can be inherited by the maternal to
the embryonic genome. A classic example of such H3K27me3-mediated imprints is
the early imprinted X chromosome in mice, which we previously described (Figure
6A). However, the conservation of such non-canonical imprints remains debated and
warrants further research. For example, after fertilization, maternal patterns of
H3K27me3 are erased in humans and there is to date no evidence for early imprinted
XCl, in contrast to mice. Yet, other studies have observed a re-establishment of
H3K27me3 maternal domains at the morula stage in human embryos, with
asymmetries in the two parental alleles (Lu et al., 2021; Xia et al., 2019; Zhang et al.,
2019).

During early embryonic development, and in cultured ESCs in particular,
domains of H3K27me3 can be found in bivalent patterns with H3K4me3 around
developmental genes (Bernstein et al., 2006). Interestingly, H3K27me3 demonstrates
strong antagonistic relationship with DNA methylation (Figure 8B-8E), notably at
unmethylated CpG islands (Ku et al., 2008; Lynch et al., 2012; Tanay et al., 2007).
Such antagonism at Polycomb domains, including CGils, is most visible in cancer and
in differentiated cells where epigenetic switches can occur between DNA and H3K27
methylation at CGls, antagonizing one another (Mohn et al., 2008; Zhang et al., 2008).
In mouse ESCs as well, it was observed that loss of DNA methylation at highly
methylated CpGs promotes gain of H3K27me3, while a concomitant loss of
H3K27me3 can be observed at CpG sites with usually lower DNA methylation levels
(Brinkman et al., 2012; Hagarman et al., 2013; Reddington et al., 2013). Yet, in other
developmental contexts, like in prenatal prospermatogonia, DNA methylation loss,
through DNMT3A or DNMT3L-KO, does not affect H3K27me3 levels (Dura et al., 2022;
Shirane et al., 2020). Finally, it appears that in some contexts, H3K27me3 and DNA
methylation can co-exist. Indeed, outside from CGls and gene promoters in
differentiated cells, large H3K27me3 domains can be found in DNA methylated
regions (Hawkins et al., 2010; Pauler et al., 2009). Another example of overlap between
PRC2/H3K27me3 and DNA methylation worth mentioning can be found at CGls in
extra-embryonic tissues specifically (Smith et al., 2017).

Functionally, in vitro molecular assays monitoring for the activity of PRC2 when

incubated with hypomethylated or methylated DNA template, revealed that DNA
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methylation presence did not prevent the deposition of H3K27me3 by PRC2 (Cooper
etal., 2074). This suggests that the methylation of cytosines is not an inhibitor of PRC2
activity. Conversely, mutations of the PWWP domain of DNMT3A allow for deposition
of DNA methylation at CGls marked with H3K27me3. It has been suggested that this
mutant could allow such recruitment to H3K27me3-marked domains by recognizing
H2AK119Ub deposited by PRC1 (Sendzikaite et al., 2019; Weinberg et al., 2021).
Recently, is was shown that the N-terminus domain of the long isoform of DNMT3A
(DNTM3AT1) is also involved in the recognition of H2AUb and recruitment of DNMT3A1
at H3K27me3 sites (Gu et al., 2022). Moreover, it has been shown that the PRC2
complex can directly recruit regulators of DNA methylation, notably the TET enzymes,
and sequester DNMT3L, which out-competes the de novo activity of DNMT3A and
DNMT3B at Polycomb domains (Neri et al., 2013b, 2013a). Finally, protectors of
PRC2/H3K27me3-marked regions also exist to prevent the deposition of DNA
methylation. Among them, KDM2B (also known as FBXL10) can recognize
unmethylated CpGs through its CxxC domain and prevents DNA methylation, as its
loss results in hypermethylation at two thirds of PRC2-targeted CGls in mouse ESCs
(Blackledge et al., 2014; Boulard et al., 2015). In addition, the presence of H3K4me3
at H3K4me3-H3K27me3 bivalent genes repels the de novo DNMTS3s, as this mark is
sensed by their ADD domains. The strong antagonism between H3K4me3 and DNA
methylation will be developed in more details later on, but provides another extra layer
of antagonism between H3K27me3 and DNA methylation at developmental genes. In
the end, it appears that the antagonism between H3K27me3 and DNA methylation is
only moderately dependent on the methylation state of the cytosine itself, but rather
relies more on a balance between the recruitment of PRC2 and the repulsion of de

novo DNA methylation machinery at CpG-rich, H3K4me3-marked regions.

2.3.3 DNA methylation interplays with active chromatin marks

H3K4 methylation:

The deposition of H3K4 methylation in mammals is mediated by a large family of
KMTs forming three major complexes that vary by the composition of their subunits:
SETD1A/B, MLL1/2 and MLL3/4 (Hughes et al., 2020). The latter is responsible for
H3Kme1 deposition, while the formers catalyze H3K4me2/3, notably around CGl
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promoters. Indeed, SETD1A is directly addressed to CGls and the chromatin by a
protein with a Zinc-finger CXXC domain—a CpG methylation sensitive domain—
known as CPF1. On the other hand, MLL1 and 2 proteins bear a ZF-CxxC domain on
their own (Brown et al., 2017; Hu et al., 2017; Milne et al., 2010).

The accumulation H3K4 methylation at the transcription start site (TSS) of
genes has been observed in mice, human and zebrafish, and associates most of the
time with active genes, or at least, genes poised for further activation. In human ESCs,
nearly 80% of H3K4me3-marked genes are expressed (Zhao et al., 2007). With the
notable exception of broad repressive domains of non-canonical H3K4me3 found in
the oocyte, this mark is usually considered as an active epigenetic mark (Liu et al.,
2016). In embryonic stem cells, H3K4me3 is found to colocalize with H3K27me3 at
the CpG dense promoters of bivalent developmental genes (Figure 8E). The prevalent
model stipulates that this dual marking poises genes for further activation later on,
during differentiation. However, recent work suggests that the purpose of H3K4me3
mostly relies on avoiding permanent silencing of developmental genes, notably via
DNA methylation, since bivalent genes are not more expressed or expressed faster
than genes marked only with H3K4me3 or H3K27me3 during development (Bernstein
et al., 2006; Kumar et al., 2021).

As described above, H3K4me3 and DNA methylation share a strong anti-
correlation, to the point where the status of H3K4 methylation is a better predictor of
DNA methylation than the CpG density of underlying DNA sequences (Meissner et al.,
2008). As described briefly above, the ADD domain of the DNMT3s selectively
interacts with unmethylated forms of H3K4, alleviating its auto-inhibitory
conformation, and allowing catalytic activity of the de novo DNA methyltransferases
to be released (Figure 8C) (Ooi et al., 2007; Zhang et al., 2010). The repulsive effect
of H3K4 methylation on DNMT3 activity is proportional to the number of methyl
groups present on K4, with H3K4me3 showing a 43-fold decreased affinity for DNMT3
ADD domain compared to unmethylated H3K4. The importance of the ADD domain
for the regulation of DNMT3 targeting at H3K4me regions has been furthermore
highlighted in a Dnmt-KO mutant cell line, with ectopic expression of DNMT3A with a
modified ADD domain insensitive to H3K4 methylation status (Noh et al., 2075). In
such context, DNA methylation is found at CGl regions marked by H3K4 methylation.
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A. Schematics of the mode of recruitment of DNMT1 by H3K9me3 at replication forks through UHRF1. B.
Mutual antagonism between PRC2-mediated H3K27me3 and DNA methylation. C. Inhibition of DNMT3
activity by unmethylated H3K4 by allowing a self-inhibitory conformation of DNMT3s between the ADD and
MTase domains. D. H3K36 methylation guidance of DNMT3A and DNMT3B at intergenic regions and gene
bodies. E. Cross-talk between histone marks and their writers with DNA methylation and its machinery
Adapted from Janssen, et al 2021(Nat Rev Genetics).
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H3K36 methylation:

It is inexact to consider H3K36 methylation as a literal ‘active’ mark despite its
deposition made by the SETD2 at actively transcribed genes, in synergy with RNA
polymerase Il, from yeasts to humans (Krogan et al., 2003; Sun et al., 2005). Initially,
it was shown that enrichment of H3K36me3 at gene bodies is recognized by the
PWWP domain of DNMTB3A, which is recruited there and deposits DNA methylation
(Dhayalan et al., 2010). Similarly, mutation of the PWWP domain of DNMT3B induces
a loss of DNA methylation at gene bodies marked with H3K36me3, similarly to a loss
of SETDB2 (Baubec et al., 2015). However, it appears that DNMT3A might have a
preferential affinity for H3K36me2, which is deposited by NSD1 at intergenic regions
(Weinberg et al., 2019; Xu et al., 2020). Thus, DNA and H3K36 methylation generally
demonstrate a positive correlation, with H3K36 methylation playing an important role
in guiding de novo DNA methylation (Figure 8D) (Shirane et al., 2020). However, the
function of H3K36 methylation-based guiding of DNA methylation at intergenic
regions and gene bodies remains elusive. Two major hypotheses exist. First, DNA
methylation at gene bodies could facilitate transcriptional elongation and splicing
events, either by preventing CTCF binding—that slows down polymerase
elongation—or by promoting the binding of MeCP2 and HP1 (Maunakea et al., 2013;
Shukla et al., 2011; Yearim et al., 2015). Otherwise, it has been proposed that DNA
methylation found at inter- and intragenic regions could repress cryptic promoters.
This function has been reported to occur in a limited extent in mouse ESCs lacking
DNMT3B (Neri et al., 2017). However, this effect was not observed in Dnmt-triple KO
ESCs (Karimi et al., 2011). Intriguingly, a recent study uncovered a new possible non-
canonical function of H3K36me3 (Barral et al., 2022). In mouse ESCs, over 3000
heterochromatic regions show dual marking by H3K9me3 and H3K36me3. In these
regions, the deposition of H3K86me3 seems to be mediated by NSD1, in synergy with
SETDB1. Indeed, the loss of SETDB1 induces both H3K9me3 and K36me3 loss. With
the loss of SETDB1, these dual H3K9me3-H3K36me3 heterochromatin regions
acquire features of enhancers, suggesting that H3K36 methylation could act as a

bookmark for poised enhancers, which are kept silenced by H3K9me3.
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H3K27 acetylation:

Acetylation of histone residues has long been associated with gene activation. Indeed,
hypoacetylation is observed on the inactive X chromosome of mammalian females or
silent mating types in yeasts, while lysine hyperacetylation is observed in the
hyperactive male X chromosome in Drosophila (Bone et al., 1994, Braunstein et al.,
1996, Jeppesen and Turner, 1993). We already described in a previous section the
mechanism behind gene activity and histone acetylation. Concerning the relationship
between DNA methylation and H3K27ac, it was mostly characterized at enhancers.
Namely, in mouse ESCs, enhancers with higher level of DNA methylation will gain
H3K27ac signal upon loss of DNMTs (King et al., 2016). Similarly, in Dnmt3A-KO male
germ cells in the mouse, ectopic H3K27ac-enriched regions are gained at regions that
lost DNA methylation, coinciding with motif sites for methyl-sensitive transcription
factors (Dura et al., 2022).Yet, the co-occurrence of both DNA methylation and
H3K27ac can happen at enhancers in some cancer cells. In the HCT116 cell line, over
38% of enhancers are heavily DNA methylated, and in this model, loss of DNA
methylation concomitantly reduces H3K27ac levels, suggesting that there is no
inherent antagonism preventing DNA methylation and H3K27ac to co-localize (Charlet
et al., 2016). However, this is in sharp contrast to mouse ESCs, as the presence of
H3K27ac is anti-correlated with DNA methylation variations at gene regulatory
elements (Figure 8E), with enhancers enriched for H3K27ac being more
hypomethylated than enhancers enriched for H3K4me1 only (Alajem et al., 2021). As
H3K27ac deposition is mediated by p300 and the transcription machinery, the
reduction of H3K27ac when DNA methylation is present has been associated with
eviction of the Mediator complex and limited promoter-enhancers contacts (Song et
al., 2019).
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| 3. A tale of early development I

3.1 From fertilization to implantation

Fertilization refers to the fusion of the haploid maternal and paternal gametes, forming
the one celled diploid zygote that marks the beginning of a new life. We generally
picture development as a “down-hill” process, as illustrated with the Waddington
landscape, in which cells progressively lose their potency (i.e., from pluripotency, to
multipotency, to progenitor cells), and become more specialized. In this regard,
fertilization stands out as an “up-hill” trajectory in the development of sexually
reproducing species, as the encounter of highly specialized parental gametes will give
rise to the totipotent zygote. Indeed, in mammals, primordial germ cells do not arise
just after the formation of the zygote, but rather emerge from the stem cells of the
epiblast that have already undergone lineage restriction (Chen et al., 2019; Hancock
et al., 2021; Mochizuki et al., 2018). This resetting of the development line happens in
a matter of hours, and comes at the cost of significant changes at every level of the
cellular organization, including morphological, metabolic, transcriptomic and
epigenetic. Each of these processes will have great impact not only for the proper

formation of the zygote, but also in the following first cell fate decisions.

3.1.1 Parental gametes and first reprogramming: prepping the embryo

In 1962, Sir J.B. Gurdon demonstrated the importance of the content of the egg in
developmental reprogramming when he transplanted the nucleus of a differentiated
epithelial cell of a tetrapod into an enucleated egg, which resumed normal
development (John B. Gurdon, 1962). Similar somatic nuclear transfer experiments
were conducted in mammals, and while poorly efficient (only 16% of recovered
transplanted embryos in average) (Campbell et al., 1996), these groundbreaking
assays demonstrated for the first time that reprogramming relied not solely on the
genetic information but also on the contents found in the egg. Although both parental
gametes bring extra layers of information to the future embryo beyond their halved
genomes, it appears that the maternal gamete, the oocyte, is the main carrier of

factors that regulate early zygotic development.
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Indeed, as the sperm genome is mostly organized around protamines, histones
represent only a fraction of the paternally inherited epigenome. Although exact
numbers are still debated, the estimation lays around 5% of retained histones in
mouse spermatozoa, and 10% in humans (Brykczynska et al., 2010; Hammoud et al.,
2009). However, it has been noticed that many of the conserved histones are found
at the promoter of developmental genes and could have a potential impact on the
viability of the offspring. Most notably, in men sperm, H3K4me3 is found in domains
colocalizing with CGls around genes associated with early embryogenesis. Hence,
transient overexpression during spermatogenesis of the H3K4 demethylase KDM1A
induces severe morphological defects, most notably craniofacial abnormalities, in the
offspring of exposed males for three generations, providing a possible mechanism of
paternal transgenerational epigenetic inheritance (Lambrot et al., 2021; Siklenka et
al., 2015). In addition, DNA methylation patterns and non-coding RNAs (nhcRNAs) can
also be transmitted from the paternal gamete to the zygote. For example, impaired
DNA methylation profiles in the sperm—induced via metabolite/diet (like folate
deficiency or low protein diet), ageing or stress-response—can be transmitted in the
embryo and are associated with impaired regulation of embryonic development
(Lambrot et al., 2013), but also impaired offspring metabolism (Carone et al., 2010),
increased incidence of neurologic disorders (Jenkins et al., 2014) and fear response
(Dias and Ressler, 2014). Similarly, ncRNAs isolated from the sperm of males exposed
to traumatic stress or dietary stress (either high-fat or protein restriction), and injected
into unexposed oocytes or zygotes, induce metabolic alterations in mouse offspring
(Chen et al., 2016; Gapp et al., 2014; Sharma et al., 2016). Whilst these mechanisms
could act as potential vector for paternal epigenetic inheritance, evidences are still
sparse. Moreover, the epigenetic reprogramming that occurs after fertilization is
mostly driven and controlled by maternal factors.

Then, the content of the oocyte plays a key role not only for proper early zygotic
development, but also for the paternal genome reorganization since maternal factors
regulate the organization of the paternal chromatin after fertilization. Notably, maternal
carry-over of histones 3.3 (H3.3) will replace paternal protamines and participate in
the activation of the paternal genome later in development (Kong et al., 2018; Van Der

Heijden et al., 2005). Another example is the maternal protein nucleoplasmin 2
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(NPM2), whose deletion leads to enucleolated embryos and improper development
due to impaired centromere clustering and  disorganization  of
centromeric/pericentromeric heterochromatin (Ogushi et al., 2017).

DNA methylation is extensively remodeled during the first period of embryonic
development (Figure 9A). Notably, active DNA demethylation via maternal TET3
targets the hypermethylated paternal genome (Gu et al., 2011; Peat et al., 2014), while
the oocyte methylome is protected from TET3 action via DPPA3 binding at maternal
domains marked by H3K9 methylation (Nakamura et al., 2012, 2007). Accordingly,
reduction of DPPAS in oocytes of obese mice is associated with precocious loss of
DNA methylation in the maternal pronucleus (Han et al., 2078). DNA demethylation of
the maternal genome is thought to primarily occur through passive dilution, with the
eviction of DNMT1 and UHRF1 from the maternal genome until the eight-cell stage
(Howell et al., 2001; Maenohara et al., 2017). While TET1 and TET2 play minimal role
for early development (Dawilaty et al., 2011; Li et al., 2011), TET3-deficient embryos
demonstrate partial loss of DNA methylation on the maternal genome, suggesting that
TETS3 only partially mediate actine DNA demethylation in the parental genomes (Guo
etal., 2014; Shen et al., 2014).

In addition to DNA methylation, other chromatin marks are also reprogrammed
in the early zygote (Figure 9A). This reprogramming occurs mostly during the two-cell
stage and is driven by maternal-inherited histone post-translational modifying
enzymes (Wu and Dean, 2020). Briefly, the broad repressive H3K4me3 non-canonical
domains inherited from the oocyte disappear at this stage. During the two cell stage,
cis-regulatory elements important for zygotic genome activation (ZGA) gain H3K27ac
and 80% of ZGA genes conserve at their promoters canonical H3K4me3 peaks
inherited from the oocyte and sperm genomes (Dahl et al., 2016). Then, H3K27me3-
marked gene promoters in the oocyte are also lost before ZGA (Zheng et al., 2016),
while maternal-inherited large intergenic domains of H3K27me3 are still present in the
two-cell stage embryo and regulate Xist and placental development in the mouse
(Inoue et al., 2017). Finally, while levels of H3K9me3 are globally lost immediately after
fertilization, some regions reacquire H3K9me3 at the 2-cell stage, notably maternal
and paternal ICRs, some TEs previously marked by DNA methylation, and oocyte-
inherited broad domains of H3K27me3 (Shi et al., 2019; C. Wang et al., 2018). The
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purpose of such erasure of repressive epigenetic marks in the following hours after
fertilization is not yet fully understood. Maybe this epigenetic reprogramming is
necessary to reset the contrasting maternal and paternal epigenomes—and therefore
a source of genomic imprinting and parental imbalance in gene expression—as
species that do not possess ICRs, such as the zebrafish, also do not undergo global,
but rather locus-specific DNA demethylation. Another possibility is that this epigenetic
“relaxation” supports the transition from a silenced to a strongly active zygotic
genome, rebooting the zygote with the ability to give rise to both embryonic and extra-
embryonic lineages (Potok et al., 2013; Schroeder et al., 2015; Yu Zhang et al., 2018).

3.1.2 Zygotic genome activation: the great reboot

The zygotic, or embryonic, genome activation (ZGA) still represents a black box in
mammalian development, notably because of the limited amount of material available
at that stage. While in zebrafish, many of the pioneer transcription factors initiating
ZGA largely overlap with the pluripotency gene network, like Nanog, Oct4 and Sox2
homolog genes (Lee et al., 2013), knowledge of the regulators of ZGA in mammals
remains scare. So far, knock-out of maternal factors in the oocyte or the one-cell
stage embryo provided the strongest evidence for identifying central regulators of
mouse ZGA in the course of development. Depletion of maternal Yap, Cdx2 or Hsf1
are examples of factors whose loss impact ZGA and further induces developmental
delays or arrest before implantation (Bierkamp et al., 2010, Jedrusik et al., 2015; Yu et
al., 2016). Alternatively, screening strategies have been deployed in cultured mouse
ESCs to look for promoters of ZGA-associated genes—as a small fraction of the ESC
population displays 2-cell like cell (2CLC) features—in what could be qualified as a
“retro-engineering” approach. Such experiments unveiled new potential regulators for
mouse ZGA, such as Dux, Patz1, Smacar5, Pou2f2, Myc, Dnmt1 or DppaZ2 and Dppa4
(Alda-Catalinas et al., 2020; Eckersley-Maslin et al., 2019; Fu et al., 2019). Although
these in vitro strategies alleviate the material limitation to search for ZGA regulators,

they still need to be validated in the context of development, as the relevance of
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Fig. 91 Zygotic genome activation, embryonic epigenetic reprogramming and cell fate choice

A. Graphical model of zygotic genome activation and epigenetic reprogramming after fertilization. Briefly, as
maternal RNAs are degraded, zygotic transcripts are produced in waves, concomitantly with the erasure of
parentally inherited DNA methylation profiles. Repressive histone marks are transiently erased before the 2-
cell stage and non-canonical domains, mostly maternally inherited, are maintained until the blastocyst stage.
B. Inside-outside model: position of the blastomere within the zygote dictates lineage allocation / Polarity
model: Inheritance of apical domain govern trophectoderm fate (White et al, 2020 CSH Perspectives in
Biology). C. Representation of the role of the HIPPO pathway in ICM/TE fate decisions. Blastomeres in the
inner cell mass, via cell-cell junctions, activate the HIPPO pathway and prevent YAP from activating CDX2
and from inhibiting SOX2 expression, allowing for ICM specification.
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Dppa2/4 for the acquisition of 2CLC features in mouse ESCs remains debated in vivo
(Kubinyecz et al., 2021).

It is known that ZGA occurs in waves of transcription. First hints of transcription
arise mostly from the paternal pronucleus during its DNA demethylation phase,
defining a minor wave of ZGA during the first cell cycle (Aoki et al., 1997). This is
followed by the major wave of ZGA that is initiated after the first cell division, in the
two-cell stage zygote (Fu et al.,, 2020; Hamatani et al., 2004). Many models are
proposed to explain the timing of ZGA in early embryos.

One of the particularities of vertebrate species is the size of their oocyte, which
can often be thousands of times bigger than somatic cells. In early development, the
embryo engages in cellular divisions without changing its global volume, which results
in an increase of the nuclear to cytoplasmic ratio, the “N/C ratio”. As such, one model
for the regulation of ZGA proposed that increase in N/C ratio can titrate away
repressors and repressive histone marks from the DNA and induce ZGA. Indeed, in
fast developing vertebrates like newt, frogs or fishes, reducing the N/C ratio, through
artificial increase of the cytoplasm or by generating haploid embryos, delays ZGA,
while tetraploid embryos conversely undergo ZGA one cell cycle earlier (Kane and
Kimmel, 1993; Kobayakawa and Kubota, 1981; Masui and Wang, 1998). In contrast,
in mice, inhibiting cell division but not DNA replication, which results in N/C ratio
increase, does not affect the compaction, transcription or alkaline phosphatase
activity in the early embryo (Pratt et al., 1981). Therefore, while it appears that the N/C
ratio is not the main regulator of ZGA in mammals, chromatin changes and
transcriptional activators might play a more central role. Although investigations at the
level of single gene locus are limited, they remain critical to understand how chromatin
changes and transcriptional activators can promote and regulate ZGA and preset the
first cell fate decisions.

Indeed, following ZGA, comes the first cell fate choice in mammalian
development: the specification of the embryonic Inner Cell Mass (ICM) and the extra-
embryonic trophectoderm (TE). This fate choice constitutes the first symmetry-
breaking event in the early embryo. Initial views figured that the specification of these
two lineages emerge randomly among blastomeres, as they appear mostly

homogenous at this stage (Motosugi et al., 2005). In opposition, the idea of
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heterogeneity across blastomeres that could pre-determine subsequent cell fate
decisions has also been enunciated long ago. For example, it is known that upon
separating the first two blastomeres at the 2-cell stage, the two generated hemi-
embryos contain different ratios of ICM/TE cells (Katayama et al., 2010). Moreover,
only 30% of sister-blastomeres display equivalent potential and were able to form a
functional epiblast (Casser et al., 2017). In addition, single cell transcriptomic analysis
revealed that Carm1 can be differentially expressed between sister-blastomeres, and
promotes a self-reinforcing positive loop that biases one blastomere toward the
adoption of a specific fate (Shi et al., 2015). Another factor, the ncRNA LincGET also
demonstrates this bistable pattern, and its overexpression promotes the adoption of
the ICM fate by binding to the Carm1 locus, and by enhancing the deposition of
H3R26me2 at the Sox2 gene, a critical ICM fate regulator (J. Wang et al., 2018).
However, how this inter-blastomere heterogeneity can modulates developmental
potentialities and the distribution of specifying factors remains to be explained.
Although molecular heterogeneity could arise at the microscale within organelle
compartments as early as in the oocyte, it could also involve stochastic events and
morphogenetic forces generating this heterogeneity de novo (Chen et al., 2018).

In fact, at the morula stage (8-cell stage), compaction of the cells bring new
morphological constraints to the embryo. In 1967 was proposed the “outside-inside”
or “positional” model (Tarkowski and Wroblewska, 1967), which postulated that outer
cells were biased to give rise to the TE, while inner cells would be specified into the
ICM (Figure 9B). This model was supported by experiments in which transplanting
blastomeres in the most external side of the embryo would predominantly give rise to
the TE (Hillman et al., 1972). In contrast to this, the “polarization” or “polarity” model
enunciated by Johnson in 1981 (Johnson and Ziomek, 1981) gave a more prominent
role to the acquisition of an apical domain for future lineage allocation (Figure 9B).
The inheritance of the apical membrane during a symmetrical division by the two
daughter cells promotes their allocation to the TE, while asymmetric divisions give rise
to one apical outsider cell and one internalized cell that preferentially contribute to the
ICM (Alarcon, 2010; Plusa et al., 2005). These morphological cues can be translated
into signaling cues that control the genetic network behind ICM and TE fates. Most

notably, the HIPPO pathway and its effectors YAP and TEAD4 are sensitive to cellular
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junctions (Figure 9C). In the case of internalized cells, as cell-to-cell junctions are
established, the HIPPO pathway is activated, and the YAP protein is phosphorylated
and excluded from the nucleus, allowing for the transcription of Sox2, the earliest
specifier of the ICM fate. In contrast, in the apical outsider cells, inactivation of the
HIPPO pathway allows for YAP relocation to the nucleus where it promotes the
expression of Cdx2, the first specifier of the TE. This likely requires the synergic action
of TEAD4, as Tead4 -/- embryos fail to express Cdx2 (Nishioka et al., 2008; Wicklow
etal., 2014).

However, it has been observed that in some cases, asymmetric division from a
polar blastomere can give rise to an apolar blastomere that, if not relocalized in the
inside of the embryo, will remain in the outer layer with an active HIPPO pathway
(Anani et al., 2014; Korotkevich et al., 2017). After activation, such cells will be
internalized, which suggests that there is a switch in the hierarchy between the polarity
and position information in the morula. First, the polarity information is inherited from
the parent blastomere depending on the symmetry of the cell division. In this case,
the polarity information acts upstream of the HIPPO pathway, to direct the fate of the
blastomere. Then, for outside apolar blastomeres, the positional information becomes
prominent through the cellular junctions to relocalize the blastomere or induce the

formation of a polar membrane (Toyooka, 2020).

3.1.3 To implantation and beyond

The formation of the blastocyst, three days after fertilization in mice, marks the
segregation between the external layer of TE cells and the ICM cells that remain
internal but are now spatially constricted by the expansion of a fluidic cavity named
the blastocoel.

Just prior to implantation of the blastocyst into the uterine wall, the ICM cells
undergo their second fate decision that will separate the embryonic epiblast (Epi) cells
from the extra-embryonic primitive endoderm (PrE) cells. The origin of the primitive
endoderm and epiblast differentiation has been extensively studied. Induction of the
primitive endoderm is mainly driven via FGF signaling pathways (Chazaud et al., 2006;
Kang et al., 2013). Indeed, the knock-out of Fgfr1/2 leads to a fully epiblastic ICM

(Kang et al., 2017), while exposing the embryos to recombinant FGF4 protein leads to
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a complete PrE conversion of the ICM (Yamanaka et al., 2010). These pathways are in
direct control of NANOG and GATAG, two critical and antagonizing specifiers of the
Epi and PrE, respectively. Initially co-expressed in ICM cells, differential exposure to
FGF signal initiates the reinforcement of the expression of Nanog or Gata6 and further
commitment towards Epi or PrE fate and the segregation of the two lineages within
the ICM (Guo et al., 2010; Plusa et al., 2008). More specifically, imbalanced expression
between Nanog/Gata6 promotes the expression of ETV and SPRY factors that inhibit
the production of FGF receptors, reinforce NANOG expression, and stimulate the
production of FGF4. The excretion of FGF4 exposes neighboring cells to FGF
signaling, which promotes PrE fate via Gata6 expression reinforcement (Kang et al.,
2017). However, the nature of the initial trigger that imbalances Nanog and Gata6 in
the ICM remains poorly understood (Figure 10A). Some work proposed that
internalized cells at the morula stage would be primed towards a PrE fate, as they
already inactivated the HIPPO pathway and the SOX2 pluripotency factor. Moreover,
it has also been observed that early-internalized cells express higher FGF4 levels,
while late-internalized cells express higher levels of the FGF receptor (Krupa et al.,
2014; Mihajlovic et al., 2015; Morris et al., 2013). This is in support of a unifying model
in which the HIPPO pathway, as well as spatial localization of the blastomeres in the
morula, not only prefigure the specification of the ICM and TE, but also prime the
segregation of the ICM into the Epiblast and Primitive endoderm in the blastocyst.
After implantation, the blastocyst develops into the “egg cylinder” from 4 days
to 7 days post-fertilization, with the epiblast cells giving rise to embryonic lineages at
its center. During this development, extensive cell death is observed in the epiblast.
Early views proposed that the observed cell death in the egg cylinder is associated
with the formation of the epiblast lumen, assumption that was supported from
observed cavitation in 3D-grown embryoid bodies in vitro (Coucouvanis and Martin,
1995). Yet, recent studies suggest that this apoptotic wave is dispensable for
epiblastic morphogenic events (Bedzhov and Zernicka-Goetz, 2014). In contrast some
proposed that this increase in apoptotic cells during epiblast differentiation is rather
associated with a negative selection that eliminates cells unfit for further lineage
specification (Sancho et al., 2013). The formation of the lumen and the “egg cylinder”

primarily relies on the formation of a rosette-like structure from actomyosin-
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Fig. 10 | Epiblast induction and Epigenetic reprogramming during implantation

A. Graphical model of induction of the Epiblast (Epi) and the Primitive endoderm (PrE). Briefly, balance of
antagonizing activity of NANOG (Epiblast specifier) and GATAG6 (PrE-Specifier) is tipped by the FGF pathway.
As NANOG expression is reinforced, receptors of FGF are lost, and while exposure to FGF4 emanating from
Epiblast cells induces GATAB6 expression in PrE cells. B. Epigenetic reprogramming undergone by naive
epiblast cells in the ICM until the formation of the egg-cylinder primed epiblast cells. Active histone marks, like
H3K27ac and H3K4me3, are lost at pluripotency genes and are redistributed on early post-implantation genes.
Moreover, H3K27me3 broad domains found in the naive epiblast of the blastocyst are reshaped, and peaks
of H3K27me3 are deposited at bivalent regions and lineage specific loci, like germline genes. H3K9me3
continues to ensure repression of transposable elements notably, which is strengthen by de novo DNA
methylation.
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dependent polarization of epiblast cells. Then the apical domains of opposed epiblast
cells separate via repulsive anti-adhesive molecules, like podocalyxin (Neagu et al.,
2020). Interestingly, such wave of cellular death and rosette formation can also be
observed with in vitro models of epiblast differentiation (Turco et al., 2072). Indeed,
the derivation of cultured ESCs from the blastocyst and of differentiated epiblast-like
stem cells (EpiLC/EpiSCs) allows to recapitulate peri-implantation development in
culture. Whilst we will describe later in this Introduction these in vitro methods, the
modeling of epiblast differentiation has led to better comprehension of peri-
implantation development. This has been especially true for uncovering regulators of
stem cell differentiation, like the role of autocrine secretion of FGF4 and induction of
the FGF/ERK pathway (Kunath et al., 2007; Stavridis et al., 2007), but also for studying
the regulation of pluripotency, or the epigenetic reprogramming that takes place
during early development, prior to lineage specification.

The chromatin landscape found in embryonic stem cells of the ICM illustrates
the occurrence of a tabular rasa, epigenetically speaking. The genome is mostly
hypomethylated, retaining only around 20% of the parentally inherited DNA
methylation patterns, notably because of the absence of DNMT3s and the
sequestration of DNMT1 outside of the nucleus. This methylation is mostly present on
ICRs and on young and/or active TES, notably IAPs in the mouse (Messerschmidt et
al., 2012; Wang et al., 2014). In addition to genomic hypomethylation, ESCs also have
higher chromatin accessibility (Argelaguet et al., 2019a), and demonstrate long range
interactions, and more diffuse heterochromatic domains than differentiated cells
(Bonev et al., 2017; Meshorer et al., 2006). Similarly, ESCs demonstrate high levels of
active H3K27 acetylation and H3K4 methylation, especially around regulatory
elements of pluripotency-associated genes (Atlasi et al., 2019; Kurimoto et al., 2015).
These observations led the to “open chromatin” model, which hypothesized that such
openness allows for embryonic stem cells to be more plastic in their response to
various differentiation cues, while supporting their pluripotency. Upon epiblast
differentiation, embryonic cells progressively restrict this “open” chromatin
landscape, as they initiate lineage specification. This transition from the
undifferentiated pluripotent embryonic stem cells in the blastocyst to differentiated

epiblast stem cells in the egg cylinder is also accompanied by a transition in their
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pluripotency state. This transition starts from a ground-state, naive pluripotency, with
its own specific transcriptional program, to a primed pluripotency state where cells
are biased to give rise to somatic versus germline lineages. We will cover the
regulation of this priming later in this Introduction, but first, we will see how this switch
in pluripotency states is concomitant with drastic chromatin changes.

First, DNA methylation is reacquired genome-wide in primed post-implantation
epiblast stem cells (Figure 10B). The bulk of DNA methylation establishment is
primarily deposited by DNMT3B, which catalyzes DNA methylation at gene bodies,
germline genes, genes of the inactive X chromosome in females, pericentromeric
regions and others. DNMT3A and DNMT3L are also expressed during epiblast
priming, but DNMT3A seems less active than DNMT3B and mostly methylates
Polycomb targets later in the differentiation, while the lack of DNMT3L does not
perturb de novo DNA methylation during this period (Yagi et al., 2020). Also, DNA
methylation is strongly acquired around regulatory elements of genes expressed in
undifferentiated pluripotent embryonic stem cells, which suggests that DNA
methylation might participate in their repression and coincidently, facilitates epiblast
priming (Bell et al., 2020; Kalkan et al., 2017). By E6.5, primed epiblast cells
demonstrate around 70% of methylated CpGs in average, while extra-embryonic
tissues, like the visceral endoderm (VE), only display intermediate levels of methylation
(~50% of mCpGs). This is accompanied by reciprocal differences in promoter
methylation, where epiblast markers and developmental genes (Oct4, Nanog, HoxB2,
Hoxb3) are hypermethylated in the VE, while markers of VE (Apoal, Apoa4, Apob,
Apoc?2) are hypermethylated in the epiblast. This suggests different mechanisms
regulating DNA methylation and a potential role for DNA methylation in reinforcing
extra-embryonic versus embryonic lineage identities. In addition, in extra-embryonic
tissues, DNA methylation levels can be correlated with the establishment of chromatin
compartments A and B. In the embryonic epiblast, however, it does not seem to be
the case, as chromatin compartments appear to be established at E3.5 when the
genome is hypomethylated and are conserved in the epiblast at E7.5, after the
methylation of the genome, suggesting that DNA methylation deposition poorly
contributes to chromatin compartmentalization during epiblast formation (Yu Zhang
etal., 2018).
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Histone marks are also deeply reshaped during naive-to-primed pluripotency
transition, mostly around regulatory elements like enhancers and promoters.
Concomitantly to the gain of DNA methylation observed around genes regulating
embryonic stem cells, active histone marks are rearranged. Although levels of histone
acetylation globally decrease in association with increased expression of histone
deacetylases, locus-specific examination revealed that H3K27ac is lost around
pluripotency genes and gained at post-implantation epiblast-specific genes (Buecker
et al., 2014; Gékbuget and Blelloch, 2019; Shirane et al., 2016). This reorganization is
mostly driven by transcription factors like FOXD3, OTX2 and OCT4, which play a
central role in the decommission of enhancers during differentiation (Buecker et al.,
2014; Krishnakumar et al., 2016; Respuela et al., 2016; Yang et al., 2014). In contrast,
H3K9 methylation levels increase during epiblast differentiation. Domains of
H3K9me3 are especially retained at the LTR regions of TEs, and some genes gain
repressive H3K9me3 domains, most notably germline genes (C. Wang et al., 2018).
This is probably associated with progressive repression of other developmental
genes. Indeed, as the embryonic cells engage into lineage specification, the highest
number of H3K9me3-marked genes is found in progenitor cells of the endoderm and
mesoderm germ layers (Nicetto et al., 2019). Similarly, the deposition of H3K9me2,
mediated by G9A, also increases during epiblast differentiation (Lienert et al., 2011;
Wen et al., 2009). While DNA methylation and H3K9 methylation are known to work
synergistically, the hierarchy between the two repressive marks is still debated in the
context of repressing developmental genes in somatic germ layers. Finally, while
H3K27me3 accumulates around developmental genes in the epiblast (Wang et al.,
2018), the number of bivalent promoters, marked by both H3K27me3 and H3K4me3,
significantly increases in differentiated epiblast cells compared to blastocyst
embryonic cells (Liu et al., 2016) (Figure 10B). These bivalent regions appear anti-
correlated with DNA methylation in the epiblast, since they are generally
hypomethylated. This appears to be regulated by active DNA demethylases, as in the
E6.5 epiblast of TET1/2 double-KO mice, gain of DNA methylation is associated with
decreased H3K4me3 in bivalent regions specifically, whereas H3K4me3 levels are

unaffected around housekeeping genes. Beyond the E6.5 epiblast, in somatic
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progenitor cells, this bivalency is resolved with genes becoming either activated and
retaining H3K4me3, or inactivated with H3K27me3 (Xiang et al., 2019).

3.2 From in vivo to in vitro

The first iteration of in vitro cells or tissue culture-based methods using nutrient-rich
liquid media was enunciated by Gottlieb Haberlandt, an Austrian botanist, in 1902
(Haberlandt, 1902). He developed the idea that cells not only represent a structural
unit of living organisms, but also a functional unit at the physiological level. He further
argued that such culture methods would allow to investigate the potentialities of the
cells, and their relationships to one another. Notably, he drew the basis of the modern
definition of totipotency by postulating that plant cells retain the intrinsic ability to
generate any tissue and that “in this way, artificial embryos from vegetative cells
could be successfully cultivated” (Jourdin, 2008). These predictive thoughts were
followed by the first animal cell cultures established by A. Carrel in 1911 (Carrel and
Burrows, 1911), and then by the first plant cell cultures, established by P.A. White in
1939 (White, 1939).

Nowadays, cultured models allow scientists to investigate and challenge the
relationships between cells, elaborating notably on their differentiation abilities, and
expanding our fundamental knowledge on how cells can grow an organism.
Moreover, with the rise of 3D culture systems and the development of organoids, we
are getting closer and closer to Haberlandt’s original vision of an in vitro grown
artificial embryo. This has been well illustrated by recent landmark studies in 2021,
which managed to artificially support the growth of a mouse embryo to the equivalent
of 11 days of gestation (Aguilera-Castrejon et al.,, 2027), and allowed for the
development of artificial human blastocysts (Yu et al., 2021). In this part, we will cover
the in vitro methods and tools developed to study peri-implantation development, and
how they allow to alleviate the limitations posed by in vivo approaches, alongside with
new culture models and the new ethical questions they raise. Indeed, the ability of
embryonic stem cells to self-renew and to be propagated in a dish under appropriate
culture conditions, after derivation from the embryo at a certain time in development,
results in an in vitro culture that can be considered as a “capture” of this particular

developmental state.
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3.2.1 Recapitulating early development in a petri dish

The culture of embryonic stem cells resembling ICM Epiblast:

Historically, ESCs were first cultured in serum-based medium complemented with
Leukemia Inhibitory Factor (LIF). They were considered to be similar to in vivo E4.0
ICM pluripotent stem cells, despite demonstrating heterogenous expression of
pluripotency genes like Nanog, and notably, higher DNA methylation levels, which are
closer to somatic differentiated cells (Singer et al., 2014; Williams et al., 1988). On one
hand, LIF supports self-renewal of ESCs through the activation of the JAK/STAT3
signaling pathway, which induces expression of the naive pluripotency gene network.
It could also promote DNA hypomethylation by simultaneously enhancing TET activity
and DNMT degradation (Wulansari et al., 2021; Ye et al., 2013). On the other hand,
serum contains differentiation-promoting and differentiation-inhibiting cytokines like
FGF and BMP, respectively, thus inducing a “metastable state” for the stem cells
(Hackett and Surani, 2014).

Later on, this conflicted identity was resolved by using serum-free conditions,
with the addition of GSK3 and MEK/ERK inhibitors (2i), supplemented with LIF, that
was found to better nurture an equivalent to the naive state of the pluripotent cells of
the ICM (Ying et al., 2008). Indeed, 2i ESCs harbor a hypomethylated genome similar
to what is observed in vivo prior to implantation. While 70 to 80% of CpG
dinucleotides are methylated in serum/LIF ESCs in average, 2i cells demonstrate 20%
of methylation genome-wide (Habibi et al., 2013; Stadler et al., 2011). The two
inhibitors act on two fronts (Figure 11). First, PD blocks FGF signaling by inhibiting
the MEK/ERK signaling cascade, which prevents differentiation (Deathridge et al.,
2019; Hamilton et al., 2019). Then, CHIR activates WNT by inhibiting GSKS, which
indirectly stimulates transcription of pluripotency genes (Wray et al., 2011; Zhang et
al., 2020). How these two inhibitors favor pluripotency is currently under strong
scrutiny. Nevertheless, key findings have demonstrated that they promote DNA
hypomethylation by jointly repressing DNMTs and inducing TET DNA demethylases
(Sim et al., 2017). In addition, 2i-cultured ESCs share many expressed genes with
their in vivo equivalent from the ICM, like core pluripotency triad (CPT) genes (Oct4,
Nanog and Sox2) as well as naive-specific markers like Kif4, Rex1 (also known as
Zfp42), Esrrb, Dppa3 and others (De Los Angeles et al., 2015; Dunn et al., 2014; Tesar
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et al., 2007). Under these conditions, in vitro naive pluripotent ESCs also recapitulate
the “permissive” chromatin landscape found in vivo. Most notably, levels of active
histone marks H3K4me3 and H3K27ac are globally high. Additional features of naivety
encompass two active X chromosomes in female ESCs, and the activation of the distal
enhancer of Oct4 to drive its expression (Aoto et al., 2006; Azuara et al., 2006, Choi
etal., 2016; Schulz et al., 2074). However, these characteristics are lost upon epiblast

differentiation.

The capture of differentiated epiblast stem cells:

Cultures of primed epiblast stem cells can be derived from E6.0-7.5 post-implantation
embryos (EpiSCs), or alternatively obtained from ESCs cultured in presence of FGF2
and Activin A (in vitro EpiSCs or Epiblast like-cells, EpiLCs) (Figure 11). Induction of
the FGF pathway has been shown to mediate the extinction of naive pluripotency-
promoting factors, including the export of the KLF4 protein from the nucleus (Dhaliwal
et al., 2018; Hamilton et al., 2019; Kunath et al., 2007). In opposition to ESCs, EpiSCs
display a methylated genome and silenced naive genes, while the CPT network
remains expressed. In addition, EpiSCs—whether derived in vivo or in vitro—express
markers of the early post-implanted epiblast, like Dnmt3B, Otx2, Fgf5, Oct6, and early
somatic lineage markers such as Sox17 (Acampora et al., 2013; Morgani et al., 2017).
The delineation between ESCs and EpiSCs/EpiLCs is furthermore supported by the
fact that EpiSCs poorly reprogram and revert back into naive ESCs when re-
introduced in a blastocyst, suggesting a true change in cell identity and differentiation
competence between the two pluripotent states (Brons et al., 2007; Ohtsuka et al.,
2012).

Recent efforts have been made to capture alternative states of pluripotent stem
cells in vitro, that could represent new “transient state of pluripotency” found in the
E5.0-5.5 epiblast, a concept that we will develop later. It has been demonstrated that
culturing ESCs in ABC/L media (ActivinA, BMP4, CHIR and LIF) induces the formation
of “advanced pluripotent stem cells” (ASCs). Identified as an intermediate state
between 2i ESCs and EpiSCs, ASCs demonstrate a higher contribution to chimerae
and germline in vivo than EpiSCs (Bao et al., 2018). These ASCs cells display high

DNA methylation, but keep higher expression of naive pluripotency genes than
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Graphical model of in vitro methods to recapitulate early development, highlighting relationships between
signaling pathways and major inducers of each fate, with subsequent impact on transcriptional programs.
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serum/LIF ESCs, since they demonstrate hypomethylated regulatory elements for the
naive markers Rex1, Essrb, NrOb1, Tic1, like 2i ESCs. Counterintuitively, they show
higher expression of mesoderm and primitive streak markers. Overall, the methylation
level of ASCs remains lower than in EpiSCs—72-74% and 80%, respectively—and is
especially lower at intergenic regions. Moreover, they transcriptionally resemble the
E5.5 epiblast (Bao et al., 2018; B. Wu et al., 2020). Further investigation on the
unconventional ASC methylome is needed to understand how DNA methylation could
play a role in regulating their particular potential. Finally, the novel characterization of
rosette stem cells (RSCs) in vivo, present in the E5.1 epiblast, and their derivation in
vitro constitute another breakthrough in the identification of new intermediate
pluripotent states. These cells rely in vitro on LIF and the inhibition of both WNT and
MEK pathways, thus resulting in a population of cells that co-express naive markers
and the post-implantation marker Otx2. RSCs harbor intermediate levels of DNA
methylation (2% of 5mC genome-wide) and are prone to rapid differentiation
compared to 2i ESCs, while having higher chimera contribution than EpiSCs (Neagu

et al., 2020). Examples of intermediate pluripotent cell cultures are listed in Table 1.

Recapitulating germline specification in vitro:
Recent advances have allowed the faithful recapitulation of PGC-like cell (PGCLC)
specification in vitro, by shortly differentiating ESCs into Epiblast-like cells (EpiLCs)
for two days using FGF2 and ActivinA, and then exposing EpiLCs to a cytokine
cocktail (notably comprised of bone morphogenetic proteins, BMPs) for four days
(Figure 11). Strikingly, PGCLC differentiation can be used to generate fertile offspring,
highlighting their proximity to in vivo PGCs (Hayashi et al., 2011). Moreover, PGCLCs
transcriptionally re-activate some naive markers like Dppa3 and Prdm14, and repress
Dnmt genes, Otx2 and other epiblast markers, while maintaining core pluripotency
markers expressed in a comparable fashion to in vivo PGCs (Bleckwehl and Rada-
Iglesias, 2019).

In vitro PGCLCs also partially reshape their epigenetic landscape. DNA
methylation for example, after reaching a level of 70-80% of CpG methylation in
EpiLCs (Table 2), decreases to 50% and 40% in PGCLCs after four and six days of

culture, respectively, while DNA methylation levels in terminal in vivo PGCs reaches
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around 7% at E13.5 in male (Seisenberger et al., 2012; Shirane et al., 2016). DNA
methylation in PGCLCs is mostly lost in intergenic regions, gene bodies and to some
extent, at some repeats, but remains high at the promoters of germline genes (Hargan-
Calvopina et al., 2016; Shirane et al., 2016). However, this in vitro epigenetic
reprogramming does not appear to be functionally sufficient, since the generation of
germline stem cells-like cells (GSCLCs) from PGCLCs, show impaired ability to enter
spermatogenesis, likely due to the incomplete erasure of DNA methylation at the
promoters of pluripotency and meiotic genes during PGCLC specification (Ishikura et
al., 2016). Despite this, GSCLCs share similar morphology with their in vivo
counterparts (Spermatogonia Stem cells), and constitute a great in vitro model to

study germline development.

What about a totipotent-like cell culture model?

Seminal work from T. McFarlan in 2012 allowed for the identification of a
subpopulation of 2C-like cells (2CLCs) in ESC cultures. Their strategy for their
identification relied on the activation of a MERVL reporter (Macfarlan et al., 2012),
since these retrotransposons are transiently up-regulated in the totipotent 2-cell stage
embryo, and drive the transcription of 3% of mRNAs during ZGA by acting as
alternative promoters (Kigami et al., 2003; Peaston et al., 2004). Using this strategy,
they observed that up to 3% of ESCs in culture spontaneously acquire features of 2C-
like cells: an active chromatin signature, expression of the totipotency-associated Dux
transcription factor, and low expression of pluripotency factors like Oct4, Sox2 and
Nanog. Following this discovery, many studies have attempted to increase the fraction
of 2CLCs within the ESC population by modulating the transitioning rate. Chemical
treatments that favor chromatin opening or spliceosome repression have been shown
to increase the acquisition of totipotency-like features (Shen et al., 2021; Yang et al.,
2022).

Recently, human eight-cell stage like cells (BCLCs) were generated using media
containing chemicals promoting histone acetylation and inhibiting histone
methylation. These 8CLCs express totipotent genes like Zscan4 and Dux, and
downregulate pluripotent genes like Oct4 and Sox2. Moreover, they also demonstrate

an open chromatin state (Mazid et al., 2022). Interestingly, Dppa3 was found to be
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critical in humans for the formation of 8CLCs, in contrast to mice where this gene is

dispensable in establishing 2CLCs. This suggests that mechanisms promoting

totipotency between primates and rodents might have diverged in evolution.

Furthermore, the authors used a newly developed human in vitro reconstructed

artificial blastoids, to demonstrate the ability of 8CLCs to give rise to both embryonic

and extra-embryonic tissues in humans. To conclude, all these in vitro methods aim

at recapitulating early development and allow monitoring these transitions, notably by

studying the transcriptional program or the reprogramming the chromatin landscape

to infer cell identity. However, functional assays are also critical for characterizing the

different embryonic cell types.

Table 1. Example of Alternative/intermediate mouse pluripotent stem cell from in vitro cultures

Active

Sianali Pluripotency Lineage
Origin Ighaling genes markers Potentialities Epigenome Refs
pathways
AFSCs EpiSCs with NODAL Oct4, Blimp1 Teratoma formation X chromosome S.Bao 2018
ActA, Bmp4, ERK/MERK Nanog, Sox2  Sox17 inactivated Cell Research
CH and LIF BMP Eomes Integration into ICM
(ABC/L JAK/STAT Naive Lefty of blastocysts 70% mCpGs B.Wu 2020
media) markers are Brachury (T) Stem cell
repressed Reports
ASCs ESCs cultured BMP Oct4, Mesoderm Chimerae 70% mCpGs S.Bao 2018
with ActA, WNT Nanog, Sox2  markers Up Cell Research
Bmp4, CHand  JAK/STAT (Eomes, Contribution to the
LIF NODAL Naive Hoxa ...) Germline 2 active X B.Wu 2020
(ABC/L markers chromosomes Stem cell
media) alike ESCs Meiotic Contribution to Reports
genes up extra-embryonic
RSCs ICM cells JAK/STAT Oct4, Otx2 Rapid priming in 3% of mC Neagu 2020
cultured with Nanog, Sox2 induced vitro genome-wide Nat. Cell
LIF, IPWI2, Biology
MEKi (LIM Naive Oct6 Increase in
media) markers repressed bivalent domains
Kif4, Esrrb (H3K27me3/H3K4
me3)
Accumulation of
pericentric
H3K27me3
2 active X
chromosomes
FTW- ICM cells or MEK/ERK Oct4, Sox2 High Germline 2 active X L.Yu 2020 Cell
ESCs ESCs cultured  TGF- Dnmt3A, competence in vivo chromosomes Stem Cells
with FGF2, b/SMAD Low Nanog, Dnmt3L, and in vitro
INTPS ActivinA and WNT Rex1 and Fgf5, Lef1 Broad bivalent (Tsukiyama
(I CHIR in N2B27 Kif4 Chimera domains and Ohinata,
Cs) (FTW media) contribution 2014)
(< ESCs)
FSCs E5.5 Epiblast MEK/ERK, Low Nanog High Otx2 Germline Increased bivalent Kinoshita
or from ESCs NODAL, Oct4, Sox2 competence in vitro domains 2020 Cell
cultures with Minimal and in vivo. Stem Cell
ActivinA, WNTi Low Kif4 Brachury (T) Open chromatin
XAV939, RARI Rapid somatic alike EpiLCs
BMS493 differentiation in

(AjoXR media)

vitro

All lineages in
chimerae
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3.2.2 Functional assays and tools to test the potentialities of stem cells

Although transcriptome and chromatin profiling can inform cell identity at a given time,
it says little about the potentialities of the cell. Evaluation of cellular potential is critical
when studying the ability of ESCs for differentiation. To test this, differentiation and
contribution experiments remain the go-to approaches, although with different levels
of confidence for interpretation (De Los Angeles et al., 2015).

A classical method to test the level of potency of embryonic stem cells is to
apply differentiation protocols in vitro into different lineages. This approach presents
a number of advantages. First, it is very modular, as a large panel of differentiation
protocols now exist to induce specific embryonic or extra-embryonic lineages, going
from early progenitors to terminally differentiated cells. Moreover, these protocols can
be directed or not, in monolayers or in three dimensions, and can give rise to one or
several lineages at the same time, allowing scientist to test many different conditions.
Second, these methods are usually fast to perform and high-throughput, allowing
numerous downstream applications.

Contribution experiments usually give the highest level of confidence on the
potency of cells. Historically, the formation of teratocarcinoma was an early method
to test the potency of stem cells in vivo. It involves injecting embryonic stem cells in
immune-deficient mice, and monitoring the development of a tumoral mass
containing different tissues deriving from the three-germ layers (Stevens, 1958).
However, the histological analysis of teratomas is poorly quantitative and prone to
misinterpretation. In comparison, the generation of chimeric mice, either by
aggregation of stem cells with host morulae, or by direct injection into the ICM of host
blastocysts, not only allows to assess the contribution to all three germ layers, but
also their ability for germline transmission (Artus and Hadjantonakis, 2011; Brook and
Gardner, 1997). Chimeric mice and teratoma experiments were pivotal in the
discernment of naive and primed pluripotent stem cells, as the latter are poorly
competent for germline transmission (Brons et al., 2007). However, these methods
can be difficult to put in place and do not generally display a very high yield. In this
regard, methods aiming at developing artificial embryos or organs—also called
embryoids and organoids—could reconcile in vitro and in vivo approaches, opening

new avenues for research.
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Seminal work by Evans and Martin in 1975 established the first model of
artificial embryonic development by aggregating ESCs into 3D embryoid bodies that
can induce the three embryonic germ layers and recapitulate basic antero-posterior
axis (Martin and Evans, 1975; ten Berge et al., 2008). Work conducted in Martinez
Arias Lab established the first protocol of “gastruloids”. These are also formed by
aggregation of ESCs, and can grow alongside the three axes of development: Antero-
posterior, Left-right, and Dorso-ventral. Thus, gastruloids can be defined as “Three
dimensional aggregates of pluripotent stem cells that, under appropriate culture
conditions, develop an embryo-like organization with three orthogonal axes and a
precise distribution of the multiple derivatives of the three germ layers” (Van Den
Brink et al., 2014; van den Brink and van Oudenaarden, 2021). Further improvement
of this protocol allowed gastruloids to recapitulate —with striking similarity compared
to in vivo embryos— i) the segmentation of the posterior axis, with colinear expression
of Hox genes and somitogenesis (Beccari et al., 2018; Veenvliet et al., 2020), and ii)
anterior development with the formation of neural tissues (Duval et al., 2019; Girgin et
al., 2021). Thus, gastruloid formation can decipher the specific properties of the stem
cells. Indeed, it was found that EpiSCs are less competent to aggregate and develop
into gastruloids, which is reminiscent of their poor ability to generate chimerae
(Cermola et al., 2021).

Recent application of these protocols to human embryonic—or induced
pluripotent—stem cells has allowed the development of human gastruloids
recapitulating mesodermal and neural-like tissues (Libby et al., 2021; Moris et al.,
2020; Olmsted and Paluh, 2021). The reconstruction of human gastruloids opens
many opportunities in the medical field for studying genetic diseases, creating new
organs, improving in vitro fertilization and others. However, the moral and ethical
status of human embryoids, especially now that neural tissues can be formed, must
be addressed. Using induced pluripotent stem cells (iPSCs) and limiting gastruloid
formation to a limited number of specific tissues allow circumventing most ethical
concerns and are probably sufficient for modeling and studying most diseases.
However, such use of gastruloids requires scientists to unify their terminology to
clarify the nature of the reconstructed tissues with their developmental time equivalent

(Matthews et al., 2021; Nicolas Rivron et al., 2018). In many countries, the growth of

79



human embryos in vitro is limited to the equivalent of 14 days of gestation, and a
debate on whether this limit should be extended exists among researchers (Appleby
and Bredenoord, 2018; Blackshaw and Rodger, 2021; Hyun et al., 2016). The question
whether reconstructed human embryos should also fall into this limit obviously needs
to be addressed in concertation with ethicists and policymakers in a public manner,
as informed consent of patients will be necessary for the conduction of reproductive
studies on reconstructed human germline (van den Brink and van QOudenaarden,

2021).

3.3 From totipotency to pluripotency

The purpose of peri-implantation development, from fertilization to the formation of
the differentiating epiblast, is to initiate the formation of a new organism. But all the
different stages in this period of development do not share the same potential for
generating this new organism. In reality, cells of the embryo become more and more
restricted in their differentiation abilities during development. The zygote and the
blastomeres of the 2-cell stage embryo are able to give rise to both embryonic and
extra-embryonic lineages, being then referred as “totipotent” cells, whereas cells that
contribute only to the three embryonic germ layers (endoderm, mesoderm and
ectoderm) are considered as “pluripotent”, like naive embryonic stem cells in the
blastocyst and primed epiblast stem cells (Riveiro and Brickman, 2020).
Concomitantly to this restriction in differentiation potential, is the chromatin
remodeling that takes place in early development, notably the reprogramming of DNA
methylation profiles. Thus, the influences of epigenetic changes on developmental
abilities are under strong scrutiny, and evidence mostly comes from in vitro models of
early development. In the following part, | will cover the regulation of totipotency and
pluripotency states, and how chromatin changes, especially DNA methylation, affect

cellular potentialities.

3.3.1 Totipotency: the ability for all things

As described previously, investigating the main regulators of ZGA or totipotency is

challenging due to the limited amount of available cells. As a consequence, most of
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the work attempting to identify the transcriptomic signature of totipotency relies on
2C-like cell cultures.

Despite representing cells with the highest potential, mammalian totipotent
cells share few common factors with pluripotent cells (Figure 12A). For example,
despite being a core factor in the control of pluripotency, OCT4 plays no apparent
role in totipotency. This is exemplified by the maternal deletion of Oct4, which is
compatible with normal development after fertilization. Moreover, levels of Oct4 and
other pluripotency factors like Sox2, Prdm14, Rex1 are relatively low in 2CLCs and
their loss does not affect their emergence in ESC cultures (Rodriguez-Terrones et al.,
2018; Wu et al., 2013). One important factor for totipotent cells is ZSCAN4 (Figure
12B). It is a regulator of telomere elongation, and has been shown to regulate
development timing and totipotency establishment, as its knock-down delays 2-to-4-
cell stage progression, and it is also required later on for blastocyst formation. In
addition, Zscan4 knock-down in ESCs induces chromosomal abnormalities and
reduces growth (Falco et al., 2007; Zalzman et al., 2010). Furthermore, the expression
of MERVL retrotransposons, specifically at the 2-cell stage in vivo and in cultured
2CLCs, serve as alternative promoters of totipotency specific transcripts (Macfarlan
et al., 2012; Peaston et al., 2004). Then, the formation of the “open chromatin”
landscape could also serve as a marker for totipotent stem cells. Accordingly, the
knock-out of the H3K9me3 methyltransferase Setdb1 or the H3K9me3 reader Kap1
both promote ESC to 2CLC transition in vitro (K. Wu et al., 2020). In regard to DNA
methylation, as it is erased after fertilization and that DNMT1 has been found to
prevent 2CLC transition in vitro (Fu et al., 2019), it is probable that DNA methylation
plays no role in totipotency. Indeed, the triple knock-out of the DNA
methyltransferases Dnmt1, Dnmt3A and Dnmt3B does not affect the number 2CLCs
found in ESC populations in vitro (Eckersley-Maslin et al., 2016). In contrast, inducing
pluripotent stem cells (iPSCs)—which requires an equally dramatic reprogramming
with the induction of pluripotency from a fully differentiated somatic cell—requires
DNA methylation removal, mostly via TET2 that has been shown to be central for
efficient reprogramming (Caldwell et al., 2021; Pei et al., 2014). This rather suggests
a restricting role for DNA methylation in the acquisition of totipotency and

pluripotency.
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A. Schematic of the interplay between changes in DNA methylation and in cellular potency during early
mouse embryogenesis, prior to lineage specification. B. Progression of potency, for the 2-cell totipotent
embryo to the primed epiblast. In vitro studies suggest that progression through the different phases of
pluripotency is sequential. Yet, it is possible that during in vivo development, the different stages of
pluripotency overlap with each other and could coexist in the same embryo at the same time of
development. In particular, it remains to be demonstrated that complete dissolution of naive pluripotency
factors occurs in vivo prior to capacitation of stem cells for priming.
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Finally, little information exists on the transition from totipotency to
pluripotency. When this transition occurs is also unclear in vivo. While a single 2-cell
stage blastomere is sufficient for the formation of an entire organism, 4-cell and 8-cell
stage blastomeres display variable efficiency in their ability to contribute to extra-
embryonic tissues and require the support of carrier host-blastocysts (Piotrowska-
Nitsche et al., 2005). This ‘incomplete totipotency’ has been associated with different
expression levels of Oct4, hence suggesting a progressive transition period where

totipotency fades away, and pluripotency is initiated.

3.3.2 A switch in pluripotency: the naive-to primed-pluripotency transition

The ground state of pluripotency is defined around the identity of embryonic stem
cells found in the preimplantation blastocyst. These cells are in a naive pluripotent
state—which refers to their unrestricted ability to give rise to all embryonic lineages—
but also present a specific transcriptomic and chromatin signature. Thus, there is a
slight semantic difference between “ground state” and “naive” pluripotent cells.
Indeed, while ground state cells are always in a naive pluripotency state, not all naive
stem cells are ground state. This is best illustrated by ESCs cultured in serum/LIF
which are “naive”, as they can contribute to all embryonic lineages in chimerae, but
are not “ground state” as they have an hypermethylated genome and co-express
naive and primed markers (Hackett and Surani, 2014).

As we previously mentioned, naive pluripotent stem cells express high levels
of general core pluripotency triad (CPT) Oct4-Nanog-Sox2. These genes are central
to establish and regulate pluripotency. Loss of OCT4 or SOX2 activity is associated
with impaired differentiation toward the mesendoderm or neural lineages,
respectively, while NANOG loss in ICM cells cannot sustain a viable epiblast in vivo,
and promotes precocious differentiation in vitro (Silva et al., 2009; Thomson et al.,
2011). The reinforcement of a naive ‘ground state’ identity is achieved by induction of
specific naive markers, like ESRRB, REX1, and others (Figure 12B). Such induction
is mediated by activation of specific cis-regulatory elements via the CPT. Notably,
OCT4 binds, often in cooperation with NANOG and SOX2, to naive genes (Buecker et
al., 2074) and also promotes their own expression (Chew et al., 2005; Rodda et al.,

2005). Then, some naive markers, like ESRRB, initiates a self-reinforcing positive loop
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for the maintenance of naive pluripotency (Festuccia et al., 2021; Sevilla et al., 2021).
While sitting at the top of the pluripotency regulatory network, the cooperativity and
many shared targets between the CPT and naive genes were initially thought to
convey redundancy and plasticity to maintain pluripotency. However, it is noteworthy
that some pluripotency factors can also have specific properties. For example, while
loss of NANOG is dispensable for maintenance of ESCs, its expression allows the
maintenance of pluripotency in a LIF-independent manner (Chambers et al., 2003;
Silva et al., 2009; Q.-L. Ying et al., 2003). Indeed, signaling pathways play a critical
role in establishing and maintaining pluripotency, most notably, the JAK-STAT, WNT
and BMP pathways that have been reviewed elsewhere (Figure 15A) (Pieters and van
Roy, 2014; Weinberger et al., 2016).

Similarly, the exit of naive pluripotency and induction of primed pluripotency —
also called naive-to-primed transitioning, or priming—seems to be initiated by
external signals driving differentiation, such as FGF and NODAL (Figure 11-12B).
Such signaling pathways are initially repressed in naive pluripotent cells (Grabole et
al., 2013; Kunath et al., 2007; Mulas et al., 2017). In addition, a differential regulation
from the CPT can also participate in the initiation of priming. Early work comparing
gene regulatory elements (GREs) between ESCs and EpiLCs in vitro, have identified
a unique switch of enhancers during this transition. This was marked by the
redistribution of the core pluripotency OCT4 factor at developmental genes by the
early post-implantation marker OTX2 (Yang et al., 2014). Interestingly, the regulation
of Oct4 itself seems to be DNA methylation-dependent during this transition: its
expression is driven by a distal enhancer (DE) in ESCs and a proximal enhancer (PE)
during epiblast differentiation. While being both DNA methylation-free in ESCs, the
Oct4 DE becomes methylated as cells progress toward the epiblast, although it may
be a consequence rather than a cause of the switch. In addition, in the future germline,
the expression of Oct4 is driven initially by the DE, then by both demethylated DE and
PE elements (Choi et al., 2016). Relying on the example set by Oct4, the question
whether the DNA methylation status of GREs plays a role in developmental
progression can be raised. Several studies have indeed demonstrated that DNA
methylation is acquired at naive gene enhancers, concomitantly with their repression

upon priming (Kalkan et al., 2017; Petell et al., 2016).
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Nanog is transiently down-regulated during the formation of epiblast cells, and
this short down-regulation seems critical for proper lineage specification (Chambers
et al., 2007; Hayashi et al., 2011). Investigating the gene regulatory network behind
priming has helped uncovering the role of many factors involved in the regulation of
this transition: some act as sensors of differentiation signals like ID1 (Malaguti et al.,
2019), others by mediating the rewiring of CPT during epiblast differentiation like
ETV5, RBPJ, and TCF3 (Kalkan et al., 2019), or by activating specific primed genes
like ZIC3 or FOXD3 (Krishnakumar et al., 2016, Respuela et al., 2016; Yang et al.,
2018). Many of these priming regulators, like ETV and RBPJ, seem to be conserved
and shared from mice to primates (Lackner et al., 2021). Importantly, OTX2 has been
found to play an increasing role in the regulation of priming, and can be considered
as a master-regulator of this transition (Figure 12B). As previously described, OTX2
redirects OCT4 binding to epiblast-specific elements, participating in the
decommission of naive enhancers during differentiation. But OTX2 is also sensitive to
differentiation signals, like BMP and WNT, which regulate its repressive role on
germline specification, and allows for somatic fate adoption by downregulating Nanog
at the exit of pluripotency, hence supporting the somatic program (Acampora et al.,
2013; Di Giovannantonio et al., 2021; Krishnakumar et al., 2016; Zhang et al., 2018).

Naive and primed states represent the two extremities of the pluripotency
window, following totipotency and preceding lineage specification (Figure 12A). Yet,
it has become more and more evident that pluripotency progresses in a step-wise
manner toward priming, rather than existing in a oscillating metastable state (Nichols
and Smith, 2009). In a paper published in 2017, Austin Smith proposed that this
intermediate transient step-wise progression corresponds to the ‘executive’ phase
that allows stem cells to gain their competence for differentiation. He termed this
phase “formative” pluripotency, which is distinct from naive and primed pluripotency,
and is supported by a specific transcriptomic signature (with dissolution of naive
genes, and still low lineage marker expression), partial X chromosome inactivation
and intermediate DNA methylation levels (Smith, 2017). However, such a formative
state might exist only subjectively, as transitioning across pluripotency states appears
like a continuum. Thus, at the exit of naive pluripotency, stem cells might transition

through successive discrete and transient states before reaching primed pluripotency,
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each of these intermediate states could therefore be identified as an eligible formative
pluripotent state. Yet, under this description, ASCs and RSCs that we previously
described, do not completely fulfill the definition of formative pluripotency as they co-
express both naive network and early-primed genes. While in vitro it is clear that the
dissolution of naive genes is a requirement for proper differentiation (Mulas et al.,
2017), this distinction is not yet evident in vivo. It is possible that in vivo, formative
pluripotency might also apply to stem cells undergoing simultaneous exit of naive
pluripotency and induction of priming. Overall, the development of intermediate
pluripotent stem cells is an important step stone to further elucidate the impact of cell

signaling and chromatin regulation on differentiation and stem cell renewal.

3.3.3 DNA hypomethylation and naive pluripotency, cause or
consequence?

In vivo studies have demonstrated that repressive chromatin marks are critical for
post-implantation development and differentiation: the knock-out of DNMTs and
histone modifying proteins often results in embryonic lethality at the onset of
gastrulation (Lei et al., 1996; O’Carroll et al., 2001). In the mouse epiblast, double-KO
of Dnmt3A and Dnmt3B leads to precocious expression of germline genes and some
developmental genes, thus highlighting a potential role for DNA methylation in
maintaining the integrity of transcription in vivo (Dahlet et al., 2020). However, the
lethality and growth retardation in these embryos do not become evident until E8.5, a
moment in mouse development when embryonic stem cells have already lost their
pluripotency and have started acquiring a somatic identity with high DNA methylation
levels. Thus, the question of how critical is DNA methylation for establishing
pluripotency and regulating differentiation is central.

The use of in vitro models can help answering this question. First, most
differences between hypomethylated 2i and hypermethylated serum/LIF ESC
genomes coincide with gene bodies, non-CpG island promoters and some TEs
(notably SINEs and LINEs), whereas imprinting control regions (ICRs) and IAP
elements remain resistant to DNA demethylation in 2i ESCs. Despite these
differences, embryonic stem cells cultured in serum/LIF or 2i media are both

considered as naive pluripotent as they transcriptionally resemble ICM cells and can
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contribute to a similar extent to chimeric embryos (Ficz et al., 2013; Jamie A. Hackett
et al., 2013; Hackett and Surani, 2014). The latter suggests that the genomic
methylation levels of mouse embryonic stem cells do not majorly impact their
differentiation potential. In addition, the generation of Dnmt triple-KO (TKO) ESCs
demonstrated that pluripotent cells can be maintained and propagated in naive
conditions in complete absence of DNA methylation (Figure 13A-13B-13C), as they
express naive markers similarly to their WT counterparts (Tsumura et al., 2006).
Similarly, penta-KO ESCs (Tet1, Tet2, Tet3, Dnmt3A, Dnmt3B) demonstrate no major
impact on the transcriptome, including pluripotency gene expression (Wang et al.,
2020). This demonstrates that DNA methylation probably does not play a role in the
direct regulation of naive gene networks in ESCs.

Therefore, the possibility of other repressive chromatin marks acting as
compensatory mechanism to the lack of DNA methylation was quickly raised after the
generation of Dnmt-TKO ESCs. Yet, TKO ESCs with KO of Eed and Suv39h,
responsible for the deposition of repressive histone modifications H3K27me3 and
H3K9me3, respectively, can be cultured in 2i medium for over a week without
demonstrating tendency for precocious differentiation (Walter et al., 2016). These in
vitro results give a hint that DNA methylation and other repressive marks are
dispensable for the stable propagation of ESCs in naive culture conditions, thus
prompting the idea of genomic hypomethylation as being a consequence rather than
a cause of naive pluripotency (Figure 13D). Finally, while both Dnmt-TKO and
Dnmt3A/3B-DKO ESCs do not contribute to post-implantation embryonic lineages,
they can colonize the ICM of the blastocyst, once more demonstrating that DNA
methylation is not required for pre-implantation development and naive pluripotency
in vivo (Kinoshita et al., 2021; Sakaue et al., 2010). Such high tolerance of embryonic
stem cells to the removal of epigenetic regulators could be explained in part by their
dispensability in the maintenance of naive stem cell state, but also by the strong
selective pressure at this stage for the stem cells. As the blastocyst stage really
represents a bottleneck in development, it is possible that embryonic stem cells have
developed a strong tolerance for epigenetic insults, and put in place many redundant

mechanisms allowing for the continuation of embryogenesis.
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A. Brightfield images of WT and Dnmt-Triple KO ESCs (Top) and stained for Alkaline Phosphatase activity
(Bottom) (Tsumura et al, 2006 Genes to Cells). B. RT-PCR of pluripotency markers in WT and TKO ESCs
relative to the housekeeping gene Gapdh. C. Contribution of TKO cells bearing a GFP transgene 24h after
injection in a E3.5 blastocyst ICM. TKO ESCs were found in the epiblast of the inner cells, highlighting that
DNA methylation is dispensable for epiblast ICM formation in vivo (Sakaue et al, 2010 Current Biology). D
Graphical representation of the differential impact of repressive chromatin marks in naive and primed
pluripotent stem cells. Whilst the removal of epigenetic repressors promotes naivety, in primed cells it
induces precocious differentiation (Weinberger et al, 2016 Nat. Rev. Molecular Cell Biology). E. PCA
analysis of the transcriptome of WT cells cultures in 2i or Serum/LIF media, alongside TKO cells expressing
ectopic DNMT3B/3L, inducing high methylation. This graph highlights that the prime source of variability
arises from the culture condition rather than the global level of methylation (McLaughlin et al, 2019 Cell
Reports). F. Graphical representation of the variation of DNA methylation levels at different gene regulatory
elements during naive-to-primed pluripotency transition. The co-expression of TETs and DNMTs at the
formative phase favors oscillation in DNA methylation levels around some gene loci.
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Ultimately, in a more recent study, ectopic induction of DNMT3B and its co-
factor DNMT3L in 2i ESCs (3B3L ES cells) resulted in a global gain of DNA methylation
(to a similar level as observed in serum/LIF ESCs). In spite of these changes in DNA
methylation—and in chromatin 3D organization at Polycomb loci, like at the HoxD
locus—little effect was detected in the transcriptome of these 3B3L ESCs when
compared to WT ESCs (Figure 13E) (McLaughlin et al., 20719). More interestingly, the
3B3L ESC transcriptome mirrors the one of WT ESCs. This observation has been
supported by another study, in which the use of an alternative titrated 2i medium (t2i)
did not impact the transcriptional profile of ESCs that remained comparable to
traditional 2i ESCs, despite inducing 60% of mCpG genome-wide (Gretarsson and
Hackett, 2020). Overall, this suggests that naive ESCs do not rely on DNA methylation
to maintain naive pluripotency identity, and reversely, DNA methylation does not
affect pluripotency. It seems that repressive marks, in general, are overridden by a
network of transcription factors and signaling pathways that regulate both DNA
methylation levels and pluripotent stem cell identity. Indeed, while it has become
evident that repressive DNA methylation participates in the stable propagation of
differentiated cell identities across cell divisions, its necessity is less obvious in the
context of pluripotent stem cells, which rapidly change their identity and need to
remain plastic enough to respond to various signaling cues (Festuccia et al., 2017).
However, while dispensable for the naive state, it remains possible that DNA
methylation might participate in priming the epigenetic landscape during epiblast

differentiation.

3.3.4 DNA methylation in the regulation of pluripotency transitioning

DNA methylation and exit of naive pluripotency: take it or leave it

According to the formative pluripotency hypothesis raised by Austin Smith (Smith,
2017), the capacitation of embryonic stem cells for differentiation must be preceded
by exiting naive pluripotency. The transition from naive to primed pluripotency is
characterized, notably, by the establishment of DNA methylation on the
hypomethylated ESC genome. Whether this gain in 5mC plays a role in exiting naive

pluripotency and/or in regulating formative pluripotency is an important question.

89



In vivo, the naive pluripotency gene network starts being down-regulated at
E4.5 and is completely extinguished at E5.5, while the genome rises up to 60% of
CpG methylation at E5.5 and 80% at E6.5 (Auclair et al., 2014; Mohammed et al.,
2017). In vitro, the exit of naive pluripotency occurs in an asynchronous manner. Using
a Rex1-GFP reporter ESC cell line, it was found that repression of the naive program
shows high inter-cellular heterogeneity until 16h after releasing ESCs from the 2i
medium towards EpiLC differentiation. Complete repression of the naive gene
network is only observed after 36 to 48h. Similarly, DNA methylation is progressively
acquired as ESCs exit naive pluripotency in vitro (Kalkan et al., 2017).

A more recent study identified that super-enhancers (SEs) in ESCs display low
to intermediate DNA methylation levels. The discovery of permanently unmethylated
(PU) and differentially methylated (DM) subunits in these super-enhancers
demonstrated that the DM regions gained DNA methylation in EpiLCs and EpiSCs,
and interacted with the promoters of repressed naive genes, including Rex1, Essrb
and Prdm14, during EpiLC differentiation. In contrast, PU subunits in SEs more
frequently associated with early post-epiblast markers, like Otx2 and Lefty1, but also
with the core pluripotency genes, Oct4, Sox2 and Nanog (Bell et al., 2020). These
changes in DNA methylation levels within PU and DM subunits were also observed in
vivo. In addition, Dnmt3A; Dnmt3B-DKO ESCs demonstrate a delayed exit from naive
pluripotency associated with lack of DNA methylation at the Nanog promoter (Li et al.,
2017). Overall, these studies suggest that DNA methylation might participate in the
regulation of naive pluripotency exit by repressing naive genes through their
regulatory elements (Figure 13F). However, these results must be put into
perspective: some studies found that Dnmt-TKO ESCs demonstrate partial repression
of pluripotency genes and induce somatic genes to a certain extent during somatic
differentiation (Schmidt et al., 2012), while others on the same Dnmt-TKO line found
normal pluripotency gene repression but inability for somatic differentiation (Sakaue
et al., 2010). Thus, how the lack of DNA methylation effectively affects the exit from
naive pluripotency, and especially, the acquisition of primed features, remains

unclear.
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DNA methylation heterogeneity in formative cells: to be or not to be (methylated)?
Due to its transient nature in vivo, the development of long-term in vitro cultures of
formative cells or “intermediate pluripotent stem cells” is of particular interest in stem
cell biology and consequently, represents a rapidly growing field of research. This
would provide tremendous help in the analysis of the role played by DNA methylation
in the control of early differentiation and further cell fate choices (see Table1).

One way of studying the impact of DNA methylation on priming is by looking at
ESCs in serum/LIF. Indeed, while being metastable, ESCs maintained in these
conditions demonstrate strong heterogeneity in transcription that has been linked to
variable DNA methylation levels, especially at enhancers of key pluripotency genes,
like Esrrb and Rex1 (Angermueller et al., 2016; Clark et al., 2018). Interestingly, by
using Rex1 as a reporter for measuring ‘naivety’, two populations of cells were
identified in serum/LIF cultures: Rex7-low cells with higher methylation levels at a
subset of naive promoters and higher Dnmt3B expression, and Rex7-high cells
demonstrating less methylation at promoters and associated with strong Tet7 and
Prdm14 expression (Singer et al., 2014). These two states in serum/LIF are associated
with strong bursts of transcription, contributing to cell-to-cell transcriptional
heterogeneity, whereas 2i medium seems to promote only Rex7-high populations and
reduces gene expression variations. Moreover, the absence of DNA methylation in
Dnmt-TKO cells promotes higher expression of Nanog and Essrb, compared to WT.
Overall, these studies suggest that various DNA methylation levels, notably at GRE of
the naive gene network, participate in the emergence of naive and primed sub-
populations of ESCs in serum/LIF and in the transitioning between the two states.
Indeed, a strong increase in DNA methylation at enhancers during priming and
epiblast formation precedes differentiation in the three germ layers (Argelaguet et al.,
2019b). These observations were supported by in vivo analyses, also revealing similar
DNA methylation heterogeneity at regulatory elements of pluripotency genes in the
embryo (Bell et al., 2020; Song et al., 2019).

Recent theoretical modelling predicted that DNA methylation oscillations
during exit of naive pluripotency could be CpG density-dependent and mainly due to
a turner-over between DNMTs that start to be expressed upon exit of naive

pluripotency and TET enzyme activity (Ginno et al., 2020; Rulands et al., 2018).
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Notably, CpG-poor regions, like enhancers, demonstrate high DNA methylation
oscillations at the formative stage in the E5.5 epiblast in vivo and upon priming in vitro.
This phenomenon has been reviewed recently (Parry et al., 2020). However, the exact
role played by TETs in DNA methylation variations remains discussed, some arguing
that TETs may play a role in a subset of targets but are not the main driver of DNA
methylation heterogeneity at most regulatory elements, genome-wide (Figure 13F)
(Bell et al., 2020). Indeed, the TET enzymes seem to play an important role in driving
DNA methylation heterogeneity at somatic enhancers (Charlton et al., 2020). However,
DNA methylation heterogeneity at the super-enhancers of pluripotency factors is more
likely linked to a balance between de novo methylation and passive DNA
demethylation (Song et al., 2019). Whether TET enzymes are central players in DNA
methylation variation is yet unresolved, but their role remains critical for proper
development (Dawlaty et al., 2014; Luo et al., 2020).

Linking this epigenetic heterogeneity with transcriptional variations could be of
interest since transcriptional noise has been thought to help the cells breaking
symmetry during differentiation, as observed upstream of differentiation in the
hematopoietic lineage, as well as in the uncommitted epiblast in vivo (Chang et al.,
2008; Eldar and Elowitz, 2010; Mohammed et al., 2017). However, the E5.5 epiblast
in vivo and EpiLCs in vitro seem more transcriptionally homogenous than ESCs or
EpiSCs, which is in sharp contrast with the epigenetic heterogeneity observed at
these intermediate stages (Bleckwehl! et al., 2021; Mohammed et al., 2017).

Overall, the progressive transcriptional repression of naive pluripotency
markers during the transition from naive pluripotency to priming could be linked to
variations in DNA methylation acquisition at distal regulatory elements, thus allowing
a plastic response of ESCs to external signaling cues. However, the mechanisms by
which such oscillations in DNA methylation impact transcription in general, and how

they impact differentiation markers in primed EpiSCs are not entirely resolved yet.
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| 4. Lineage specification I

4.1 Germline specification: closing the loop

In a sense, any cells in which a genetic mutation will be passed on to the next
generation, is a cell belonging to the germline. In this regard, from the zygote to the
gametes, the germline is associated with “cells that have the potential to give rise to
cells of the next generation” (Nicholls and Page, 20217). In animals with sexual
reproduction strategies, there is two main routes for the emergence of the germline
and the future gametes. In many organisms, ranging from flies, to fishes and birds,
the germline is determined and set aside very early in development, as it is ‘preformed’
by maternally inherited determinants. In contrast, mammals derive their germline from
the soma later in development, following ‘induction’ from the neighboring embryonic
and extra-embryonic cells. From an evolutionary stand point, the induction model of
germline specification is considered as the ancestral trait, while preformation has
been acquired independently in different species (Ortega-Recalde and Hore, 2019).
Interestingly, many species in which the germline is preformed, like the zebrafish, do
not demonstrate global epigenetic reprogramming in their life-cycle.

The mammalian primordial germ cells (PGCs) that arise from the soma
reactivate pluripotency genes and erase DNA methylation (Leitch and Smith, 2013).
This strong epigenetic reprogramming in the germline, could be one component of
what is known as the “Weismann Barrier”. In 1892, German embryologist August
Weismann developed in his book “Germ-Plasm, a theory of heredity”, the idea of
“insulated units of heredity”, where the germline is insulated from somatic and
environmental influences. In his opinion, random mutations in the germline are the
only source of variation for natural selection to apply on (Weismann, 1893). Although,
later in his life, Weismann expressed more nuanced opinions on this point, the
concept of the barrier is currently being revisited, notably in light of epigenetic
regulation (Winther, 2001). In this part, | will cover the emergence of the germline and
the soma from pluripotent stem cells. More precisely, | will question the role of DNA
methylation in controlling germline emergence, and in insulating somatic and germline

fates from each other.

93



4.1.1 PGC specification and reprogramming

Primordial germ cell induction in vivo
The irrefutable demonstration that mouse PGCs arise via induction was made in 1996,
when Zhou and colleagues demonstrated that cells from the distal or posterior axis of
the E6.5 epiblast could both be induced into PGCs, when transplanted next to the
extra-embryonic ectoderm (ExE) (Tam and Zhou, 1996). This seminal work proved that
short range signals from extra-embryonic tissues are determinant in the specification
of the germline in vivo, but also that all epiblast cells at E6.5 share the same potential
to adopt the germline fate. It was later found that BMP4, secreted by the ExE, was an
essential driver of PGC specification and mesoderm development in the posterior end
of the primitive streak in the epiblast: Bmp4 null embryos are completely devoid of
PGCs, lack other mesodermal tissues and display significant developmental
abnormalities (Lawson et al., 1999) (Figure 14A). Similarly, BMP8B, secreted also by
the ExE, and BMP2 signals, emitted from the adjacent extra-embryonic endoderm,
also cooperate with BMP4 to induce germline induction, since both BMP8B-BMP2
null mutant mice have impaired PGC number (Ying et al., 2000, Ying and Zhao, 2001).
The dissection of in vivo signaling cascades were crucial to define conditions for in
vitro PGCLC cultures, as many of the molecules used for in vitro germline derivation
are in fact BMPs and cytokines supporting pluripotent stem cell cultures (Hayashi et
al., 2011).

Binding of BMP4 to its receptors on epiblast cells mobilizes SMAD proteins
that will then initiate the transcriptional program of the germline (Aubin et al., 2004;
Saitou and Yamayji, 2010; Senft et al., 20719). The expression of Fragilis (Ifitm3) and
Stella (Dppa3) where initially thought to first mark the nascent germline, as they are
found expressed around E6.5-7.0 in response to BMP signals. Moreover, it was
observed that Fragilis/Dppa3-positive cells were also repressing Hox genes,
furthermore supporting the importance of these two genes in the separation of the
germline form the somatic program (Saitou et al., 2002; Tanaka et al., 2004). However,
later studies discovered the essential roles played by Blimp1/Prdm1 and Prdm14 in
the specification of the germline (Ohinata et al., 2005; Yamaji et al., 2008). While these
two genes start being expressed after exposure to BMPs at E6.25-6.5, repression of

Otx2 by BMPs is equally critical, as Oxt2 repress Blimp1 and Prdm14, hence
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Fig. 14 | Regulation of germline specification

A. Graphical representation of the inductive signal for germline specification in the E6.5 Epiblast. BMP
signals coming from the adjacent extra-embryonic tissues, in synergy with WNT, induce germline
development by repressing regulators of somatic lineages like Otx2, Hox genes, and promoting
epigenetic reprogramming, like acquisition of H3K27me3 on somatic genes. In other epiblast cells,
gradual dilution of BMP signal turn the fates around, now allowing the emergence of somatic fate. B, C.
Using a Rex1 reporter to monitor for exit of naive pluripotency, Mulas and colleagues found that only
cells expressing low level of this naive pluripotent markers, effectively undergo PGC specification
(Mulas et al, 2017 Stem Cell Report). D. In contrast, Kim and colleagues found that embryoid bodies
treat with DNA methylation inhibitor (5-aza) display more PGCs that arise from stem cells that have not
completed their exit from naive pluripotency (Kim et al, 2020 Cell Reports). E. Graphical representation
of the epigenetic reprogramming form ESC to PGCs. Briefly, Prdm14 drive DNA hypomethylation, while
pluripotency genes lose H3K27ac and H3K27me3 is reshuffled around developmental regulators.
Female ESCs more or less follow the same dynamics, but initially display one inactive X chromosome
during PGC specification (Shirane et al, 2016 Developmental Cell).
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consolidating the somatic transcriptional program (Acampora et al., 2013; Yang et al.,
2014; Q.-L. Ying et al., 2003; Zhang et al., 2018). Moreover, Blimp1-positive cells
demonstrate repression of Hox genes, and reactivation of pluripotency core triad like
PGCs (Oct4, Nanog and Sox2) (Figure 14A), and also repress de novo DNA

methyltransferases (Kurimoto et al., 2008).

DNA methylation, a regulator of the germline fate?

As mentioned above, we can note that PGCs and naive pluripotent ESCs share many
similarities. As they arise, the PGCs display DNA methylation levels similar to the
epiblast stem cells from which they arise. However, they quickly start losing DNA
methylation, combining passive and active DNA demethylation. Repression of DNMTs
and expression of TET enzymes, lead the PGCs to reach levels of 5mC below those
observed in ICM cells (Seisenberger et al., 2012). Thus, specification of PGCs is of
particular interest to study the functional role of DNA methylation in development as
the epigenetic reprogramming they undergo is thought to be central to establish
naivety and generate functional gametes for the next generation (Bao et al., 2009;
Messerschmidt et al., 2014). Interestingly, DNA methylation loss is also observed in
vitro during PGCLC differentiation (Table 2), although to a lesser extent than the
reprogramming happening in PGCs in vivo (Shirane et al., 2016).

Yet, it was observed early on that ESCs poorly contributed to the germline in
vitro, even in the presence of positive inductive signals or forced expression of key
PGC markers, suggesting that low genomic methylation alone is not sufficient for PGC
specification (Hayashi et al., 2011; Nakaki et al., 2013). Indeed, cells with the lowest
expression of the naive marker Rex1 demonstrated higher potential for differentiation
(Figure 14B - 14C), notably toward the germline (Mulas et al., 2017). This was
furthermore supported by single cell analysis in vitro, supporting a model in which
PGCLCs do not arise from a subpopulation of EpiLCs that keep low expression of
naive genes, despite the strong similarities between PGCLC and ESC transcriptomes
(Bleckwehl et al., 2021).
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Table 2. DNA methylation levels of pluripotent and germ cells in vivo and their cultured

relatives
Stage Equivalent stage CpG methylation (%) Ref.
In vivo In vitro In vivo In vitro
ICM 2i-grown ESC 20% 25% Wang et al. 2014
Von Mayenn et al. 2016
E6.5 epiblast and D2 EpiLC 71% 75%
nascent PGC
/ D4 PGCLC / 50%
Shirane et al. 2016
E9.5 PGC D6 PGCLC 30% 37% Seisenberg et al, 2012
E11.5 PGC / 15% /
E13.5 PGC / 10% /
SSC/GSC GSCLC 81% 82% Ishikura et al. 2016

However, whether the dissolution of naive pluripotency is necessary, or not, for
germline induction is not entirely resolved, as two recent studies pointed a possible
origin of PGCLCs from residual naive gene network activity in some stem cells during
in vitro EpiLC and Embryoid body differentiation (Aramaki et al., 2021; Kim et al.,
2020). Most notably, it was shown that treating Embryoid bodies with 5-azacytidine
(an inhibitor of DNMTs) promoted germline differentiation, and DNA methylation loss
was notably observed around naive pluripotency genes (Figure 14D). Therefore, the
function of DNA methylation in EpiLCs could be to promote PGC differentiation by
coordinating the exit from naive pluripotency, maybe via its repressive activity at
pluripotency genes.

Indeed, as described above, at the time of PGC specification, DNA methylation
is concomitantly established in the epiblast, notably around key regulators of naive
pluripotency, in parallel with a loss of active histone marks. However, and in
opposition with primed epiblast cells that keep high DNA methylation levels after their
specification at E6.5, PGCs start erasing again DNA methylation in a two steps
mechanism. First, PGCs mostly dilute epiblast-inherited DNA methylation by passive
demethylation, resulting in a genome-wide loss of DNA methylation until EQ.5. Then,

in a second step, DNA methylation is lost at specific targets like X chromosome CGils,

97



and some late demethylated genes, notably meiotic genes (Seisenberger et al., 2012).
Naive pluripotency genes, like Nanog, Essrb and Tcl1, are upregulated starting at
E11.5, as their GREs demethylation is orchestrated by PRDM14 and TET1 (Figure
14E). Finally, naive markers decline in expression in PGCs until E16.5, in opposition
to late germline genes (meiotic genes) that start to be expressed at E13.5 (like Mael,
Stra8), by active TET-driven DNA demethylation (Seisenberger et al., 2012; Yamaguchi
etal., 2012).

However, despite a drastic decline in DNA methylation levels from the
emergence of PGCs until E13.5 when they reach 5% of CpG methylation, there are
few transcriptomic differences across this period, once again demonstrating the
uncoupling of DNA methylation status and transcription at these early stages. This
has been supported recently in a study where the conditional KO of Dnmt1 in PGCs
did not affect their specification in the early epiblast, but rather induced PGC loss at
later stages. This was accompanied by spurious expression of meiotic genes, clearly
supporting a critical role for DNA methylation in migratory PGCs, notably in the
regulation of meiotic genes (Hargan-Calvopina et al., 2016). Indeed, DNA methylation
is gained on the CGI promoters of meiotic genes during epiblast differentiation, and
these remain resistant to DNA demethylation until the second erasure wave in PGCs
which is completed at E13.5. In contrast, these late germline gene maintain high
methylation at their CGls in somatic genes (Maatouk et al., 2006; Shirane et al., 2016).

The mechanisms by which DNA methylation is deposited at these late germline
genes to prevent their expression during epiblast differentiation have already been
covered in this Introduction and rely on the recruitment of DNMT3B by the PRC1 sub-
unit containing E2F6. To what extent DNA methylation plays a critical role in the exit
of naive pluripotency and the specification of the germline at E6.5 remains an open
question. However, more and more evidences highlight a function for DNA
methylation in the control of meiotic germline genes in later stage of PGCs, which

allows proper germline specialization after initial PGC specification.
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4.1.2 DNA hypomethylation, a hallmark of naivety in pluripotent and germ
cells

Reprogramming of the PGC epigenome results in the restoration of developmental
potency of the germline, which is best illustrated by the re-activation of pluripotency
markers like Nanog and Stella, and repression of the Dnmt genes (Bleckwehl and
Rada-Iglesias, 2019; Seisenberger et al., 2013a; Yabuta et al., 2006). Interestingly, the
genomic DNA methylation profiles in PGCs are similar to those observed in ESCs,
with the notable exception of imprinted control regions (ICRs) that lose 5mC in the
germline (Shirane et al., 2016). Additionally, ESCs and PGCs also share a similar
metabolic state. Indeed, during naive-to-primed transition, ESCs gradually switch
from an oxidative to a glycolytic metabolism. However, as PGCs arise, the future germ
cells demonstrate enhanced production of the metabolite a-ketoglutarate and return
to a oxidative metabolic state, alike naive ESCs (Tischler et al., 2018). It has been
recently shown that oxidative metabolism via mitochondrial STAT3 and a-KG
promotes DNA hypomethylation in ESCs (Figure 15A) (Betto et al., 2021). Whether
this applies to PGC hypomethylation is unknown.

Many studies have focused on explaining how DNA hypomethylation is
mechanistically achieved in PGCs and naive ESCs, and most of them have highlighted
the central role played by PRDM14. PRDM14 is a shared zinc-finger transcription
factor between ESCs and PGCs, and is critical to regulate DNA demethylation, naive
pluripotency and germline specification. In vitro, ectopic expression of PRDM14 in
primed EpiSCs and EpiLCs promotes the expression of naive pluripotency markers
through the recruitment of the core pluripotency factor OCT4 (Gillich et al., 2012;
Okashita et al., 2016), whereas loss of PRDM14 in serum/LIF ESCs induces
differentiation (Grabole et al., 2013). Mechanistically, PRDM14 has been shown to
promote DNA hypomethylation in in vitro ESCs by coordinating its action with the TET
enzymes (Nakaki and Saitou, 2074). Indeed, it has been found that PRDM14 can be
co-immunoprecipitated with TET1 and TET2 and stimulates their binding at some key
target sites, notably Dppa3. Recently, DPPA3/STELLA has been proposed as a
central actor of genome-wide passive DNA demethylation by excluding UHRF1 from
chromatin (Figure 15A), therefore reducing DNMT1-dependent DNA methylation

maintenance activity in ESCs in vitro (Mulholland et al., 2020a; Okashita et al., 2014;
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von Meyenn et al., 2016b). Similarly, Dppa3 overexpression in hepatocellular
carcinoma is also associated with DNA hypomethylation and up-regulation of
pluripotency markers (Yan et al., 20217). However, this mechanism is unlikely to
happen in the pre-implantation embryo in vivo, as TET1 and TET2 are not expressed
at this stage and that DPPAS3 is already present, inherited from the oocyte store of
proteins, and thus does not need to be activated by the joint action of PRDM14 and
TET enzymes. Yet, in PGCs, similar mechanism of Dppa3 activation by PRDM14 might
exist to induce the first wave of passive DNA demethylation, since TET1 and TET2 are
expressed in the PGCs from E7.5 to E12.5 (Greenberg, 2021; Hackett et al., 2013).
Finally, PRDM14 can repress Dnmt3B through the recruitment of PRC2 at its promoter
and the deposition of repressive histone H3K27me3 marks (Yamaji et al., 2013).
Consistently, in metastable serum/LIF ESCs, clones with lower Prdm14 levels have
increased Dnmt3B and lower Tcl1, an inhibitor of the FGF signaling pathway. In
summary, PRDM14 is a central regulator of reprogramming and a driver of
hypomethylation, by inducing DNA methylation loss both genome-wide and at
specific targets through DNMT1 exclusion, DNMT3B down-regulation and
recruitment of TET demethylases. However, while Prdm14 loss is linked with
downregulation of naive genes and upregulation of developmental genes, its activity
is not necessary for the establishment of pluripotency per se and for PGC
specification: upon Prdm14-KO, ESCs still express OCT4, SOX2 and NANOG
pluripotency genes alike WT ESCs, despite displaying a hypermethylated genome,
notably around germline gene CGI promoters. Finally PGCs can still be specified albeit
in lower number (Yamaji et al., 2013, 2008). Finally, while DNA hypomethylation
represents a “carte blanche” critical for resetting the epigenetic landscape for cell
identity and avoid the transmission of potential epimutations to the next generation
(Carlini et al., 2022; Seisenberger et al., 2013b), some loci evade DNA methylation
reprogramming in both the early embryo and in PGCs, with therefore a potential for
transmitting their methylation status to the next generation.

Germline epigenetic inheritance is divided in two modes: inter- and
transgenerational inheritance. The distinction between these two modes is made
based whether the offspring has also been exposed to the original stress. If the

inheritance is mediated trough the paternal germline, effects observed in the second
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generation can be qualified as transgenerational, while the third generation is to be
considered when this inheritance is mediated by the maternal germline (Figure 15B)
(Heard and Martienssen, 2074). On one hand, because of the two waves of epigenetic
reprogramming that take place during early development, evidence for
transgenerational inheritance is scarce in mammalian species. On the other hand,
mechanisms for epigenetic inheritance exist in mammals, as exemplified by the
imprinted genes and IAPs that resist DNA methylation erasure, as described in this
Introduction, involving many factors like ZFP57, KAP1 and DPPAS/STELLA.
Reprogramming in PGCs most probably occurs because at this stage, the germline is
induced from epiblast cells that are epigenetically set to give rise to somatic tissues.
Hence, organisms in which the germline is preformed are also more susceptible to
epigenetic inheritance and environmental perturbations, as they are not subjected to
reprogramming (Figure 15C) (Ortega-Recalde and Hore, 2019). For example, in some
fishes, DNA methylation influences a switch from genetically driven to environmentally
driven sex determination (Shao et al., 2074). This suggests that DNA methylation can
act as a vector of epigenetic inheritance in animals, including at some specific loci in
mammals. We have previously mentioned studies in which impaired DNA methylation
profiles in the sperm can impact offspring development independently from imprinted
gene regulation. The main caveat is that we miss evidence on how impaired gametic
methylation profiles can evade epigenetic reprogramming after fertilization, in the
pluripotent embryo. Notably, since DNA methylation is a “transmissive” epigenetic
mark—meaning that the mark is replicated and maintained during cell divisions—it is
critical to demonstrate that impaired methylation profiles are indeed transmitted and

maintained in the offspring (Fitz-James and Cavalli, 2022).

4.1.3 Human and mouse germline epigenetics: so similar, yet so different

The global dynamics of DNA methylation in early development are very similar
between mouse and human embryos, with the ICM and PGC cells also representing
stages with the lowest DNA methylation levels genome wide (Gkountela et al., 2015;
Zhu et al., 2018). Moreover, transcriptomic analysis of the human germline also

revealed striking similarities with mice: nascent human PGCs also reactivate
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pluripotency genes, express similar early germline markers, and activate meiotic
genes after DNA methylation has been erased genome wide (F. Guo et al., 2015).
Coincidently, many factors found in mouse pluripotent stem cells and germ cells are
also found in their human counterparts (Weinberger et al., 2016). Whether these
conserved factors also retain similar mechanisms and functions between mice and
humans remains unclear. Namely, SOX17 appears to be the first inducer of the PGC
program in humans—promoting the activation of the pluripotency network, as well as
Blimp1 and Tfap2c—in opposition to mice where this factor is not essential for PGC
specification (Irie et al., 2015; Tang et al., 2022). To conclude on the differences
between human and mouse germline specification, it is also noteworthy that in vitro
specification of hPGCLCs revealed that the progenitors of the germline arise from
intermediate cells that reactivate naive pluripotency program before engaging into the
germline fate (Chen et al., 2019), which is in contrast with the dominant model of
mouse PGCLC specification that requires a complete dissolution of the naive network.

Moreover, notable differences exist between human and mouse DNA
methylation regulation in the germ and pluripotent cells. First, not only mice express
a specific de novo DNA methylation transferase DNMT3C during male
spermatogenesis, which does not exist in human (Barau et al., 2076), but they also
rely on the activity of the DNMT3L co-factor for DNA methylation establishment in
oocyte, while DNMT3L is not present during human oogenesis (Okae et al., 2014).
Moreover, while the final levels of methylation in the sperm is overall similar between
mice and men (~75% in humans and ~80% in mice), human oocytes display a higher
average of DNA methylation than mouse oocytes (~55% versus 40%, respectively)
(H. Guo et al., 2014; Kobayashi et al., 2012; Oakes et al., 2007). Higher levels of DNA
methylation levels in human gametes could be linked either to a stronger activity of
DNMTs compared to the mouse, or simply due to longer expression of DNMTs in
humans, given that spermatogenesis and oogenesis last longer in humans than in
mice (in humans vs mice: 76 days vs 40 days for spermatogenesis and 150 days vs
21 days for oogenesis) (Griswold, 2016; Hanna et al., 2018; Hess and de Franca, 2009).

Another example on how DNA methylation differently impacts human and
mouse development can be found in embryonic stem cells. If cultured murine ESCs
tolerate the triple knock-out of Dnmt1, Dnmt3A and Dnmt3B (Tsumura et al., 2006),
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human ESCs do not survive the loss of DNMT1. In addition, loss of the DNMTs in
primed human stem cells counter-intuitively increases transcriptional repression and
cell-to-cell heterogeneity (Liao et al., 2015; Tsankov et al., 2019). Moreover, a transient
wave of de novo DNA methylation deposition on the paternal genome has been found
to take place during human pre-implantation development, primarily targeting some
classes of young TEs (Amouroux et al., 2016; Zhu et al., 2018). Interestingly, in pre-
implantation embryos, both human and mouse embryos rely on the same set of
transcription factors to regulate early development, although with different
downstream targets and temporality (Blakeley et al., 2015).

Overall, this suggests that the mouse is an interesting model for the study of
human development. Global levels and dynamics of DNA methylation are similar
between mouse and human development, and many of the transcription factors are
conserved. Yet, differences exist between the two species, and they might have
profound impact on the way we can interpret epigenetic regulation from mice to
humans. For example, around 5% of histones are retained in sperm in mice, but there
is twice more in human sperm. This could provide more opportunities for epigenetic
inheritance to happen in humans compared to mice, since these retained histones are

found close to genes involved in development (Miller et al., 20170).

4.2 Emergence of somatic lineages—all the rest that matters

Germ layers are fundamental and distinct embryonic structures that form early in
development, from which somatic tissues and organs arise. During the 19" century,
extensive descriptions of those fundamental layers were made. Most notably, in 1849,
Thomas Huxley-who specialized in comparative anatomy-demonstrated the
similarities between the endoderm and ectoderm primary germ layers among
vertebrates. Then, he coined the term ‘mesoderm’ to describe a secondary germ layer
that arises by inductive signals coming from the two primary layers. Later, English
zoologist Edwin Lankester, classified organisms as homoblastica (like protozoan,
originating from one single cell “layer”), diploblastica (like cnidarians) and
triploblastica (like vertebrates). In mammals, the ectoderm gives rise to the nervous
systems and epidermis, the endoderm is the precursor of the midgut and some inner

organs, the mesoderm gives rise to muscle tissues, bones and blood. A debate exists
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today among scientists, whether the formation of the neural crest cells in the neural
tube could be considered as a fourth germ layer in craniates, making them
“quadroblastic” organisms (Hall, 2018, 2000). This is supported by the fact that the
neural crest cells gives rise to many different and specific cell types, like melanocytes
and many sensory neurons (Erickson et al., 2022).

During embryonic development, gastrulation is the developmental stage in
which the germ layers are specified. During this time, pluripotency is fading away
while lineage-associated gene expression is strengthened. How epigenetics can
influence germ layer formation and somatic fate adoption remains obscure, although
this field of research is extensively studied. During this last part of my Introduction, |
would like to make a brief description of the regulation of somatic lineage emergence,
highlighting first how epigenetic regulation can prime germ layer formation. Then, |
will cover how the germ layers influence each other, some constituting a “default”
route in somatic development, and how well somatic lineages are insulated (or not)

from the germline.

4.2.1 Transcriptional and epigenetic control of somatic lineage
specification

The emergence of the three somatic germ layers is primarily induced by external
signals during gastrulation. First, ectoderm formation is driven by FGF signaling in
vivo and in cultured ESCs, while BMP signaling must be inhibited. This induction is
conserved in most vertebrates from frogs to chicken (Delaune et al., 2005; Kuroda et
al., 2005; Tropepe et al., 2007). Then, mesoderm and endoderm induction is mediated
by a combination of NODAL, WNT and BMP signals (Figure 16A) (Arnold et al., 2008;
Gouti et al., 2014; Kurek et al., 2015; Rivera-Pérez and Hadjantonakis, 2015). In fact,
the strong similarities of the signaling pathways involved in the emergence of
mesoderm and endoderm opened the possibility of the existence of mesendoderm
bipotential progenitors. In support of this, it is thought that the mesoderm germ layer
has emerged from the endoderm 40 million years ago at a time when ancient
mesodermal genes were initially involved in ecto/endoderm specification, but were
progressively co-opted to support mesoderm specification (Martindale et al., 2004;

Stainier, 2005). Hence, bipotential mesendoderm progenitors have been observed in

105



cultures of ESCs and in chick and mouse embryos where cells expressing Foxa2 have
been proposed as possible mesendoderm progenitor cells (Kimura et al., 2006, Kubo
et al., 2004). However, the co-expression of both mesoderm and endoderm markers
in some cells does not necessarily translate into bipotentiality.

In regard of the gene network regulating somatic cell fate choices, germ layer
specification first requires the dissolution of the pluripotency network, especially the
extinction of Nanog, while Oct4 and Sox2 are differentially expressed in mesoderm
and ectoderm, respectively. Indeed, initiation of somatic differentiation is linked to a
100-fold drop in NANOG level, while Dnmt3A gene expression is upregulated.
Moreover, variation of OCT4 and SOX2 levels seems to be directly associated with
ectoderm or mesoderm driving signals, and precedes cell fate specification
(Blassberg et al., 2022; Thomson et al., 2011). Then SOX1 appears to act as an early
inducer of ectoderm fate in mouse ESCS, as its overexpression favors a neural fate
(Figure 16A). But Sox7 expression is only transient and associated to a progenitor
state, since knock-down of Sox7 precipitates expression of genes associated with a
more terminally differentiated state, like Pax6 (Suter et al., 2009; Q. L. Ying et al.,
2003). In mice, Foxa2 and Brachury (T) are found mostly expressed in the endoderm
and mesoderm layers, respectively. Their expression actually happens as early as
E6.0, in cells of the primitive streak, a structure that has not completely undergone
germ layer induction (Arnold and Robertson, 2009), highlighting their inductive role for
these lineages. Many other factors specific to mesoderm and endoderm lineages can
be mentioned, and show conservation in different species, like SNAIL and TWIST that
drive mesodermal fate also in Drosophila, and GATA factors that are also involved in
epithelial to mesenchymal transition (EMT) of the endoderm and mesoderm in
zebrafish (Nowotschin et al., 2019; Technau and Scholz, 2003). Recently, it has been
shown that BRACHURY and EOMES are mediator of meso/endoderm fate
specification: in response to differentiation signals, these two factors repress both
pluripotency and neuroectoderm programs, and induce chromatin opening at
regulatory elements of mesodermal and endodermal genes (Figure 16A) (Tosic et al.,
2019).

Indeed, chromatin changes appear to profoundly impact germ layer

emergence. Active histone marks can be critical for differentiation. For example,
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embryos deficient for H3K4 methyltransferases and H3K27 acetylases arrest their
embryonic development, display aberrant Hox gene patterning and developmental
defects (Bledau et al., 2014, Glaser et al., 2006; Yao et al., 1998). Indeed, H3K4me3
and H3K27ac can be found at lineage-specific genes during priming of the embryo
(Xiang et al., 2019).

As we already mentioned, and in sharp contrast with pluripotent stem cells,
repressive chromatin marks are essential to sustain somatic differentiation. The
knock-out of DNMTs, H3K27 methyltransferase EZH2 and H3K9 methyltransferase
G9A all lead to embryonic lethality peri-gastrulation (Le/ et al., 1996; O’Carroll et al.,
2001; Okano et al., 1999; Tachibana et al., 2002). In primed stem cells, lineage
decisions can be made through redistribution of repressive chromatin marks and
resolving bivalent states. For example, in neural crest cell differentiation, activation of
a specific set of developmental genes, previously kept silent in bivalent chromatin
domains, can be achieved by target dissolution of H3K27me3 and maintenance of
active H3K4me3 (Minoux et al., 2017). Then, H3K9me3 levels are transiently increased
in mesoderm and endoderm progenitors before being removed or conserved at
specific loci, in a lineage-specific manner (Figure 16B), and it has been observed that
H3K27me3 and H3K9me3 can act synergistically to maintain repressive
heterochromatin domain in differentiated cells (Nicetto et al., 2019). Similarly, changes
in both DNA methylation and H3K27me3 can concur in the regulation of lineage
specific genes, as demonstrated during ESC commitment toward neural fate (Mohn
et al., 2008). DNA methylation in neural progenitors is acquired at promoters of genes
involved in the regulation of other somatic lineages that were marked by H3K27me3
in ESCs, while repressive H3K27me3 domains are found at genes required for
subsequent terminal neural differentiation. This repression by H3K27me3 on terminal
differentiation genes remains only transient and can be overcome by appropriate
differentiation signals. This suggests that during germ layer specification, after the exit
of pluripotency and at the progenitor stage, repressive epigenetic marks can
transiently repress genes involved in later, terminal commitment. This has also been
observed to some extent in the germline, with the precocious expression of meiotic

genes in PGCs in absence of Dnmt1 (Hargan-Calvopina et al., 2016).
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4.2.2 Cracks in the lineage specification program

Default routes in somatic differentiation programs?

It has been shown on several occurrences and in different model organisms, that the
neural fate constitutes a default route of differentiation during early lineage
specification. For example, explant cellular cultures from dissociated Xenope
embryos spontaneously differentiate toward neural tissues in absence of
differentiation signals (Grunz and Tacke, 1989; Sato and Sargent, 1989). This
phenomenon also occurs in culture of mouse ESCs, which adopt a neural stem cell
identity, above all other somatic lineages, when maintained in minimal culture
conditions (Smukler et al., 2006). At the center of this neural default route model lies
the BMP signaling pathway. Indeed, it was shown that the absence of BMPs promotes
brain development in the Xenope embryos (Reversade et al., 2005), which is in
accordance with the notion that inhibiting BMP signals favors neural development,
like we described previously. Yet, targeting BMP2/4/7 or BMP signal transducers
SMAD1/5 does not promote ectodermal fate specification in mouse or in chick
embryos (Murnoz-Sanjuan and Brivanlou, 2002). Hence, the simplistic view of the
emergence of neural fate by BMP inhibition has been furthermore complexified with
the realization that requirement for BMP signals could also vary across differentiation
time, like in the chick where misexpression of BMP4 only affects the expression of
late neural genes (Linker and Stern, 2004).

Thus, we might now consider that other factors could play a role in supporting
the neural route as a default pathway. Recently, chromatin factors have been
proposed to participate in promoting neural fate commitment. Using multi-omic
approaches in mouse embryos, the team of Wolf Reik discovered that regulatory
elements (i.e., mostly enhancers) of the ectoderm display an open chromatin state
very early in development, as soon as E4.5, in contrast to mesoderm and endoderm
regulatory elements (Figure 16C). Ectoderm enhancers gain DNA methylation and
restrict their accessibility only when cells engage in endoderm and mesoderm fates,
which promotes their decommissioning (Argelaguet et al., 2019a). This might prime
the epiblast cells to adopt the ectoderm as a default route in early embryonic

development. Interestingly, differential epigenetic regulation in lineage specification
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Fig. 16 | Lineage specification and soma-to-germline communication for inheritance

A. Graphical model of signaling pathways and gene networks regulating Neuroectoderm (NE),
Meso/Endoderm (ME) germ layers in the E6.5 embryo. Briefly, WNT and TGF signals induce T-box factors
Eomes and Brachury, that inhibits NE fate, and promote the formation of Distal endoderm (DE), and
anterior/posterior Mesoderm (Tosic et al, 2019 Nat. Cell Biology). B. Graphical hierarchy of cell types during
lineage specification in the gastrulating embryo. Compared to the ICM, and stem cells from the E6.5 and E7.5
embryos, endoderm and mesoderm progenitors demonstrate strong and transient enrichment in repressive
H3K9me3, before acquiring more specialized somatic fates (Nicetto et al, 2019 Science). C. Graphical
representation of the epigenetic priming of the neural fate. Ectoderm-associated enhancers demonstrate high
accessibility and low DNA methylation in E4.5 to E5.5 embryos, while endoderm and mesoderm enhancers
are only activated at the onset of gastrulation, in the primitive streak, with the removal of DNA methylation and
acquisition of accessible chromatin in a lineage-specific manner (Argelaget et al, 2019 Nature). D. Schematic
representation of possible soma-to-germline communication routes that could impact epigenetic inheritance.
(a, b, c¢) First, neighboring somatic Sertoli cells could affect germline stem cells (GSCs) transcription factors
(TF), epigenome and RNA stability through various signals like hormonal communication (glial cell- derived
neurotrophic factor GDNF), RNAs or buffering for metabolites known to affect the epigenome (alpha-
ketoglutarate a-KG, s-adenosyl methionine SAM). (d, e) Then spermatogonia and round spermatids, through
cytoplasmic bridges, can translate apoptotic signals and RNAs via chromatoid bodies to other germ cells,
propagating environmental cues through the syncytium. (f) Finally, as spermatozoa navigate through the
epididymal epithelium, epididymosomes, and changes in the pH or ReDox mediated by somatic tissues, could
also affect the molecular composition of the sperm and competence for fertilization (Conine and Rando 2021
Nature Reviews Genetics).
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has been observed in other instances. Notably, the differentiation of human
mesenchymal stromal stem cells (MSCs) into osteoblasts is driven by a set of
enhancers that are already accessible in undifferentiated MSCs, while the formation
of adipocytes requires a more profound rewiring of these enhancers found in MSCs
(Rauch et al., 2019). The default activation of the osteogenic route seems to be
mediated by a specific set of transcription factors found at common active enhancers
in MSCs and osteoblasts, like TEAD, ELK and HIF1 a . Similarly, in the endoderm layer,
mid-gut endoderm cells already bear accessible enhancers that promote the
differentiation into foregut cells, while intestine cells emergence depends first on the
repression of foregut regulatory elements (Banerjee et al., 2018). Finally, in
hematopoietic lineages, disruption of the DNA methylation landscape through the
deletion of TET2 or DNMT3A promotes the differentiation of hematopoietic stem cells
either toward myelomonocytes or erythrocytes, respectively, notably by affecting the
binding of DNA methylation-sensitive transcription factors (Izzo et al., 2020).
Therefore, it is possible that asymmetric chromatin regulation of regulatory
elements might bias progenitor cells to adopt some differentiation routes by default.
This epigenetic priming mostly likely occurs with specific set of enhancers being more
accessible than other at the progenitor stage, maybe regulated by a specific set of
transcription factors. In this context, repressive epigenetic marks could play a central
role in regulating lineage specification during differentiation. Indeed, such default
routing could be resolved or mitigated by repressive epigenetic mechanisms like DNA
methylation, or other histone marks, that would correct this priming, as it is the case

for ectoderm enhancers in meso/endoderm lineages.

Are the soma and germline really completely isolated from each other?
The Weissman barrier postulates the complete insulation of the germline from the
soma. This view still holds true in the sense that mutations affecting the somatic cells
will not be transmitted to the next generation. Yet, more and more evidences now
accumulate in favor of somatic tissues influencing the development of the germline,
and possibly affecting the epigenome of the germ cells, and potentially, of the next
generation.

First of all, it is important to highlight the critical function of reproductive

somatic tissues in the support of the germline. In the case of the mammalian testis,

110



the somatic Sertoli cells provide critical signals that promote spermatogenesis, like
GDNF (glial cell derived neurotrophic factor) and SCF (stem cell factor) signals, as well
as nutrients for the germ cells (Hai et al., 2074) (Figure 16E). This is best exemplified
by the fact that in vitro specified PGCLCs can develop further in gametogenesis only
with the support of somatic gonadal cells or by being transplanted in gonads in vivo
(Ishikura et al., 2021, 2016). Moreover, even after the completion of spermatogenesis,
spermatozoa get capacitated in the seminiferous tubule as they get exposed to
proteins, RNAs, and changes in pH and Red-Ox. These modifications of the
environment are controlled by distinct segments of the somatic tissue composing the
epididymis, and they affect the spermatozoa in their motility and ability to fertilize the
future oocyte (Gervasi and Visconti, 2017; Johnston et al., 2005; Sullivan et al., 2007).
Similarly, in females, somatic cells of the granulosa that surround the oocyte extend
protrusions that allows direct exchanges of proteins and metabolites less than 1kDa
in size with the oocyte (Coticchio et al., 2014). Hence, it has become evident that the
somatic niche around the germline is critical for proper gametogenesis, and can direct
germline development and capacitation by establishing direct communications with
the future gametes.

The question whether this soma-to-germline communication could be
translated into transmissible traits of epigenetic inheritance is under extensive
scrutiny. One straight forward way for the somatic reproductive tissues to impact
germline epigenetic inheritance would be through exchanges of RNAs or vesicles
(Figure 16E). In some studies, exposing sperm to epididymal tissues that underwent
environmental insults, like ethanol or corticosterone exposure, affects sperm ncRNAs,
and results in over-anxious and stress-related behavior in the offspring (Chan et al.,
2020; Rompala et al., 2020). Yet, evidence for a direct control of somatic tissues on
the germline epigenome is still missing. Since somatic reproductive tissues also act
as a buffer layer for the germline against varying levels of metabolites coming from
non-reproductive somatic tissues, it is possible that if the somatic niche is subject to
metabolic disfunctions, the germline could become a primary target for epigenetic
impairments. While maternal disturbance of folate metabolism (an important source
of methyl groups) was found to affect development of the offspring for several

generations—causing tissue-specific DNA hypomethylation and epigenetic
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instabilities—how this impaired metabolism in somatic cells mechanistically affects
the germline is still unclear (Padmanabhan et al., 2013). In addition, overstimulation of
the germline by signals regulating DNA methylation, like BMP or JAK/STAT pathways,
coming from neighboring somatic tissues, could also directly affect the germline DNA
methylome (Figure 16E). Although still very hypothetical, these potential mechanisms
could become interesting new research avenues, shedding light onto how somatic

cells could crack the Weismann barrier and affect germline epigenetic inheritance.
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| Impact of DNA methylation in cell fate decisions I

My PhD project aimed at investigating the impact of DNA methylation on early cell
fate decisions during mammalian development. | generated a mouse ESC line devoid
of DNA methylation, by knocking out the three DNA methyltransferases that are active
in the early mouse embryo (Dnmt1, Dnmt3A and Dnmt3B, TKO), and relied on in vitro
differentiation protocols to recapitulate mouse early development in a petri dish.

First, | found that despite being DNA methylation-free, TKO cells still bear the
capacity to adopt a neural progenitor identity, when subjected to neural
differentiation. However, over long time in culture, TKO cells upregulate pluripotency
genes and fail to consolidate the somatic neurogenic program. In contrast, | found
that DNA methylation is completely dispensable for epiblast differentiation. The
absence of DNA methylation does not impact the regulatory network of the
pluripotency transitioning, allowing TKO EpiLCs to acquire functional features of
epiblast cells in vitro, and contribute to the epiblast in vivo in chimeric embryos.
Interestingly, during epiblast differentiation, the absence of DNA methylation seems
to extend the window for germline competence.

By performing genome-wide chromatin profiling, | observed that the absence
of DNA methylation is associated with the retention of high chromatin accessibility
and active histone marks at putative enhancers specific to the neural and germline
lineages. | found that these enhancers were targets of DNA methylation-sensitive
transcription factors, whose binding motifs appeared more mobilized in TKO EpiLCs.
Moreover, when differentiating TKO ESCs toward other lineages, | observed that they
would preferentially adopt a neural or germline identity, suggesting that these two
lineages constitute default routes in development when DNA methylation is absent.

The data were generated mostly by myself, with the assistance of Elena de la
Mata, a Master student | supervised (who performed neural progenitor differentiation
and transcriptomics), Aurélie Teissandier and Pierre Gestraud, bioinformatic
engineers (they performed chromatin profiling analysis, and single-cell pre-
processing, respectively). This work is close to completion and will be posted soon in
BioRxiv while submitted to a peer-reviewed journal. It is presented to you with the

tentative title:
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ABSTRACT

Dynamic DNA methylation changes accompany early mammalian development.
Somatic DNA methylation patterns are acquired as embryonic stem cells (ESCs)
transition from naive to primed pluripotency during epiblast development. This
transition precedes the emergence of the three somatic germ layers —which maintain
high DNA methylation levels throughout life—but also of the germline, where the
primordial germ cells (PGCs) undergoes genome-wide DNA demethylation right after
their specification. DNA methylation is known to be dispensable for naive
pluripotency, but strictly required for development in the mouse. However, at which
developmental transition DNA methylation becomes critical and whether all somatic
and germline lineages equally depend on DNA methylation is not known. Using a
cultured system of genetically engineered DNA methylation-free ESCs, we report here
that DNA methylation is dispensable for exiting naive pluripotency and priming.
However, DNA methylation-free ESCs demonstrated skewed differentiation abilities
in favor of both neural and germline fates. Based on chromatin profiling, we propose
that DNA methylation warrants multi-lineage specification by decommissioning DNA
methylation-sensitive NPC and PGCLC putative enhancers, tempering neural and

germline fates as default routes for differentiation.
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INTRODUCTION

DNA methylation (5mC) is an epigenetic mark associated with repression of gene
expression, providing control over cellular identities. Hence, DNA methylation is
critical for development, as exemplified by the lethality observed in knock-out mice
for DNA methyltransferases expressed in the early embryo (Dnmt1, Dnmt3A or
Dnmt3B) (Li et al., 1992; Okano et al., 1999). DNA methylation is especially dynamic in
embryonic pluripotent cells during the first days of development, coinciding with
functional changes in their potency (Yu Zhang et al., 2018). Notably, hypomethylated
embryonic pluripotent cells transition from a ground-state naive pluripotency state to
somatic primed pluripotency state as the epiblast is formed and somatic DNA
methylation patterns are acquired genome-wide (Morgani et al., 2017; Nichols and
Smith, 2009). During naive-to-primed transitioning, embryonic pluripotent cells go
through a transient formative state at E5.5-6.5, which represents the high point for
germline specification (Hayashi et al., 2011; Kinoshita and Smith, 2018; Smith, 2017).
Moreover, following their emergence from the methylated epiblast (Lawson et al.,
1999; Ohinata et al., 2005; Yamaji et al., 2008), primordial germ cells (PGCs) undergo
genome-wide DNA methylation erasure as part of their specification program
(Seisenberger et al., 2012).

Cultures of embryonic stem cells (ESCs) can recapitulate early development
and the associated DNA methylation dynamics. These were instrumental to reveal that
DNA methylation was dispensable for naive pluripotency, as Dnmt1, Dnmt3A and
Dnmt3B triple-KO (Dnmt-TKO) ESCs can be maintained in naive-prone culture
medium (Tsumura et al., 2006). While the dissolution of pluripotency genes is
necessary for cell fate induction (Chambers et al., 2007; Hayashi et al., 2011; Mulas et
al., 2017), DNA methylation is strongly acquired at regulatory elements of naive genes
during epiblast differentiation (Bell et al., 2020; Kalkan et al., 2017), suggesting a
possible role in consolidating their repression and allowing proper differentiation
(Schmidt et al., 2012). However, there is contrasting evidence as to whether DNA
methylation participates to the induction of cell identities (Bell et al., 2020; Rulands et
al., 2018; Sakaue et al., 2010; Schmidt et al., 2012). DNA methylation is especially
dynamic at enhancers and recent observations revealed heterogeneous DNA

methylation levels at lineage-associated enhancers in naive and primed stem cells in

119



vitro, which could regulate and consolidate cell fate decisions (Bleckwehl et al., 2021;
Charlton et al., 2020; Choi et al., 2016). Notably, it has recently been shown that
ectoderm enhancers are hypomethylated and accessible early in development,
supporting the idea of a “default” neural route of development (Argelaguet et al.,
2019a). Mechanistically, some transcription factors (TFs) are known to be DNA
methylation-sensitive (Zhu et al,, 2016), and could participate in promoting
deterministic epigenetic profiles, priming the cells to adopt specific fates.

Whilst early development represents an ideal developmental window to study
the interplay between DNA methylation and cell fate decisions, the impact of DNA
methylation on lineage commitment remains poorly understood. Most notably,
functional characterization of Dnmt-TKO ESCs during priming and early lineage
induction is still missing, and their ability to adopt a germline fate is poorly
investigated. Here, we showed that DNA methylation is dispensable for ESCs to adopt
transcriptional and functional features associated with priming in vitro and in vivo, and
is not required for inducing neural and germline lineages. More saliently, the absence
of DNA methylation provides a temporally extended opportunity to give rise to the
germline. We propose that DNA methylation and DNA-methylation sensitive-factors
are required during priming at a subset of DNA methylation sensitive enhancers to

restrict neural and germline as default routes of differentiation.
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RESULTS

DNA methylation is dispensable for neural induction, but critical for
consolidation of neurogenesis

Various studies yielded contrasting results regarding the impact of the lack of DNA
methylation on somatic differentiation (Sakaue et al., 2010; Schmidt et al., 2012),
although using the same originally derived DNA methylation-free Dnmt1, Dnmt3A and
Dnmt3B triple-KO (TKO) embryonic stem cell (ESC) line (Tsumura et al., 2006). To
address this discrepancy —and to mitigate potential genetic and epigenetic drift from
this older TKO cell line—we engineered a new Dnmt-TKO line from low passage ESCs
(E14 background) by addressing CRISPR-Cas9 to the sequence coding the catalytic
loop of Dnmt1, Dnmt3A, and Dnmt3B (Extended Figure 1A). This TKO cell line
demonstrated homozygous frame-shift deletions at the Dnmt genes, resulting in
complete absence of DNMT proteins and of 5mC methylation (Extended Figure 1B-
D). As previously shown (Tsumura et al., 2006), E14 TKO ESCs also expressed
pluripotency markers at normal levels under naive pluripotency-sustaining conditions
(Extended Figure 1E).

To test the potential of TKO cells for the adoption of a somatic fate, we first
performed undirected differentiation into the three somatic germ layers using 3D
embryoid body (EB) formation. While WT EBs continuously grew during the eight days
of differentiation (going from 80um to 420pum in diameter) and formed cystic
structures —a read-out of proper differentiation (Koike et al., 2007; Leaky et al., 1999)—
TKO EBs demonstrated extended cell death around day 3 (D3), reaching a maximum
of 125pym diameter size (Figure 1A-B). This growth arrest could not be rescued by
increasing initial cell density (Extended Figure 1F). Therefore, DNA methylation
appears critical for EB formation and in sustaining multi-differentiation into the three
somatic germ layers.

However, we thought that this approach may bear confounding variables as
we needed to assume that mutant cells are able to /) form aggregates, and ii)
autonomously coordinate towards the three germ layers. Hence, we performed a
directed neural progenitor cell (NPC) differentiation to probe the effect of DNA
methylation in adopting a specific fate (Mulas et al., 2019; Q. L. Ying et al., 2003). During

NPC differentiation, WT cells demonstrated exponential growth until D6, and
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acquisition of neural-like morphological features like “axon-like protrusions” and
neural rosettes (Figure 1C-D). Unexpectedly, TKO cells survived and formed
protrusions at D6, despite a lower growth rate that was associated with a drop in
viability from 92% to 66% at D8 (Figure 1C-E). To gain deeper insight into the identity
of TKO NPCs, we performed bulk RNA sequencing at DO, D2, D4, D6 and D8 of NPC
differentiation. Multivariate analysis revealed that cells were ordered first by time (PC1,
58.1%), then by genotype (PC2, 12.5%) due to the strong up-regulation of germline
genes in absence of DNA methylation (Figure 1F and Extended Figure 1G).
Accordingly, between D4 and D8, gametogenesis-associated GO terms were
significantly enriched in the TKO background (Figure 1G). This is expected as DNA
methylation is directly involved in the regulation of germline gene promoters in
somatic cells (Borgel et al., 2010; Dahlet et al., 2021; Velasco et al., 2010). In addition,
we found strong enrichment of GO terms associated with neurogenesis at D2 in DNA
methylation-free cells, but most of these terms were lost at D8, as neurogenesis-
associated genes became drastically down-regulated (pvalue cutoff=0.05) (Figure
1G-H). It is noteworthy that both WT and TKO ESCs demonstrated synchronous exit
of pluripotency, after having transiently up-regulated primed pluripotency genes at
D2. This suggests that during directed somatic differentiation, ESCs may still undergo
sequential naive-to-primed pluripotency transitioning, before inducing neurogenesis.
However, we found that the pluripotency network became abnormally reactivated in
late TKO NPCs at D8 (Figure 1l). While we cannot discriminate between true
developmental reversion or negative selection of TKO NPCs, we show that DNA
methylation is necessary for the consolidation of neural identity in the long term, by
securing the repression of pluripotency program. In sum, in contrast to previous
reports (Schmidt et al., 2012), the absence of DNA methylation did not transcriptionally
affect pluripotency exit and somatic fate induction in our newly generated DNA
methylation-free TKO ESCs.

Naive-to-primed pluripotency transition is disconnected from DNA methylation
As DNA methylation-free TKO NPCs ultimately fail to consolidate pluripotency gene
repression at D6 and D8, we questioned the role of DNA methylation in pluripotency

transitioning. To this end, we performed Epiblast-like cell (EpiLC) differentiation,
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starting from WT and TKO ESCs cultured in 2i/LIF. The medium was also
supplemented with Vitamin C, to promote hypomethylation in naive ESCs (Blaschke
et al., 2013; Gao et al.,, 2013). This in vitro model recapitulates genome-wide
acquisition of de novo DNA methylation (Figure 2A-B) along naive-to-primed
pluripotency transitioning, with a transient “formative” phase reported to occur at
around 40-48h of differentiation (Buecker et al., 2014; Morgani et al., 2017; Shirane et
al., 2016; Smith, 2017). Upon EpiLC differentiation, WT and TKO cells displayed similar
morphology and growth rate, and both underwent strong negative selection with
apoptosis rate rising up to 65.8% and 75% at 96h for WT and TKO cells, respectively
(Figure 2C-D and Extended Figure 2A). Such massive epiblast apoptosis has been
previously observed in vitro and in vivo and associated with negative selection against
unfit primed EpiLCs (Bedzhov and Zernicka-Goetz, 2014; Sancho et al., 2013).
Altogether, this suggests that despite being established shortly after EpiLC induction,
DNA methylation is not necessary for EpiLC viability. To better capture the identity of
TKO EpiLCs, we assessed their functional features. First, we performed a dual
luciferase assay probing the switch of enhancers of Oct4—whose expression relies
on a distal enhancer in naive stem cells and a proximal enhancer in primed stem cells
(Choi et al., 2016)—as a read-out for correct priming. This assay revealed proper
activation of the Oct4 proximal enhancer in both D4 WT and TKO EpiLCs, compared
to DO naive ESCs (Figure 2E). Next, we tested the ability of TKO EpiLCs to be reverted
into naive ESC colonies (rESCs) upon culture in 2i-based medium. The absence of
DNA methylation did not provide higher reversion ability since both WT and TKO
yielded similar and progressively decreasing numbers of reverted alkaline
phosphatase-positive colonies, from around 2000 to 500 at D2 and D7 EpilLCs,
respectively (Figure 2F and Extended Figure 2B). Finally, we wanted to validate the
ability of TKO ESCs to contribute to the epiblast in vivo. For this, we generated WT
and TKO ESC lines expressing a constitutive H2B::tdTOMATO reporter to trace them
after aggregation with host morulae (Extended Figure 3A-C). We found integration
rates in the blastocyst inner cell mass (ICM) to be high for both WT and TKO
H2B::tdTOMATO ESCs (84.7% and 91.7%, respectively), which supports the
dispensability of DNA methylation in naive pluripotent stem cells (Extended Figure

3D-E) (Sakaue et al., 2010). After a week of development in pseudo-pregnant females,
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we harvested chimeric embryos and checked cellular contribution by performing
immunofluorescence against AP2y to discriminate extra-embryonic tissues. We
observed that at E6.5, both WT and DNA methylation-free TKO reporter cells
contributed the embryonic epiblast (Figure 2G), which is consistent with our in vitro
findings. Taken together, these results demonstrated that DNA methylation is
dispensable for the acquisition of primed epiblastic features, both in vitro and in vivo.
Using bulk RNA-seq, we then tested whether the absence of DNA methylation
impacted the pluripotency priming gene network. PCA highlighted transcriptional
similarity between WT and TKO EpiLCs, especially at DO and D2 (Figure 2H and
Extended Figure 2D). Indeed, when looking at the expression of major pluripotency
markers across differentiation times, no striking difference could be detected between
the two cell lines (Figure 21 and Extended Figure 2C). More specifically, naive
pluripotency markers were properly repressed and primed markers normally induced
in TKO EpiLCs. However, stronger divergence was observed at D4 and D7 EpilLCs,
as TKO cells demonstrated significant up-regulation of 1406 and 1967 genes,
respectively (|Log2FC|>1 and FDR<5%). Most notably, germline genes composed a
significant part of up-regulated genes in late TKO EpiLCs, which was associated with
an enrichment of GO terms linked to gametogenesis and reproductive processes
(Figure 3A-C). Corroborating the fact that germline genes acquire DNA methylation
at their promoter during EpiLC differentiation, we indeed observed around 581 genes
that are normally targeted by promoter DNA methylation to be up-regulated in TKO
D7 EpiLCs, among which 103 are known germline genes (Mochizuki et al., 2021)
(Extended Figure 2E-F). Finally, some families of DNA methylation-repressed
transposable elements like IAP, LINE-1 and MERVL (|[Log2FC|>1) were also up-
regulated in TKO EpiLCs compared to WT (Extended Figure 2G). Overall, DNA
methylation played no apparent role in the exit of naive pluripotency and in the
regulation of the primed pluripotency gene network. Taken together, these results
indicate that DNA methylation is largely dispensable for priming and epiblast
development, in vitro and in vivo. However, it remains unclear how critical DNA

methylation is for the induction of the germline.
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DNA methylation restricts the temporal window of germline induction

As our prior results highlighted that DNA methylation is mostly involved in silencing
germline genes during EpiLC differentiation, we hypothesized that ESCs devoid of
DNA methylation could be biased towards adopting a germline fate. This hypothesis
is further reinforced by the fact that primordial germ cells (PGCs) acquire an
hypomethylated genome as part of their specification program and re-express many
genes that are typical of naive stem cells (Bleckwehl and Rada-Iglesias, 2019;
Seisenberger et al., 2012; Shirane et al., 2016; von Meyenn et al., 2016a). Accordingly,
PGCs are sometimes referred to as « naive-like », because of this retention of naive
pluripotency markers (Leitch and Smith, 2013).

We took advantage of PGC-like cell (PGCLC) differentiation to induce in vitro a
germline fate in DNA methylation-free ESCs (Figure 3D). As this protocol requires
cells to form 3D aggregates, we first checked the ability of TKO cells to properly
survive this protocol by inducing PGCLC fate after 40h EpiLC differentiation, a time
point that was previously identified as optimal for germline induction (Gruhn and
GUnesdogan, 2021; Hayashi et al., 2011). In sharp contrast with our previous
observations during embryoid body differentiation, TKO EpiLCs were able to form and
grow as aggregates for at least 4 days, being undistinguishable from WT cells
(Extended Figure 4B). Although unexpected, we suppose this discrepancy might
reflect different adhesion molecule requirement under somatic and germline-driving
conditions (Leitch et al., 2014; Ohtsuka et al., 2012). Specified PGCLCs were analyzed
by FACS using the SSEA1 and CD61 surface markers (Figure 3E and Extended
Figure 4A). Both WT and TKO cells gave rise to double-positive live PGCLCs, with
slightly higher efficiency when DNA methylation is absent (14.85% for WT and 18.31%
for TKO) (Figure 3E-G). PGCLCs were sorted to perform RT-gPCR validation on
known early PGC markers and compared with double-negative cell populations.
Using RT-gPCR, we validated the expression of PGCLC markers (Nanog, Tfap2c and
Prdm14) in double-positive compared to double-negative sorted cells, and similarly
in WT and TKO (Figure 3F and Extended Figure 4C). This indicates that the absence
of DNA methylation does not compromise germline specification in vitro.

Next, we induced PGCLCs across different times of EpiLC differentiation, to

test whether the competence timing of germline specification was conditioned by
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DNA methylation during epiblast progression. As reported, naive WT ESCs were
poorly competent to give rise to PGCLCs (6% in average) (Mulas et al., 2017), and
progressively gained germline specification capacity, reaching a maximum after 40h
of EpiLC differentiation. Then, this ability quickly declined in later EpiLCs (48h and
96h) as WT cells progress toward somatic priming (3.1% of specified WT PGCLCs
after 96h of EpiLC differentiation) (Figure 3G). While TKO cells demonstrated similar
rates of PGCLC induction in early EpiLCs, they noticeably maintained increased ability
germline competence beyond 40h. More specifically, after 96h, TKO EpiLCs were four
times more efficient for PGCLC specification than WT (12.4% of specified TKO
PGCLCs) (Figure 3G and Extended Figure 4D). Taken together, these results
suggest that while 40h of EpiLC differentiation normally represents the tipping point
for PGCLC specification in vitro, the absence of DNA methylation provides longer
opportunities to adopt the germline fate.

We next investigated whether the lack of DNA methylation impacted the
PGCLC transcriptional program, upon normal and late EpiLC induction. We observed
that all WT and TKO PGCLCs were ordered closely together in the PCA analysis,
demonstrating that WT and DNA methylation-free PGCLCs were globally similar
transcriptomically, and distinct from EpiLCs (Extended Figure 5A-B). Furthermore,
TKO PGCLCs after 40h, 48h or even 96h of EpiLC differentiation showed very little
variations in the expression of pluripotency and PGC markers compared to WT
PGCLCs generated after 40h of EpiLC differentiation (Figure 3H). Finally, comparing
late induced TKO PGCLCs and their corresponding D2 and D4 EpiLC counterparts
demonstrated expected differences. Notably, we identified 2905 down- and 2871 up-
regulated genes between 48h TKO PGCLCs and D2 TKO EpiLCs, and 3506 down-
and 3017 up-regulated genes between 96h TKO PGCLCs and D4 TKO EpiLCs
(lLog2FC|>1 and FDR<5%) (Extended Figure 5C). Among them, many early PGC
markers and naive pluripotency genes were up-regulated in late TKO PGCLCs, while
early lineage-associated genes were mostly down-regulated (Figure 3H). This further
implies correct specification of PGCLCs from late TKO EpiLCs. Taken together, these
results indicate that DNA methylation is dispensable for the transcriptional regulation
of PGCLC specification. Moreover, its absence rather extends the time-window for

germline fate adoption, while WT primed cells rapidly lose that ability.
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< Fig. 3 | TKO EpiLCs up-regulate germline genes and demonstrate longer opportunities for germline
contribution in vitro. A, Volcano plots showing differential expression in TKO over WT EpiLCs in Log2FC
versus -log10(adj. pvalues). Red: up-regulated genes; Grey: down-regulated genes; Green: germline genes.
Thresholds were set up at FDR <5% and FC>1. Data obtained from biological duplicates. B, Gene Ontology
(GO) analysis showing set enrichment score (NES) and -log10(p.adj) for germline-associated pathways in
TKO over WT cells during EpiLC differentiation. Pvalue cutoff= 0.05. C, Heatmaps of germline markers
showing normalized Log2 CPM counts. Expression was obtained for each condition from the average
between biological triplicates. D, Schematic representation of PGC-like cell (PGCLC) differentiation, with
axes representing genomic methylation levels and time. E, Representative FACS plot of SSEA1-Pos and
CD61-Pos WT and TKO PGCLCs generated from 40h EpiLCs. Cell percentages are indicated in each
quarter. F, Expression of PGC-related genes measured by RT-gPCR in WT (blue) and TKO (orange)
PGCLCs. Data shown are mean + SD from biological triplicates as ACT values normalized to Arplp0 and
Rrm2 (two-tailed unpaired student t-test). G, Barplot showing time-window percentage of specified WT and
TKO PGCLCs generated from ESCs and EpiLCs at different times. Data shown are mean + SD from
biological replicates (n=4 or 7) (two-tailed unpaired student t-test). H, Heatmaps of naive pluripotency genes,
lineage markers and PGCLC markers showing normalized Log2 CPM counts Fold change of TKO over WT
PGCLCs and TKO PGCLCs over TKO EpiLCs. Numbers are indicated when log2FC>1. Expression was
obtained for each condition from the average between biological triplicates.

The absence of DNA methylation does not promote a “germline-competent”
subpopulation

Previous studies have postulated that the retention of naive pluripotency gene
expression at the EpiLC stage could prime cells for germline specification in vitro
(Aramaki et al., 2021; Kim et al., 2020), although this remains debated (Bleckwehl et al.,
2021; Mulas et al., 2017). We therefore questioned whether a subpopulation of TKO
ESCs could exit naivety with a delayed kinetics, explaining their extended temporal
opportunity for germline specification. In particular, as DNA methylation may
participate to the repression of some naive pluripotency genes (Bell et al., 2020; Kalkan
et al., 2017), we hypothesized that the exit from naive pluripotency and/or transition
towards priming could occur asynchronously in absence of DNA methylation. To
identify subpopulations that we may have missed in our previous bulk approach, we
performed single cell SMART-seq2 RNA-seq analysis at critical time-points of naive
pluripotency exit and formative/primed transitioning (DO, D1, D2 and D4 EpiLCs), for
a total of 672 cells (Extended Figure 6A).

Using uniform manifold approximation and projection (UMAP) representation,
we observed that WT and TKO cells were primarily ordered by time point of EpiLC
differentiation, and not by genotype (Figure 4A-B). Clustering analysis revealed five
clusters that mostly overlayed with each time point analyzed. Each cluster was

delineated by first investigating the expression of known markers of naive
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pluripotency (like Esrrb, Tfcp2l1, Prdm14), transient (Dnmt3L, Enox1, Dppa4) and
primed genes (Otx2, Fgf5, Pou3f1), and top specific markers for each cluster (Figure
4C-D and Extended Figure 6B). Based on their expression profile, we characterized
these five clusters as “Naive”, “Exit Naivety”, “Transitioning”, “Formative” and
“Primed” (Figure 4C). Interestingly, the “Primed” cluster demonstrated partition
between WT and TKO EpiLCs, which we attributed to the up-regulation of germline
genes in TKO cells (Extended Figure 6C). However, according to our clustering
analysis, this difference was not sufficient to categorize WT and TKO cells as two
different subpopulations.

Previous work reported transcriptional heterogeneity as an indicator preceding
cell fate decisions (Bleckwehl et al., 2021; Eldar and Elowitz, 2010; Mohammed et al.,
2017; Raj and van Oudenaarden, 2008). However, we did not observe striking
differences in overall transcription heterogeneity between WT and TKO EpiLCs at the
single cell level (Extended Figure 6D). When focusing on key PGCLC specifiers, we
did not observe clusters with higher expression of PGCLC fate inductors (Prdm1,
Tfap2c, Lrrc31, Nr5a2, Nanos3), inhibitors (Otx2, Foxd3), or markers of epiblast
differentiation (Oct4, Dnmt3L, Esrrb, Fgf5) (Figure 4E and Extended Figure GE).
Overall, these results indicate that the absence of DNA methylation does not promote
the emergence of a ‘germline-competent’ sub-population with residual naive gene
activity or higher PGCLC gene expression.

Finally, we performed pseudotime analysis, to investigate differentiation
trajectories and the dynamics of naive-to-primed transition. However, we did not
observe any diverging trajectory in TKO compared to WT cells (Figure 4F). Both WT
and TKO cells were ordered according to their differentiation time point or assigned
cluster (Figure 4F, and Extended Figure 7A-B). Moreover, when ordered according
to their pseudotime position, no difference in the expression dynamics of major
pluripotency and EpiLC differentiation genes could be observed between WT and
TKO cells (Figure 4G and Extended Figure 7C). Therefore, we concluded that the
ability of DNA methylation-free TKO embryonic cells to commit to the germline does

not originate from an asynchronous exit of naivety nor delay in priming.
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Fig. 4 | Increased ability of TKO EpiLCs for germline specification does not originate from a
"germline-competent" subpopulation. A, B, C, UMAP dimensionality reduction of scRNA-seq data from
WT and TKO EpiLCs highlighting (A) Timing of differentiation, (B) Condition (WT in blue, TKO in orange)
and (C) unbiased cell clustering for a total n= 672 cells, from two biological duplicates. D, Dotplot of
expression levels of key pluripotency and priming markers in each cluster detected for WT and TKO cells.
Diameter of the dots represents the percentage of cell expressing the marker and colors represent average
expression levels. E, Violin plot showing expression variation of PGC fate activators and repressors in WT
and TKO EpiLCs in each of the identified clusters. F, PCA dimensionality reduction for pseudotime trajectory
of WT and TKO EpiLCs from first ordered cell (dark blue) to last (dark red), then highlighted for timing of
differentiation. G, Heatmap of normalized expression levels of different makers of pluripotency, priming and
early lineage commitment in WT and TKO cells highlighted by their assigned clusters and days of EpiLC
differentiation, and ordered according to their pseudotime coordinates.
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The absence of DNA methylation induces poised chromatin states for both
neural and germline fates

DNA methylation is not the only chromatin mark that is reshaped during naive-to-
primed pluripotency transition. Permissive histone marks such as H3K27ac are
notably lost around pluripotency regulators, and H3K27me3 repressive marks are
reorganized around the bivalent promoters of developmental genes (Buecker et al.,
2014; Kurimoto et al., 2015; Shirane et al., 2016). Our rationale was that the interplay
between histone marks and DNA methylation at regulatory elements —promoters and
enhancers—might be critical for defining cellular identities (King et al., 2016). To
investigate if the absence of DNA methylation could impact priming-associated
chromatin program, prior to germline and neural fate induction, we performed Assay
for Transposase-Accessible Chromatin (ATAC-seq) and Cleavage Under Targets and
Release Using Nuclease (CUT&RUN) against H3K27ac and H3K27me3 in DO ESCs,
and in D2-D4 EpiLCs when TKO cells display extended abilities for germline
differentiation (Extended Figure 8A). Our aim was to investigate how the lack of DNA
methylation may impact putative enhancers, marked by H3K27ac and ATAC peaks,
and developmental genes, marked by H3K27me3.

When quantifying global enrichment for each mark, TKO cells demonstrated
genome-wide retention of sharp ATAC and H3K27ac-enriched regions notably at D2
and D4 of EpiLC differentiation, while these tended to decline in WT. Concomitantly,
H3K27me3 occurred in wider domains, which were transiently more enriched in WT
EpiLCs at D2, while TKO cells demonstrated stronger enrichment at DO and D4 of
EpiLC differentiation (Figure 5A-C). These patterns could relate to previous reports
that increased H3K27me3 compensates DNA methylation loss in Dnmt-TKO
pluripotent cells (Brinkman et al., 2012; Sachs et al., 2013; Walter et al., 2016). Taken
together, these results suggest that TKO EpiLCs retain a relaxed chromatin
landscape, both in terms of accessibility and active histone marks genome-wide.
More precisely, using Differential Enrichment (DE) analysis, 11079 and 14525 regions
demonstrated increased ATAC and H3K27ac enrichment, respectively, in D4 TKO
EpiLCs compared to WT. This contrasted with earlier time points (DO ESCs and D2
EpiLCs), where very few peaks showed differential enrichment for these features in

TKO versus WT cells. Regarding H3K27me3, according to the trend observed by
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global quantification, loss of H3K27me3-marked regions was mostly observed in TKO
EpiLCs at D2 (n= 283) (Figure 5D and Extended Figure 8B). Noticeably, nearly 70%
of H3K27me3-depleted regions mapped to the promoters of genes associated with
neurogenic pathways (Figure 5E-F), and more than half of these regions (n= 194)
subsequently gained an ATAC signal at D4 in TKO EpiLCs, such as the neural genes
Ascl1 and Scg5 (Extended Figure 8B-D). To investigate whether this peculiar
H3K27me3 dynamics in D2 TKO EpiLCs was specific to neural genes, we looked at
H3K27me3 enrichment at a previously published list of bivalent developmental genes,
which are enriched in both H3K27me3 and H3K4me3 in EpiLCs (Kurimoto et al., 2015).
We observed no significant changes in the enrichment of H3K27me3 at the promoter
of these bivalent genes in D2 TKO EpiLCs (Extended Figure 8C).

We next sought to investigate how these chromatin changes at promoters
could impact gene expression. Notably, over 3000 regions showed dual ATAC and
H3K27ac gain in D4 TKO EpiLCs, among which some were found at promoters of
genes of interest, like the naive pluripotency and PGC-associated genes Zfp42 and
Tfcp2I1 (Extended Figure 8E). However, these differential enrichments of chromatin
marks at promoters appear to be only mildly associated with changes in the
expression level of associated genes. Indeed, when looking at promoter regions (+/-
5kb from TSS) gaining H3K27ac or ATAC signal, only few were associated with
differential gene expression in D4 TKO EpiLCs (265 and 527 genes, respectively).
Similarly, regions loosing H3K27me3 signal only affected the expression of 29 genes
in D2 TKO EpiLCs (Extended Figure 9A-C). Consequently, whilst H3K27me3 is
transiently lost in TKO EpiLCs around neural genes, we do not consider that these
changes in promoter chromatin could directly impact cell fate decisions, as few
changes in gene expression levels are observed. This is consistent with our previous
observations during pluripotency priming, where the lack of DNA methylation also had
little impact on transcriptional regulation.

Next, we specifically focused on NPC and PGCLC putative enhancers,
addressing whether the absence of DNA methylation could impact their H3K27ac and
ATAC enrichment. We defined these putative NPC (n=168) or PGCLC (n=350)
enhancers as regions with an overlapped H3K27ac and ATAC signals at any time

point of WT EpiLC differentiation, located in a 50kb window of known NPC- or
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PGCLC-specific genes determined from our own NPC and PGCLC transcriptomic
datasets (genes were declared specific of a cell type if they demonstrate FDR < 0.05
and Log2CPM>1 in comparison to other cell states, see methods). Interestingly, we
found that in absence of DNA methylation, PGCLC- or NPC- associated enhancers
globally retained H3K27ac and/or ATAC signal in D2 and D4 TKO EpiLCs. In contrast,
these features tended to attenuate upon WT EpiLC differentiation as these enhancers
acquired intermediate levels of DNA methylation (around 50-60% of mCpGs
quantified at D7) (Figure 5G-L) (Greenberg et al., 2019). Intriguingly, no major change
could be observed for H3K27me3 at these defined NPC and PGCLC regulatory
elements.

Next, we looked at all regions gaining both ATAC and H3K27ac signals in TKO
EpiLCs, defining a list of differentially enriched putative enhancers (DE enhancers).
We specifically focused on D4 EpiLCs since at this time-point, lack of DNA
methylation has the strongest effect on chromatin, and it also coincides with the
highest bias for TKO EpiLCs to adopt a germline fate when compared to WT cells. We
identified over 800 putative DE enhancers scattered in the genome of D4 TKO EpiLCs,
among which we found 74 and 18 previously defined PGCLC and NPC putative
enhancers, respectively. However, again, we could not associate these DE enhancers
with increased expression of EpiLC-, PGCLC- or NPC-associated genes in the TKO
background (Extended Figure 9D-E). This further reinforces that chromatin changes
are decoupled from transcription in TKO cells, as observed so far.

Overall, these results reveal that the lack of DNA methylation affects chromatin
in transitioning EpiLCs by promoting i) global chromatin relaxation with increased
accessibility, /i) retention or differential enrichment for H3K27ac/ATAC marks, notably
around PGCLC and NPC putative enhancers, and iij) transient loss of H3K27me3
repressive marks at neural gene promoters. Although these changes are not impactful
at the transcriptional level, we hypothesized that they might poise embryonic cells for
promptly adopting neural or germline fates when exposed to appropriate signals in

culture.
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A Fig. 51 TKO EpiLCs retain active chromatin marks at NPC and PGCLC putative enhancers. A, B, Ridge
plots displaying global (A) Density in Log2(RPKM+1) and (B) Domain size in bp, for ATAC-, H3K27ac- and
H3K27me3-marked regions in WT (blue) and TKO (orange) EpiLCs at DO, D2 and D4 of differentiation. C,
Genome tracks for ATAC, H3K27ac and H3K27me3 for WT and TKO EpiLCs at DO, D2 and D4. D,
Differential Enrichment (DE) analysis of ATAC, H3K27ac and H3K27me3 peak enrichment in TKO over WT
cells. Number of gained peaks (“‘up”, yellow) and lost peaks (“down”, grey”) are shown at DO, D2 and D4 of
EpiLC differentiation (FDR<0.05). E, Genomic annotation analysis of DE regions. F, GO analysis of genes
in proximity to ATAC, H3K27ac or H3K27me3 DE peaks (< 3kb distance from TSS). Color gradient
represents -log10(pvalue) with circle size showing the number of genes associated with each GO pathway.
The top 30 enriched ontologies are shown (based on FDR) per gene set. G, H, I, Heatmaps and metaplot
for (G) ATAC, (H) H3K27ac and (I) H3K27me3 , for PGCLC (purple, n=350)) and NPC (red, n=168)
enhancers in WT and TKO cells during EpiLC differentiation. Enrichment in RPKM for 10kb windows
centered around peaks are represented. J, Heatmap and metaplot for CpG methylation levels in WT and
TKO cells at DO and D7 of EpiLC differentiation at NPC (purple) and PGCLC (green) enhancers. Enrichment
is displayed in RPKM for 1kKb windows centered around peaks. K, L, Boxplot showing enrichment in
Log(RPKM+1) of ATAC, H3K27ac and H3K27me3 marks at (K) PGCLC enhancers and (L) NPC enhancers,
for WT and TKO cells during EpiLC differentiation. Data shown are the median with upper and lower hinges
corresponding to 75 and 25% quantile (two-tailed unpaired student t-test).

NPC and PGCLC enhancers share similar network of DNA methylation-sensitive
transcription factors

To gain insights into why NPC-PGCLC enhancers, as defined above, may gain
H3K27ac and ATAC signals in TKO cells, we performed transcription factor (TF)
binding motif analysis using HOMER (Heinz et al., 2010). Interestingly, we found that
putative PGCLC and NPC enhancers displayed largely overlapping sets of binding
motifs (Figure 6A and Extended Figure 10A). In addition, similar binding motifs could
also be found when considering all DE enhancers detected in TKO EpiLCs at D4,
suggesting that all these elements might be co-regulated. Most importantly, we
noticed that many of these binding motifs relate to TFs that are DNA methylation-
sensitive or regulated by DNA methylation, like SP, KLF, CEBP, CTCF, ETS and BACH
factors (Figure 6A) (Domcke et al., 2015; Dura et al., 2022; Héberlé and Bardet, 2019;
Luo et al., 2020; Suzuki et al.,, 2017; Zhu et al., 2016). In addition, some motifs
corresponded to TFs involved in regulation during naive-to-primed pluripotency
transitioning, most notably the pluripotency triad (OCT4, SOX2, NANOG), KLF, ZIC
and ETS factors, as well as ZFP281 (Akagi et al., 2015; Buecker et al., 2014; Mayer et
al., 2020; Yang et al., 2018). Motif analysis at NPC, PGCLC and DE enhancers also
showed that some of the TF binding motifs that were identified contain CpG
dinucleotides, supporting the idea of possible DNA methylation-based regulation
(Extended Figure 10B).
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To identify which of these TFs might be mobilized in D4 TKO EpilLCs, we
performed footprinting analysis from ATAC-seq data, using TOBIAS (Bentsen et al.,
2020). We observed an increased binding score at NPC, PGCLC and DE enhancers,
for motifs associated with DNA methylation-sensitive factors or lineage inductors,
such as ASCL1 at NPC enhancers, and the pluripotency triad at PGCLC enhancers
(Figure 6B). This indicates possible increased or more frequent binding of these
factors in absence of DNA methylation. Taken together, these results suggest that
NPC, PGCLC and DE enhancers are probably regulated by a similar set of
transcription factors sensitive to DNA methylation. The absence of DNA methylation
might promote the binding of DNA methylation-sensitive factors, which in turn would
favor the retention of permissive chromatin states at these enhancers during EpiLC

differentiation.

Neural and Germline fates are preferential differentiation routes in absence of
DNA methylation

Importantly, these characteristics were specific to NPC and PGCLC enhancers: no
clear enrichment of ATAC and H3K27ac signal was found at enhancers previously
associated with endoderm and mesoderm development (Argelaguet et al., 2019a)
(Figure 6C and Extended Figure 10C). Moreover, binding motif analysis suggested
that putative meso/endoderm enhancers are likely regulated by a different set of TFs
than NPC-PGCLC enhancers, with only FOXO factors demonstrating known DNA
methylation sensitivity (Extended Figure 10B). Moreover, when looking at GC content
and DNA methylation dynamics using public WGBS datasets at DO, D3 and D7 of WT
EpiLC differentiation (Greenberg et al., 2019), we found that meso/endoderm
enhancers were globally GC-poor and rapidly acquired high DNA methylation levels
upon EpiLC differentiation (Extended Figure 10D). In contrast, NPC-PGCLC-DE
enhancers were more GC-rich and reached lower DNA methylation levels.
Intermediate levels of DNA methylation suggest that a proportion of WT EpiLCs might
carry high methylation at these elements, while others remain hypomethylated,
indicating that DNA methylation acquisition in a fraction of WT EpiLCs restricts the
timing of cell fate acquisition at the population level. This is reminiscent of the neural

default pathway hypothesis, as it was shown that ectoderm enhancers remain “open”

138



and relatively hypomethylated during epiblast development in vivo, compared to other
lineages, like mesoderm and endoderm (Argelaguet et al., 2019a). Therefore, we
propose that the germline could constitute also a default route during priming, as
putative PGCLC enhancers demonstrate the same DNA methylation dynamics and TF
network as NPC enhancers.

To functionally test if the neural and germline fates indeed constitute default
differentiation routes, we first performed somatic differentiation towards in vitro
meso/endoderm. We found that while TKO cells survived the protocol and repressed
pluripotency markers—once again demonstrating the irrelevance of DNA methylation
in the exit of pluripotency —they were unable to properly activate the meso/endoderm
markers Gata4 or Foxa2, but rather upregulated neural genes like Sox7, Nestin and
Ascl1 (Figure 6D and Extended Figure 10E). Then, we repeated PGCLC induction
from WT and TKO EpiLCs without adding BMPs and other pro-germline cytokines.
After sorting with PGCLC surface markers, we found that TKO cells retained an
inherent higher ability to give rise to the germline, compared to WT cells, despite a
lower efficiency compared to normal conditions (Figure 6E). This corroborates that
the germline and the neural lineage are indeed default routes of differentiation in
absence of DNA methylation.

To sum up, we propose that DNA methylation instructs cell fate decisions, not
via transcriptional control, but rather by tempering neural and germline fates as default
routes of development. We suggest that the acquisition of DNA methylation is
important for decommissioning a subset of NPC-PGCLC enhancers during priming.
Indeed, in absence of DNA methylation, stem cells appear to be in an “hyper formative
state” at later time points of EpiLC differentiation, with high chromatin accessibility,
strong footprinting for DNA methylation-sensitive TFs at neural and germline
enhancers, and priming of TKO EpiLCs to adopt theses fates when exposed to proper

differentiation cues (Figure 6F).
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Fig. 6 | DNA methylation-sensitive factors define NPC and PGCLC fates as default routes. A, Bubble
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Factors that are DNA methylation-sensitive or regulated by DNA methylation are highlighted with (*). B,
Footprint analysis of predicted TF occupancy at NPC-, PGCLC- and DE enhancers in TKO over WT at D4
EpiLC stage, using TOBIAS. C, Boxplot showing enrichment in Log(RPKM+1) of ATAC and H3K27ac marks
at Endoderm (n=1957) and Mesoderm enhancers (n=1441) as defined in Argelaguet et al., 2019, during WT
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default routes of differentiation in early primed pluripotent EpiLCs.
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DISCUSSION

Despite being recognized for its key role on development, when DNA methylation
becomes critical and for which lineages specifically was still poorly understood. Using
various differentiation protocols applied to a newly generated DNA methylation-free
Dnmt1; Dnmt3A; Dnmt3B-TKO ESC line, our work provided an unprecedented
resolution of the role of DNA methylation on key developmental bifurcations. First, it
was known that DNA methylation plays little role in regulating gene expression in naive
pluripotency (Tsumura et al., 2006), but we demonstrated here that this also applies to
primed pluripotency. In particular, while acquisition of DNA methylation coincides with
naive-to-primed transition, TKO ESCs were nonetheless apt at exiting naive
pluripotency and at acquiring functional features of the primed epiblast, in vitro and
in vivo. Second, DNA methylation also appeared unnecessary for the induction of
neural progenitors during somatic differentiation, although it becomes later necessary
for consolidating the neural program. Moreover, while neural fate induction was
possible, TKO cells were otherwise unable to properly commit to the meso/endoderm
lineage and spuriously expressed neural markers. Finally, germline induction was also
not impaired by the lack of DNA methylation, and TKO cells even showed extended
and self-autonomous opportunities for germline specification. In some recent work, it
was found that treating embryoid bodies with the demethylating agent 5-azacytidine
promoted the adoption of PGC identity associated with a delay in the exit of naive
pluripotency (Kim et al., 2020). However, we did not find evidences suggesting that
the extended time-window for germline specification in absence of DNA methylation
was due to an improper repression of naive pluripotency genes or even in a delayed
priming phase in TKO EpilLCs.

By performing a step-wise chromatin profiling of H3K27me3, H3K27ac and
ATAC signal, we propose that DNA methylation acquisition in the epiblast is critical
for allowing multi-lineage decisions, by tempering neural and germline fates as default
routes of differentiation. Indeed, we observed that in TKO EpiLC, NPC and PGCLC
gene-associated putative enhancers maintain high level of chromatin accessibility and
active H3K27ac. We also found that NPC and PGCLC enhancers may be targeted by
the same network of DNA methylation-sensitive factors, suggesting possible co-

regulation of the two lineages. Moreover, footprint analysis revealed high binding
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score of these DNA-methylation sensitive TFs at neural and germline enhancers in
TKO cells. While we also observed changes of chromatin marks at promoters, most
notably a loss of H3K27me3 at neural genes, these changes are unlikely to promote
neural fate in TKO cells, as they are only transient and poorly associate with changes
in gene expression level.

The decoupling between gene silencing and repressive epigenetic in naive
stem cells is well studied. As of recently, it was shown that forced deposition of DNA
methylation in 2i-cultured ESCs poorly impacted transcription (Gretarsson and
Hackett, 2020; MclLaughlin et al., 2019). Whilst it is widely admitted that repressive
chromatin marks are critical for development, it is important to make the distinction
between the relevance of these marks in primed pluripotent cells versus terminally
differentiated cells. In fact, it appears that DNA methylation and other marks, like
H3K27me3 and H3K27ac, do not directly impact gene regulation in primed cells, and
in precursors of somatic and germline lineages (Huang et al., 2021; Riising et al., 2014;
Sankar et al., 2022). This could be understandable especially for repressive chromatin
marks that act as lockers of cell identities over time, as illustrated by the necessity of
active DNA demethylation in somatic cell reprogramming (Pei et al., 2014). However,
in the context of rapidly dividing stem cells, which need to remain plastic enough to
respond to various differentiation cues, the reliance on repressive marks for gene
regulation might be minimal. This was best illustrated in our chimera experiments,
where we consistently observed strong contribution of TKO ESCs in the primed
epiblast. While we did not observe extra-embryonic contribution, as previously
reported in Dnmt3A; Dnmt3B double-KO chimerae (Kinoshita et al., 2021), we found
that TKO chimerae were delayed and smaller than WT chimerae at E6.5. This supports
that DNA methyltransferases may become necessary for epiblast development after
priming (Dahlet et al., 2020; Lei et al., 1996; Okano et al., 1999).

It has been reported in various differentiation systems that accessible
enhancers in progenitors cells could pre-determine cell routes in differentiation
(Banerjee et al., 2018; Rauch et al., 2019). Moreover, DNA methylation at lineage-
associated enhancers is very heterogenous due to the simultaneous activity of
DNMTs and TET enzymes (Charlton et al., 2020; Ginno et al., 2020; Rulands et al.,

2018),suggesting a potential role in instructing enhancer activity during differentiation.
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More recently, is was shown that low DNA methylation levels at ectoderm enhancers
during epiblast differentiation promoted the establishment of this germ layer as a
default pathway in embryonic development (Argelaguet et al., 2019a). Similarly, around
3% of somatic lineage-specific enhancers were estimated to be regulated by methyl-
sensitive transcription factors (Kreibich et al., 2022), some of which were found
common at our NPC and PGCLC putative enhancers. Here we propose that, similarly
to the ectoderm, the germline is also subject to such DNA methylation-based
restriction, and that its absence skews cells to adopt a germline fate. A similar
extended window for PGCLC specification has been described upon exposure of
EpiLCs to alpha-ketoglutarate (aKG), which promotes a mitochondrial metabolism of
oxidative phosphorylation (OxPhos) (Tischler et al., 2018). In addition, the LIF-STAT
signaling pathway has been shown to regulate DNA methylation and to promote
OxPhos in naive cells (Betto et al., 2021). Hence, the question can be raised whether
the absence of DNA methylation could promote OxPhos and germline fate acquisition.
However, we did not observe misregulation of OxPhos-associated genes in TKO
EpiLCs (data not shown), suggesting that the lack of DNA methylation might not
impact the metabolism of pluripotent stem cells. In conclusion, while our study
demonstrated the relatively minimal impact of DNA methylation on gene regulation in
early development, it shows that DNA methylation is critical for instructing chromatin
switches at gene regulatory elements, thereby tempering default routes of

differentiation.
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MATERIAL AND METHODS

Mouse embryonic stem cell lines

Mouse embryonic stem cells (ESCs, E14 background derived from the 12910/a strain)
were used to generate a triple knockout (tKO) for the three DNA methyltransferase
genes Dnmt1, Dnmt3A and Dnmt3B. The strategy for CRIPSR-Cas9 editing of the
catalytic PCN/Q loop of the DNMT MTase domain was previously described in
Domcke et al., 2015.

ESC culture

ESCs were cultured in feeder-free conditions at 37°C in 5% CO. atmosphere.
Mycoplasma-free status was assessed using the MycoplasmaCheck service from
Eurofins.

Serum-LIF culture medium: ESCs were cultured on 0.1% gelatin-coated plates with
serum-LIF medium (Glasgow medium (Sigma), 2mM L-glutamine (Gibco), 0.1mM
MEM non-essential amino acids (Gibco), 1mM sodium pyruvate (Gibco), 15% Fetal
Bovine Serum (FBS), 0.1mM B-Mercaptoethanol and 1000 U/ml leukemia inhibitory
factor (LIF, Chemicon)). Cells were counted on a Beckman Cell Counter Vi-Cell XR
and passed with TrypLE (Trypsin replacement enzyme, Gibco) every 2-3 days.

2i + Vitamin C culture medium: To reduce DNA methylation levels, ESCs were grown
for at least two weeks on fibronectin-coated plates (1/60 dilution in PBS) in 2i+VitC
medium (N2B27 (50% Neurobasal medium and 50% DMEM/F12 (Gibco)
complemented with 2mM L-glutamine, 0.1mM [-Mercaptoethanol, N2 supplement
(Gibco) and B27 serum-free supplement (Gibco)), complemented with 1000U/ml LIF,
2i (B3uM Gsk3 inhibitor and 1uM of MEK inhibitor), and vitamin C 100ug/ml final
(Sigma)) and passed with accutase (GIBCO) every 2-3 days.

Epiblast-like cell (EpiL C) differentiation: To initiate EpiLC differentiation, 2i+VitC-grown
ESCs were first split with accutase (Gibco) and plated on fibronectin-coated 6-
well/plates at a density of 0.20x10° cells/well. The next day, the medium was replaced
with AF medium: N2B27 medium supplemented with 12ng/ml Fgf2 (R&D) and 20ng/ml
Activin A (R&D), 1% Knock-out Serum Medium (Gibco), to drive EpiLC differentiation.
Cells were harvested at Day 2, 4, and 7 of differentiation, with an additional splitting
step at D4 with accutase to reduce cell density.

Neuronal progenitor cell (NPC) differentiation: For monolayer NPC differentiation,
serum-LIF-grown ESCs were split with accutase onto laminin-coated 6-well/plates
(Sigma, 10pg/ml in PBS) at a density of 0.75x10* cells/well in plain N2B27 medium.
Cells were cultured up to 10 days with daily medium change.

Embryoid body differentiation: Embryoid bodies were generated by dissociating
2i+VitC-grown ESCs with TrypLE and 3x10° cells were seeded in uncoated B10 plates
in serum without LIF to allow the formation of cell aggregates. Medium was changed
every 2 days.
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Meso-endoderm differentiation: Meso-endoderm differentiation was adapted from
Kinoshita et al., 2020. Briefly, serum-LIF-grown ESCs were split with accutase onto
fibronectin-coated plates (Sigma, 10ug/ml in PBS) at a density of 1x10* cells/ well in
6-well/plates in N2B27 basal medium supplemented with 10 ng/ml Activin A and 3
UM of GSKS3 inhibitor CHIR99021. Cells were cultured for 6 days, and the medium
was changed every two days.

PGC-like cell differentiation: Dissociated EpiLCs were resuspended in PGCLC basic
medium: GMEM (GIBCO), KSR 15% (GIBCO), Non-Essential Amino Acid (GIBCO),
Sodium Pyruvate 1mM (GIBCO), L-Glutamine 2mM (GIBCO), Penicillin-Streptomycin
100U/ml (GIBCO), B-Mercaptoethanol 0.5mM (GIBCO). Then EpiLCs were distributed
into ultra-low adhesive U-bottom 96-well plates at a density of 2.5x10° cells/well in
100pl of PGCLC medium complemented with cytokines for PGCLC induction (PGCLC
basic medium, 0.5 pg/ml BMP4 (R&D system), 0.5 pg/ml BMP8 (R&D system), 0.1
pg/ml stem cell factor (SCF, R&D system), 50 ng/ml epidermal growth factor (EGF,
R&D system), 1000 u/ml mouse LIF). After 4 days of culture, embryoid bodies were
harvested and dissociated with 10mM EDTA in PBS+3%FBS for subsequent FACS
analyses.

Cell transfection and cell line isolation

All vectors were generated using Gibson cloning from Gibson et al., 2009. For sgRNA
cloning, pX330 (Addgene #42230) or pX459 (Addgene #62988) plasmids were
digested with Bbsl/ restriction enzyme (NEB) and annealed with double-stranded
sgRNA oligos using QuickLigase (NEB). The H2B::tdTomato-containing piggyBac
vector was a kind gift from Dr. Jamie Hackett (EMBL Rome). Transgenic ESC lines
were generated by nucleofection using Amaxa 4D nucleofector (Lonza) using 3-5x 10°
cells with 1-3pg of vectors and sgRNA/Cas9 plasmids. Cells were then seeded in
serial dilutions in 0.1% gelatin-coated B10 plates in serum-LIF. After two days of
recovery, cells underwent puromycin (1pg/ml, Life Technologies) or hygromycin B
(200pg/ml Sigma) selection for 2 or 4 days, respectively. After selection, the culture
medium was changed for serum-LIF only and individual colonies were picked and
screened by PCR genotyping.

Live-imaging for apoptosis analysis

To quantify apoptosis, cells were grown on a 96 well-plate and placed in the incubated
chamber of an Incucyte Microscope (IncuCyte ZOOM, Sartorius). Then, EpiLC
differentiation media was added and supplemented with 5uM of Caspase 3/7 Green
dye (Sartorius) to detect for apoptosis in live cells. Media was changed every day,
brightfield and green fluorescence images were taken every 2 hours for 96 hours.
Counting of dead cells was made using IncuCyte ZOOM Software.
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FACS

For FACS, cells were collected, dissociated with TrypLE, resuspended with PBS/FBS
3% supplemented with DAPI (1pg/ml) to discriminate dead cells. For PGCLC
specification quantification, 2.5uL/10° PGCLCs were incubated with Anti-CD61-PE
(Biolegend #104307) and Anti-SSEA1-eFluor660 (eBioscience #50-8813-42)
antibodies in PBS/FBS 3% for 30 min on ice, in the dark, before being analyzed on
the ZE5 Flow cytometer (Biorad). PGCLC sorting was performed on a Sony SH800.
Quantification of tdTomato fluorescence in ESCs was also measured on a ZE5
(BioRad).

Karyotyping

ESCs were treated with KaryoMAX Colcemid (Gibco) in PBS for 2h at 37°C. After
dissociation using TrypLE, cells were resuspended in 3ml of hypotonic solution (1
volume of FBS+3 volumes of H20) for 10min at 37°C. After another centrifugation,
cells were fixed with 3ml of Carnoy solution (Acetic acid diluted 2 in 100% Ethanol)
and incubated at room temperature (RT) for 30 min. Cells were then dropped from
~50cm height onto glass slides. Slides were air-dried and DNA was stained with DAPI
(1pg/ml). Chromosomes were imaged with an upright widefield microscope (Leica)
and around 100 cells were analyzed per cell line on Fiji for counting.

Western Blot analysis

Proteins were extracted by sonicating cell pellets after treatment with protease
inhibitors (Aprotinin, Leupeptin, Pepstatin and PMSF) and BC250 buffer containing
1M TRIS pH8, 20% glycerol, and 0.5M EDTA. The mixture was centrifuged (10 min-
9000g at 4°C). The supernatant was denatured at 95°C for 10min and equal quantities
of protein were transferred on a 4%-12% Bis-Tris Gel (NuPage). After electrophoresis,
the gel content was transferred on 0.45um nitro-cellulose membranes (GE
Healthcare). After blocking with 5% milk and PBS/NP40 (PBS+0.3% NP40),
membranes were incubated overnight with antibodies diluted 1:5000 in 1% milk in
PBS/NP40. After washes in PBS/NP40, membranes were incubated 2h at RT with
HRP-conjugated secondary antibodies. Revealing was performed by 5 min incubation
with LumiLight™* (Roche) substrate on a Chemidoc MP Imaging system (BioRad).
Antibodies are listed in Table 1.

LUMA analysis

Global DNA methylation levels were assessed using the Luminometric Methylation
Assay (LUMA) (Karimi et al., 2006) from WT and TKO ESCs in serum-LIF medium, and
WT ESCs cultured in 2i medium complemented with VitC. Briefly, 500ng of genomic
DNA was digested with Mspl+EcoRI and Hpall+EcoRI (NEB) in parallel reactions at
37°C for 4h, followed by heat inactivation at 65°C. EcoRl is included as an internal
reference. Filling of the genome-wide protruding ends of the restriction digestions
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were quantified in a pyrosequencing reaction (PyroMark Q48 autoprep, Qiagen,
dispensation order: ACTCGA) and all results were analyzed with the associated
software (Q48 Autoprep Software).

Liquid chromatography-mass spectrometry (LC-MS)

LC-MS-based quantification of methyl-cytosines was performed on 1 ug of DNA
degraded to nucleosides with nuclease P1 (Roche), snake venom phosphodiesterase
(Worthington) and alkaline phosphatase (Fermentas). An equal volume of isotopic
standard mixture (15N3-C (Silantes), 2H3-5mC (TRC) and self-synthesized 15N3-
5hmC, 15N3-5fC and 15N3-5caC were added to the nucleoside mixture and injected
for LC-MS/MS analysis as described previously Schomacher et al., 2016. Quantitative
analysis was performed on an Agilent 1290 Infinity Binary LC system (Agilent
technologies) using a ReproSil 100 C18 column (Jasco) coupled to an Agilent 6490
triple quadrupole mass spectrometer (Agilent technologies).

Dual Luciferase assay

Dual luciferase assays were performed using Promega DLR kit (#£1910) according to
the manufacturer’s instructions. WT and TKO ESCs were cultured in 2i+VitC for
transfection at DO, or cultured in AF medium for 2 days for EpiLC transfection. Cells
were co-transfected with pGL3EV/pCAGRLuc (Empty control vector) and
pGL3DE/pCAGRLuc (distal enhancer) or pGL3PE/pCAGRLuc (proximal enhancer).
Briefly, 1.6pg of each plasmid was diluted in a mix of 500l of OptiMEM media
(GIBCO) and 4pl of Lipofectamine 2000 (Thermoscientific) per well. Culture medium
was replaced with the transfection mix for half a day, and then completed with 500l
of AF medium. The next day, medium was changed for AF or 2i+VitC and cells were
allowed to grow one more day before harvest and lysis using PLB buffer for
luminescence analysis on CalrioStar (BMG Labtech).

ESC Reversion assay

ESCs were first differentiated into EpiLCs. At 2, 4 and 7 days of differentiation, cells
were split in accutase, and plated in fibronectin-coated 6-well plates at the density
1x10° cells/well in 2i+VitC medium. Colonies from D2, D4 or D7 EpiLCs were grown
for 4, 7 and 10 days, respectively, before being stained for alkaline phosphatase
activity. Briefly, cells were rinsed with PBS and fixed with ethanol 100% for 10 min at
RT. After 3 PBS rinses, cells were incubated at 37°C for 10 min with FastBCIP/NBT
(Sigma #B5655) dissolved in MiliQ water, and air-dried. Pictures were taken and
analyzed on Fiji to count AP positive stained reverted ESC colonies.

Chimerae

Mice: Mice were hosted on a 12h light/12h dark cycle at 22 +/- 2°C ambient
temperature and 40-70% humidity, with free access to food and water, in the
pathogen-free Animal Care Facility of the Institut Curie (agreement C75-05-18). All
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animal experiments were performed following European (Directive 2010/63/EU)
legislation and were approved by the ethics committee of the Institut Curie CEEA-IC
#118 and by French Ministry of Research (APAFiS#30920-2021040622279416-v1).
Chimera aggregation: Eight-week-old B6D2F1 (C57BL/6J x DBA2) females, were
superovulated by intraperitoneal (i.p.) administration of 5 IU of Pregnant Mare Serum
Gonadotropin (PMS013 Centravet) followed by an additional i.p. injection of 5 IU
Human Chorion Gonadotropin (CHO003 Centravet) 48 hours later. Females were
mated to a stud male of the same genetic background. Morula embryos were
collected and washed in M2 medium (Sigma M7167) and cultured in Cleave medium
(Cook K-RVCL) at 37 °C under 5% CO2. Meanwhile, low passage WT and TKO ESCs
containing the H2B::tdTomato reporter were thawed and cultured in 2i medium. Cells
were dissociated by accutase in small clumps of 5-10 cells. Right before aggregation,
the zona pellucida of morulae was removed by Tyrode’s acid treatment (Sigma T1788-
100ML), before being washed with M2 medium. Each morula-stage embryo was
placed into a depression well performed using an aggregation needle (BLS DN-09) on
a plastic plate. A dissociated ESC clump was added close to the embryo to allow
aggregation and development to the blastocyst stage. Integrity and proper integration
of transgenic ESCs in the inner cell mass were assessed with a fluorescence inverted
microscope (Zeiss Axio Vert A.1) before re-implantation into pseudo-pregnant foster
mothers (NMRI). Embryos were harvested at E7.5 and E8.5 for whole-mount
immunostaining.

Immunofluorescence

For whole-mount embryo immunostaining, E7.5 and E8.5 embryos were fixed in 4%
PFA for 30 min at RT. Then, embryos were washed in PBT (PBS+0,1% Triton) and
permeabilized for one hour at room temperature in PBS+0,5% triton. Blocking was
performed by adding 0.2% BSA and 5% Donkey serum in PBT for 30 minutes. Primary
antibodies diluted in blocking solution were incubated for 72 hours at 4°C with the
embryos, then three washes of 15min at RT were performed. Similarly, secondary
antibodies were diluted in blocking solution (Table 1) and incubated for 3 hours at RT.
After the final washes, embryo mounting was made through increasing percentages
of glycerol in increasing times as follow: 2.5% (5 minutes), 5% (5 minutes), 10% (10
minutes), 20% (15 minutes), 50% (15 minutes), and DTG (Glycerol, DABCO 2.5%,
50mM Tris pH8.6) (15 minutes). Images were obtained using a Zeiss LSM800 inverted
confocal microscope

RT-gPCR

RNA extraction was performed on cell pellets using standard Trizol (Life
Technologies)-chloroform protocol. RNA pellet was treated with DNase before clean
up with RNeasy Mini kit (QIAGEN). To generate cDNA first-strand, a minimum of a
100ng of RNA was reverse transcribed using random priming with SuperScript Il (Life
Technologies). The design of the gPCR primers was made using Primer3 program
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(Table 2). Amplification reactions were conducted on the Viia7 thermal cycling system
(Applied Biosystems) using SYBR Green Reagent (Thermo Fisher Scientific).
Expression levels were normalized to housekeeping genes using AACT method.

Bulk RNA sequencing

For NPC and EpiLC bulk RNA sequencing, total DNase-treated RNA was isolated as
described above. RNA-seq libraries were prepared from a minimum of 200 ng of
DNase-treated total RNAs with the TRuSeq Stranded mRNA protocol (lllumina).
Between 59M and 130M reads were sequenced per sample in a 100bp paired-end
format using a NovaSeq 6000 (lllumina) platform. For PGCLC bulk RNA sequencing,
libraries were generated from 50ng of isolated of DNase-treated total RNA using
SMARTer Stranded Total RNA-seq Kit for mammalian Pico Input. Between 38M and
45M reads were sequenced per sample.

Single-cell RNA sequencing

Single cells were index-sorted individually by FACS (SONY SH800) into wells of a 96-
well PCR plate containing 2.3 pl of lysis buffer (200U/uL SUPERase-IN
(LifeTechnologies), 10% Triton X100, RNAse free H20). scRNA-seq SMARTseq2 was
performed as previously described (Picelli et al., 2014). The lllumina Nextera XT DNA
kit was used to prepare libraries that were sequenced on the lllumina HiSeq 4000
(paired-end 50bp). Samples from all cell lines were included in each sequencing lane,
to control for technical lane effects. Only cells with over 7500 detected reads assigned
to genes were kept in the analysis.

Cut&Run

The Cut&Run protocol was optimized from Skene and Henikoff, 2017. Concanavalin A
beads (Polysciences) were activated in 1ml of Binding Buffer 20mM HEPES-KOH,
10mM KCI, 1mM CaCl,, 10mM MnCl,). Between 200 000 and 300 000 cells were
aliquoted in 1ml of Wash Buffer 20mM HEPES-KOH, 150mM NaCl, 0.5mM
Spermidine (Sigma) and 1X Complete EDTA-free (Roche) protease inhibitor cocktail)
and 20pL of activated beads were added to the cells, followed by 5 min incubation at
RT on a rotating wheel. Cells were collected on a magnetic rack; the supernatant was
replaced by 400uL of primary antibody (Table 1) diluted to 1:200 in Wash Buffer
complemented with 2mM EDTA and 0.02% Digitonin (Millipore). Cells were incubated
for one hour at RT. Samples were then washed twice in Dig-Wash Buffer (Wash Buffer
+ 0.02% Digitonin) for 15 min at RT and incubated with 1:400 home-made pA-MNase
in Dig-Wash for 15 min at RT. After two more washes, cells were resuspended in 150l
of Dig-Wash and cooled-down for five min at 0°C. For targeted digestion, CaCl, was
added to the cells to a final concentration of 2mM followed by 30 min incubation on
ice. The reaction was stopped by adding 150ul of 2X STOP Buffer (340mM NacCl,
20mM EDTA, 4mM EGTA, 0.02% Digitonin, 100ng/ml RNase1, 250ng/ml glycogen)
and incubating the samples at 37°C for 20 min before centrifugation at 4°C 16000g
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for 5 min. Samples were placed on a magnetic rack and supernatant was recovered
in a low binding eppendorf tube. Following addition of 0.1% SDS and 0.17mg/ml
Proteinase K, samples were incubated at 70°C for 30 min. Purified DNA was obtained
by phenol/chloroform extraction and precipitated with 100% Ethanol incubation at -
20°C for at least 20 min. The DNA pellet was washed in 85% ethanol, spun down and
air-dried before being resuspended in 25pl of TmM Tris-HCI pH8.0.

Library preparation was made according to the manufacturer’s instructions
(Accel NGS 2S DNA library kit, Swift Biosciences). For library amplification, 12 PCR
cycles were applied as followed: 98°C for 10 sec, 60°C for 15 sec and 68°C for one
minute. Library size and quantification was assessed on Agilent 4200 Tapestation.
Cut&Run libraries were sequenced on NovaSeq (lllumina) using PE 100bp run, with
biological duplicates for all samples. Between 25M and 75M reads were sequenced
per sample.

ATAC sequencing

The ATAC protocol was optimized from Fursova et al., 2021. First, 1x10” ESCs were
mixed with 2.5x10° Drosophila S2 cells, and resuspended and incubated in 1ml Lysis
Buffer (60mM KCI, 10mM MgSQO,4.7H.0, 5mM HEPES, 0.05% NP40) for 5 min at RT.
After a spin at 4°C 15009 for 5 min, the supernatant was discarded and nuclei pellet
was resuspended in ice-cold RS Buffer (10mM NaCl, 10mM Tris-HCI, 3mM MgCl,).
Nuclei were counted using Beckman Coulter ViCell XR cyto-counter, to ensure nuclei
integrity. Tagmentation was performed on 50 000 nuclei per sample, with TDE1 Tn5
transposase (Nextera), at 37°C for 30 min. The reaction was stopped by the addition
of PB Buffer and tagmented DNA was eluted using minElute columns from Reaction
clean-up Qiagen Kit. We used 50ng of tagmented genomic DNA isolated from the
same nuclei preparation to control for Tn5 transposition bias. Libraries were
generated by PCR amplification (maximum of 12 cycles) as previously described in
Buenrostro et al., 2013 using custom-made barcoded primers. Libraries were cleaned
on minElute columns and quality was assessed using Agilent 4200 Tapestation.
Sequencing was performed on NovaSeq platform (lllumina) using PE 100bp run.
Between 40M and 91Mreads were sequenced per sample.

Definition of PGCLC-NPC-EpilLC-specific genes

To define PGCLC and NPC specific genes, differential gene expression was
compared between NPCs at D8, PGCLCs after 40h of EpiLCs induction, and primed
EpiLCs at D7. Genes were declared as NPC-specific or PGCLC-specific if FDR < 0.05
and log2(CPM) > 1 when compared to the other two states (comparisons were NPC
vs PGCLC/EpiLCD7, and PGCLC vs NPC/EpiLCD7). To define EpiLC-specific genes,
the same strategy and thresholds were applied, using EpiLC at D2 instead of EpiLC
at D7 to capture transiently expressed “formative” epiblast genes (comparisons were
EpiLC D2 vs PGCLC/NPC).
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Bulk RNA-seq analysis

Paired-end read alignment was made using Kallisto pseudo-aligner (v0.46.2). Gene
annotation was obtained from Ensembl (EnsDb.Mmusculus.v79). After EdgeR
(v3.30.3) CPM normalization, differential gene expression analysis was made using
Voom transformation from Limma R package (v3.44.3). P-Values were adjusted with
the BHH correction, cutoff was set up at 0.05. Threshold for differentially expressed
genes were set at the FDR<5% and |log2FC| >1.

Single-cell RNA-seq analysis

Paired-end reads were trimmed with trim Galore (v0.6.5) in order to remove adapter
sequences and Ns nucleotides from both side of the read. Cleaned reads were aligned
onto a concatenated genome (the Mouse reference genome mm10 + fasta file with
the ERCC spike-in sequences) with STAR (v2.7.5a) reporting random alignment with
at most 6 % of mismatches. ERCCs, genes and TE families-based quantification was
performed with featureCounts (v1.5.1) using a concatenated file with repeatMasker,
ERCC spike-in and Gencode vM25 annotations. Filtering of cells was performed with
the following criteria: cells with less than 7500 genes with at least one read and cells
with more than 2% of mitochondrial reads or more than 10% of ribosomal reads were
fitered out. On the remaining cells, the raw counts were normalized with the
SCTransform from Seurat (v4.0.1). PCA was performed on the 10000 most variable
genes defined by the vst method. UMAP was performed on the 10 first principal
components with 10 neighbors, a minimal distance of 0.1 and a spread of 1. Cells
clusters were defined with the FindNeighbors and FindClusters functions from Seurat
on 5 first principal components with 14 neighbors and a resolution of 0.4. Pseudotime
was inferred with the R package slingshot (v1.8.0) on the 10 first principal
components. Transcriptional noise analysis was conducted with the same procedure
as in Mohammed et al., 2017.

CUT&RUN analysis

Paired-end reads were trimmed with trim Galore (v0.4.4) in order to remove adapter
sequences and Ns nucleotides from both side of the read. Cleaned reads were aligned
onto the Mouse reference genome mm10 with bowtie2 (v2.2.9) in end-to-end and very
sensitive mode. Duplicated reads were removed using Picard (v2.6.0). Bigwig files for
UCSC genome browser and heatmaps were created with deepTools (v2.5.3). Sliding
windows approach was used to define enriched regions with csaw R package
(v1.24.3). Window size of 150bp and 5 kb was used for H3K27ac and H3K27me3
samples with a spacing interval of 38bp and 1250bp respectively. Window-level
counts were quantified using the windowCounts function, discarding blacklisted
regions (ENCODE, accession ENCFF547MET), with mapping quality threshold of 20.
For each genotype (WT and TKO), non-insteresting windows were filtered out using a
global background enrichment (filterWindowsGlobal function) with large bins (750bp
for H3K27ac and 25kb for H3K27me3 samples). Normalization factors were
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calculated using the large bins and used for normalization of enriched windows to
remove composition biases. Differential binding analysis was performed with csaw.
Windows that are less than 100bp and 1kb (for H3K27ac and H3K27me3 samples
respectively) apart were merged into regions. Regions with a FDR<5 % were declared
as differentially bound.

ATAC-seq analysis

Paired-end reads were trimmed with trim Galore (v0.4.4) in order to remove adapter
sequences and Ns nucleotides from both side of the read. Cleaned reads were aligned
onto the Mouse reference genome mm10 with bowtie2 (v2.2.9) in end-to-end and very
sensitive mode. Mitochondrial reads were removed from the rest of the analysis.
Duplicated reads were removed using Picard (v2.6.0). Bigwig files for UCSC genome
browser and heatmaps were created with deepTools (v2.5.3). Enriched regions were
defined using MACS2 (v2.1.1) with a g-value threshold of 0.01, discarding the ones
that overlap with blacklisted regions (ENCODE, accession ENCFF547MET).
Overlapping regions between biological replicates were used for the following
analyses. Region-level counts were quantified using the windowCounts function with
mapping quality threshold of 20. Normalization factors were calculated using 10kb-
long bins to remove composition biases. Differential binding analysis was performed
with csaw. Regions that are less than 500bp apart were merged. Regions with a
FDR<5 % were declared as differentially bound.

Integration of CUT&RUN and ATAC-seq data

Genes annotated in close proximity (less than 5kb to the TSS) to differentially bound
regions were used for gene ontology enrichment analysis with the R clusterProfiler
package (enrichGO function). Overlaps between differentially bound regions defined
in different time points and epigenetics marks were performed using intervene
(v0.6.4). Enhancers were defined as the co-occurrence of ATAC and H3K27ac-
enriched regions that are distal from promoter regions (+/- 2kb around the TSS).
PGCLC and NPC enhancers were defined as enhancers that are +/- 50kb from the
TSS of PGC and NPC genes that were defined as previously explained. Quantification
of NPC, PGCLC, endoderm, mesoderm enhancers and bivalent genes was performed
with featureCounts (v1.5.1). Bivalent genes in EpiLCs and mesoderm/endoderm
enhancers were originally defined in Argelaguet et al., 2019 and Kurimoto et al., 2015.
Enrichment of known motifs and de novo motif finding were performed using HOMER
(v4.11) (Heinz et al., 2010) with the default database. Transcription factor activity, also
called footprinting, was assessed using the software TOBIAS (v.0.13.3) (Bentsen et al.,
2020). Tn5 bias correction was first performed using the ATACorrect module. Then
footprinting scores were calculated using the corrected cut sites with ScoreBigwig
module. Differential binding score between conditions was estimated with BINDetect
module with the HOMER motif database.
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Softwares

All the statistical analyses and graphs were performed using GraphPad Prism (v9.4).
All microscopy image analysis were made possible using Fiji (ImageJ2 v2.3.0).

All transgene constructions were made possible with Geneious (v7.1)

All figures were made with Affinity Designer (v1.8.6).
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EXTENDED FIGURES AND TABLES
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Extended Fig. 1 | DNA-methylation-free Dnmt-triple KO (TKO) ESCs: generation and NPC differentiation. A,
Sequencing results for the E14 Dnmt-triple-KO (TKO) ESC line showing allelic homozygous deletions of Dnmt genes after
catalytic motif targeting by CRIPSR-Cas9. B, Immunoblotting showing DNMT1, DNMT3A and DNMT3B in WT and TKO
ESCs grown in Serum/Lif). PCNA is used as a loading control. C, Barplot showing LC/MS quantification of methylated
cytosines in serum/LIF-grown WT (blue) and TKO (orange) ESCs. Data shown are mean + SD in technical duplicates. D,
LUMA assay of genome-wide CpG methylation quantification of serum/LIF-grown WT and TKO ESCs. Data shown are n=
4 biological replicates with mean + SD. E, Expression of pluripotency genes measured by RT-gPCR in 2i/LIF-grown WT
and TKO ESCs. Data shown are mean + SD from biological triplicates, ACT values are normalized to Arplp0 and Rrm2. F,
EBies diameter size curve showing the effect of increasing initial dilution on EBies growth during five-day long
differentiation. Data shown are biological replicates (n=10) with mean + SD. G, Heatmaps of germline markers showing
normalized Log2 CPM counts during NPC differentiation. Expression is obtained for each condition from the average
between biological duplicates.
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Extended Fig. 2 | TKO ESCs can undergo EpiLC differentiation in vitro. A, Representative images of WT (blue) and
TKO (orange) cells during EpiLC differentiation. Scale: 200um. B, Fiji layout picture of 6 well-plates of reverted ESC
colonies derived from WT and TKO EpilLCs, after staining for alkaline-phosphatase activity and counted with FIJI. C,
Expression of pluripotency and differentiation genes measured by RT-gPCR during WT and TKO EpilLC differentiation.
Data shown are mean + SD from biological triplicates. ACT values were normalized to Arplp0 and Rrm2. D, Small multiple
bar plot showing contribution of each WT and TKO sample to the variance of the main principal components during EpiLC
differentiation. E, Density plot showing differences in DNA methylation observed between DO and D7 of EpilLC
differentiation in WT cells as measured by WGBS (Walter et al., 2016 and Greenberg et al., 2019). Threshold for regions
defined as differentially methylated was arbitrary set-up at 75%. F, Volcano plot showing up-regulated genes in TKO
compared to WT EpiLCs at D7. Red: up-regulated genes with a DMR promoter; Blue: germline genes. G, Heatmaps of
transposable element expression showing normalized fold-change in TKO over WT cells during EpiLC differentiation. Black
stars represent significance (FDR<1%, Log2FC>1). Expression is obtained for each condition from the average between
biological duplicates.
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Extended Fig. 3 | Generation of WT and TKO ESCs with a constitutive H2B::tdTomato reporter for chimera
generation. A, Flow cytometry analysis of H2B::tdTOMATO reporter expression in WT and TKO ESCs, and compared to
untransfected negative control cells. B, Representative mitotic chromosome spreading of DAPI-stained WT and TKO ESCs
bearing the H2B:tdTOMATO reporter. C, Counting of chromosome number in WT and TKO reporter cells. Scale: 100pm.
Clones with the highest number of correct chromosome counts were chosen for chimera aggregation. D, Representative
microscopy pictures after 24h of culture of aggregates of host-morula/ H2B::tdTOMATO ESCs. The merge reveals
contribution of both WT and TKO ESCs to the blastocyst ICM. Scale: 400um. E, Statistics for aggregation experiments. Five
experiments of chimera generation were performed, totalizing 202 and 231 aggregates of host morulae with WT and TKO
reporter ESC lines, respectively. Integration efficiency, measured by the number of correctly integrated reporter ESCs
within embryos after 24h of culture, rose to around 84.7% with WT cells, and 91.7% with TKO cells.
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Extended Fig. 4 | TKO EpiLCs can undergo germline differentiation in vitro. A, After dissociation from aggregates
grown under germline-inducing conditions, single cells were selected based on SSC/FSC. Then, single cells were identified
by comparison between SSC-area/SSC-height. Next, live cells were selected based on DAPI integration. Finally, PGCLCs
were identified for positive staining with SSEA1 and CD61 surface markers. Thresholds were set by fluorescence minus
one (FMO) conditions and negative control, i.e. cells cultured without germline-inducing cytokines. B, Representative
brightfield images of cultivated PGCLC aggregates at D4 generated from WT and TKO cells cultured in presence or
absence of PGCLC-inducing cytokines. Scale: 250um. C, Expression of PGCLC markers measured by RT-gPCR in WT
(blue) and TKO (orange) PGCLCs. Data shown are mean + SD from biological triplicates ACT values normalized to Arplp0
and Rrm2 (two-tailed unpaired student t-test). D, Representative FACS plot of SSEA1-Pos and CD61-Pos WT and TKO
PGCLCs generated from ESCs and EpiLCs at different time points. Cell percentages are indicated in each quarter.
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Extended Fig. 5 | Bulk RNA-seq analysis of WT and TKO PGCLCs. A, PCA from bulk RNA-seq of WT (circles) and
TKO (squares) EpiLC and PGCLC differentiation in biological duplicates. Axes indicate variance, black arrows
represent hypothetical trajectory. B, Small multiple bar plot showing contribution of each WT and TKO sample to the
variance of the main principal components during EpiLC and PGCLC differentiation. C, Volcano plots showing
differential gene expression in late TKO PGCLCs over TKO EpiLCs in Log2FC versus -log10(adj. pvalues). Red: Up-
regulated genes; Grey: down-regulated genes ; Green: PGCLC genes; Yellow: naive pluripotency genes; Purple:
primed pluripotency genes. Thresholds set up at FDR <5% and FC>1. Data shown were obtained from biological
triplicates or duplicates.
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Extended Fig. 6 | Cluster identification in scRNA-seq analysis of WT and TKO EpiLCs. A, Dotplot displaying the
number of genes over the number of reads per analyzed cell. Threshold was set up at a minimum of 7500 genes detected
(red dashed line). B, Heatmap of top expressed markers identified in each cluster compared to all the others. Data shown
is LogFC. C, Ridgeplot displaying germline gene expression (in Log scale) in each identified cluster for WT and TKO cells.
D, Violin plot of WT (blue) and TKO (orange) transcriptional noise, calculated from the top 500 most variable genes as
described in Mohammed et al. 2017. E, UMAP dimensionality reduction of scRNA-seq data from WT and TKO EpiLCs
highlighting expression of key markers of EpiLC differentiation for a total n= 672 cells, from two biological duplicates.
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Extended Fig.8 | Characterization of ATAC, H3K27ac and H3K27me3 profiles during WT and TKO EpiLC
differentiation. A, Correlation heatmaps of ATAC, H3K27ac and H3K27me3 during WT and TKO EpilLC differentiation.
Scale represents Pearson correlation with the relationships between the clusters represented by cluster dendrogram.
B, Upset barplot showing overlaps between DE peaks in TKO over WT for ATAC, H3K27ac and H3K27me3. C, Boxplot
showing enrichment in Log(RPKM+1) of ATAC, H3K27ac and H3K27me3 marks at bivalent regions (n=1568) as
defined in Kurimoto et al., 2015, for WT (Blue) and TKO (orange) cells during EpiLC differentiation. Data shown are the
median with upper and lower hinges corresponding to 75 and 25% quantile (two-tailed unpaired student t-test). D,
UCSC tracks for ATAC (green) and H3K27me3 (red) around 2 genes involved in neurogenesis (Asci? and Scg5)
showing decreased H3K27me3 enrichment at D2 and increased ATAC at D4 in TKO EpiLCs over WT. E, UCSC tracks
for ATAC (green) and H3K27ac (blue) around 2 genes involved in PGC specification (Tfep2/1 and Zfp42) showing
increased ATAC (green) and H3K27ac (blue) in D4 TKO over WT EpilLCs.
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Extended Fig. 9 | Uncoupling between chromatin changes and expression changes in TKO EpilLCs. A, B, and C,
Scatterplots showing Differential Enrichment in log2 Fold-change in (A) ATAC at D4, (B) H3K27ac at D4, (C) H3K27me3
at D2 vs Differential Expression in log2 Fold-change in RNA-seq. Peaks were annotated to genes at close proximity (<3kb
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number of genes marked by (A) ATAC in green, (B) H3K27ac in blue at D4, and (C) H3K27me3 in orange at D2 EpiLCs.
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Extended Fig. 10 | Transcription factors and differential dynamics of DNA methylation prime TKO cells for neural
and germline fate. A, Bubble plot of HOMER analysis for top 20 enriched TF binding motifs at all enhancers in TKO and
WT cells during EpiLC differentiation for each time points. Factors that are DNA methylation-sensitive or regulated by DNA
methylation are highlighted with (*). Factors are color-coded for their association with ESC (Yellow) and EpiLC (Red) states,
as defined in Yang et al., 2018. B, Table for de novo motif analysis in HOMER at NPC-, PGCLC- and DE Enhancers.
Groups of motifs and associated factors that were identified in previous binding motifs analysis are represented. C, Bubble
plot of HOMER analysis for top 20 enriched TF binding motifs at endoderm and mesoderm enhancers. D, DNA methylation
analysis at enhancers. Top panel: global GC content as a ratio of observed/expected GC nucleotides. Lower panel:
dynamic of mCpGs in WT cells during EpiLC differentiation at enhancers determined using public WGBS datasets
(Greenberg et al., 2019). E, Growth curve during mesoderm differentiation of WT and TKO cells. Data are mean = SD in
biological triplicates (two-tailed unpaired student t-test).
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Table 1. Antibody list.

Target/Conjugate Reference Features Application and dilution
SSEA1-APC Thermo 50-8813-42 Mouse Monoclonal PGCLC Sorting
Undiluted
CD61-PE Biolegend 04307 Hamster Monoclonal PGCLC Sorting
1/10
TFAP2C Santa-Cruz sc12762 Mouse Monoclonal PGC staining
1/200
Anti-mouse CY5 Jackson ImmunoResearch Donkey Polyclonal PGC staining
715175151 1/100
Anti-Rabbit IgG (H+L) Invitrogen A21206 Donkey Polyclonal PGC staining
Alexa Fluor 488 1/200
H3K27ac Active motif 39133 Rabbit Polyclonal Cut&Run
1/200
H3K27me3 CST 9733S Rabbit Monoclonal Cut&Run
1/200
IgG Sigma 15006 From Rabbit serum Cut&Run
1/200
pMNase Home made Cut&Run
1/400
DNMT1 CST 50328 Rabbit Monoclonal Western blot
1/1000
DNMT3A Abcam ab188470 Rabbit Monoclonal Western blot
1/2000
DNMT3B Abcam ab122932 Rabbit Polyclonal Western blot
1/1000
PCNA DAKO M0879 Mouse Monoclonal Western blot
1/2000
Anti-Mouse IgG (H+L), Thermo Fisher Scientific G-21040  Goat Polyclonal Western blot
HRP 1/10000
Anti-Rabbit IgG (H+L), Thermo Fisher Scientific G-21234  Goat Polyclonal Western blot
HRP 1/10000
Table 2. Oligos et Primers
Targets Forward Reverse Application
Oct4 (Pou5f1) GTTCAGCCAGACCACCATCT ACTCCACCTCACACGGTTCT qPCR Pluripotency
Nanog TACCTCAGCCTCCAGCAGAT CCACCGCTTGCACTTCAT gPCR Pluripotency
Sox2 CACAGATGCAACCGATGCA GGTGCCCTGCTGCGAGTA qPCR Pluripotency
Esrrb CAGGCAAGGATGACAGACG GAGACAGCACGAAGGACTGC gPCR Pluripotency
Rex1 (Zfp42) ATCGCTGTGGGCATTAGAGA CGATCCTGCTTTCTTCTGTGT gPCR Pluripotency
Fgf5 GGGATTGTAGGAATACGAGGAGTT TGGCACTTGCATGGAGTTT gPCR Priming
Otx2 CCACTTCGGGTATGGACTTG GTCCTCTCCCTTCGCTGTTT qPCR Priming
Hoxal GTGACTAGTCTTCTGCATGTCG TCTGCTCTGGACCACATCACTC gPCR Mesoderm
Foxa2 CCCTACGCCAACATGAACTCG GTTCTGCCGGTAGAAAGGGA gPCR Mesoderm
Gata4 GAAAACGGAAGCCCAAGAACC TGCTGTGCCCATAGTGAGATGAC gPCR Mesoderm
Lhx1 ACAAGTTCGTTTGTAAAGAGGATT TGGCACTTTCAGAGTCCTTGG gPCR Mesoderm
T (Brachury) TCCCGAGACCCAGTTCATAG TTCTTTGGCATCAAGGAAGG qPCR Mesoderm/
Sox1 GCCTTCATGGTGTGGTCCC GGTGTTCCTTCATGTGCAGC qPCR Neural
Nestin CTCCTGTGACAGCCTTTCTGAAG AGGATAGGGAGCCTCAGACATAGG qPCR Neural
Ascl1 CCAACTACTCCAACGACTTGAACTC TCCTGCCATCCTGCTTCCAAAG qPCR Neural
Tfap2c (Ap2y) ATCAAGATCGGACACCCAAC ATGGCGATTAGAGCCTCCTT qPCR Germline
Prdm14 ACAGCCAAGCAATTTGCACTAC TTACCTGGCATTTTCATTGCTC qPCR Germline
Prdm1 (Blimp1) GAGGATCTGACCCGAATCAA CATGGAGGTCACATCGACAC qPCR Germline
Stella AGGCTCGAAGGAAATGAGTTTG TCCTAATTCTTCCCGATTTTCG qPCR Germline
Rrm2 CCGAGCTGGAAAGTAAAGCG ATGGGAAAGACAACGAAGCG gPCR Normalisation
Rplp0 TCCAGAGGCACCATTGAAATT TCGCTGGCTCCCACCTT gPCR Normalisation
Dnmt1 ATCTCCCGAGTAGGCCTGAG CCACGAGAGGCCATTTCTGT Genotyping TKO
Dnmt3a GCTGTTCAGTGCTCCACCT CACCTCTTTGAACAAGAGAACTTTCT Genotyping TKO
Dnmt3b AAGCATGAAGGCCAGATCAAA AAGCCATTCTCGGTGCCAA Genotyping TKO
sgRNA Dnmt1 CACCGTGTGGTGGGCCACCCTGCCA CACCGTGTGGTGGGCCACCCTGCCA CRISPR.Cas9 KO Dnmt1
sgRNA Dnmt3a CACCGACAATGGAGAGGTCATTGC AAACGCAATGACCTCTCCATTGTC CRISPR.Cas9 KO Dnmt3a
sgRNA Dnmt3b CACCGCGTTAGAGAGATCATTGCAT AAACATGCAATGATCTCTCTAACGC CRISPR.Cas9 KO Dnmt3b
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| 1. General Summary I

Robin Holliday, in 1975, was among the first scientists to postulate that “certain base
modifications could [...] control the activity of adjacent structural genes [...] and
operate developmental clocks which turn genes on or off.” (Holliday and Pugh,
1975). The study of the interplay between DNA methylation and development has
since become a very active field of research for over 50 years. DNA methylation has
proven to be an extremely stable and heritable mark, and its repressive role on gene
expression has been well-established. Early on, DNA methylation appeared as a
strong candidate for epigenetic regulation, with implications spanning from regulating
cell identities during development, to non-genetic heredity and emergence of
pathologies (Greenberg and Bourc’his, 2019). But it is only with the advent of
molecular biology and in vitro models of cell culture that the exploration of the function
of DNA methylation in development was truly unleashed. Indeed, while in vivo studies
unambiguously demonstrated that DNA methylation was a developmental necessity,
it is only with the derivation of in vitro embryonic stem cells (ESCs) devoid of DNA
methylation that the relationships between DNA methylation and embryonic stem cell
identity started to be uncovered (Lei et al., 1996; Okano et al., 1999; Sakaue et al.,
2010; Tsumura et al., 2006). Since then other groups have used TKO cells to uncover
regulation of DNA methylation on transcription factors activity (Domcke et al., 2015;
Grand et al., 2021), on histone marks (Brinkman et al., 2012; Karimi et al., 2011),
regulation of transposable elements or germline genes (Velasco et al., 2010; Walter et
al., 2016), early differentiation of embryonic stem cells (Schmidt et al., 2012), and so
on... Yet, as | started my PhD work, some key questions remained to be answered.
First, while it was shown that DNA methylation is densely acquired during
epiblast differentiation at regulatory elements of naive pluripotency genes, the exact
role of DNA methylation in regulating the exit of naive pluripotency and priming of
stem cells remained nebulous. Then, despite a crucial role in repressing germline
genes in somatic cells and in preventing precocious gametogenesis in early germ
cells, the function of DNA methylation in the specification of primordial germ cells
(PGCs) remained largely unexplored. Finally, contrasting results had been previously

observed in somatic differentiation of Dnmt-TKO ESCs, thus we sought to shed some
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new light on the potentialities of DNA methylation-free ESCs to undergo early somatic
differentiation. To this end, | generated our own Dnmt-TKO cell line using CRISPR-
Cas9 editing, and made extensive use of differentiation protocols, functional assays
and genome-wide profiling to characterize the ability of TKO cells to exit pluripotency,
be primed and induce progenitors of somatic and germline lineages. During this study,
| only worked with male stem cells. While mammalian female ESCs can sustain the
same differentiation protocols, they display a delayed kinetics when compared to
male ESCs, as the regulation of X chromosome inactivation impacts the exit of naive
pluripotency and the differentiation of the epiblast towards the germline (Schulz et al.,
2014; Severino et al., 2022). In my opinion, while in vitro differentiation protocols have
their limitations and drawbacks—that | will cover later in this discussion—they also
present some significant advantages. Most notably, they recapitulate the main
dynamics of major chromatin marks and allow for proper gene expression compared
to in vivo pluripotent embryonic cells (Hayashi et al., 2011; Shirane et al., 2016; Q. L.
Ying et al., 2003), and they also provide enough material for a wide-range of
downstream applications, overcoming material limitation faced by in vivo models at
these developmental stages.

In this chapter, | will discuss some aspects of the main conclusions that | drew
from my study, and will try to open some new perspectives. Briefly, | showed that,
alike naive stem cells, epiblast stem cells do not rely on DNA methylation to support
their identity and functional properties. Therefore, | am proposing to extend the notion
of dispensability of DNA methylation in stem cells from the naive to the primed state.
Then, | found that DNA methylation is also dispensable for the induction of somatic
neural progenitor cells (NPCs), as gene misregulation only became evident after
several days of culture during NPC differentiation, with the reactivation of pluripotency
genes in late TKO NPCs. Moreover, it appeared that TKO cells have longer
opportunities to give rise to the germline without any apparent impact on transcription,
thus showing that DNA methylation is not critical for the regulation of the
transcriptome in early differentiating stem cells. Finally, | observed that the absence
of DNA methylation primes neural and germline fates as default routes, likely via the
action of DNA methylation-sensitive transcription factors that correlates with a

“relaxed” chromatin state that we found at putative enhancers of these lineages.
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| 2. DNA methylation in stem cells: a one-way relationship I

2.1 DNA methylation is dispensable for stem cell identities

2.1.1 Redundancy of repressive epigenetic marks in naivety

Mouse naive embryonic stem cells were known to tolerate combinatorial loss of
Dnmt1, Dnmt3a and Dnmt3b (Tsumura et al., 2006). This effect was also visible to us,
as our own E14 TKO cell line could be maintained in naive conditions (in serum/LIF or
2i-based media) without changes in morphology, growth rate or expression level of
main pluripotency markers. This dispensability of DNA methylation in naive stem cells
can also be extended to other epigenetic marks, like repressive H3K27me3 histone
modifications (Chamberlain et al., 2008). However, additive knock-outs of DNA
methylation, H3K9me3 and H3K27me3 induce cellular death after six to eight of
cultures, even in in 2i media (Walter et al., 2016). This suggests that, while repressive
epigenetic marks taken one at the time are largely unnecessary to support naive
identity, these marks may display some redundancy. The main view is that embryonic
epigenetic reprogramming—ending up with a reduced levels of repressive DNA
methylation at the blastocyst stage—is a by-product of the need to erase in the
embryo the parentally inherited gametic patterns of DNA methylation. As a
consequence, as hypomethylated stem cells become exposed to new threats like the
reactivation of TEs, this might have promoted the development of some redundant
and compensating strategies through other repressive chromatin marks. However,
since repressive epigenetic marks are also thought to be pivotal in stabilizing cellular
identity, their relevance for embryonic stem cells is not intuitive: these cells are
dividing fast and need to remain plastic and highly-responsive to signaling cues.
Instead, the control of naive pluripotent identity might fall in other hands than
repressive epigenetic marks. High levels of chromatin accessibility, activity of
transcription factor networks, and active histone marks may play a larger influence. In
line with this, we saw like others, that ESCs have high chromatin accessibility and also
display more diffuse heterochromatin domains (Meshorer et al., 2006; Schlesinger and
Meshorer, 2019).
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2.1.2 DNA methylation is not required for priming

| could further show that DNA methylation is also dispensable for exiting naive
pluripotency and for transitioning toward a primed pluripotency state. This was in
contrast to the general view (Geula et al., 2015; Weinberger et al., 2016). | validated
this observation first at the transcriptomic level, where | observed no striking changes
in gene expression compared to WT cells, with the exception of germline genes. Then
| demonstrated that in absence of DNA methylation, Epiblast-like cells properly
activated the proximal enhancer of Oct4 and were not prone to developmental
reversion. These findings, in our opinion, extend the window of dispensability of DNA
methylation to primed stem cells. Similarly, it has been formerly argued that repressive
H3K27me3 marks could also be dispensable for gene repression in early
differentiation and in PGCLC specification (Huang et al., 2021; Riising et al., 2014).
However, it might be necessary to point that we performed EpiLC differentiation for a
maximum of seven days only, which might represent an early state of primed
pluripotency, in opposition to stable epiblast-like primed colonies that may need few
rounds of passaging and longer culture time to be stably established (Brons et al.,
2007; Morgani et al., 2017). Yet, | also showed that DNA methylation-free stem cells

can contribute to the epiblast in vivo, in chimeric embryos.

2.1.3 Different Dnmt Knock-outs, different chimerae

The contribution of our E14 Dnmt-TKO cells to the epiblast of chimeric embryos
appeared at first puzzling to us. Indeed, it has long been shown that Dnmt71-KO,
Dnmt3B-KO or double Dnmt3A; Dnmt3B-KO mice poorly develop embryonic lineages
beyond E9.0-10.0 (Dahlet et al., 2020; Lei et al., 1996; Okano et al., 1999). Accordingly,
| observed a reduction in the size of the TKO chimerae at E7.5, supporting growth
retardation of embryonic tissues in absence of DNA methylation, but yet, TKO
embryonic cells were abundantly present in the epiblast. In particular, former studies
concluded that the lack of DNA methylation is only compatible with contribution to
extra-embryonic fate. This was observed in nuclear-transfer chimeras using the
original J1 Dnmt-TKO cell line (Sakaue et al., 2010), and in a recent aggregation assay
with double Dnmt3a; Dnmt3b-KO E14 ESCs (Kinoshita et al., 2021). Both studies
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showed that the Asc/2 imprinted gene—encoding a trophoblast transcription factor—
was upregulated during early differentiation of these DNA methylation-defective cell
lines, and most importantly, that Asc/l2 knock-out restored proper epiblast
contribution in chimerae (Kinoshita et al., 2021) (Figure 17A- 17B). However, this
Ascl2 upregulation did not appear to originate from loss of imprinting, as DNA
methylation is not involved in the regulation of this imprinted gene. In contrast, we did
not notice striking differences in Asc/2 expression in our own E14 Dnmt-TKO cell line
during epiblast differentiation compared with WT cells, which may explain the high
epiblastic contribution that we observed (Figure 17C). How our TKO cells properly
regulate Ascl2 expression remains to be explained. But it is worth noticing that both
the genetic background and the knock-out strategy can greatly influence the ability of
a mutant to differentiate, or not. As an example, it was observed that ESCs with a
catalytically inactive DNMT1 protein showed higher propensity to differentiate into the
primitive endoderm, which was not observed in complete Dnmt1-KO cells (Ito et al.,
2022). Moreover, cells with knock-down of Dnmt3A and Dnmt3B, demonstrate
delayed exit of naive pluripotency and epiblast differentiation, associated with loss of
DNA methylation at the Nanog promoter (Li et al., 2017). However, while the Dnmt3A,;
Dnmt3B-DKO E14 ESCs from the study of Dr. Kinoshita also targeted the catalytic
domain of DNMTs, the J1 TKO ESCs generated by Dr. Okano were made by targeted
disruption of Dnmt genes using vectors carrying antibiotic resistance genes. Hence it
could be interesting to see if knocking out Dnmt genes by CRISPR-Cas9 at catalytic
domains in the J1 ESC background could modify the contribution of J1 ESCs from
extra-embryonic to embryonic lineages, thus pointing toward a background or KO
strategy-dependent origin for differential contribution of ESCs in chimeras. Moreover,
we could also generate an additional Dnmt7-KO in the Dnmt3A; Dnmt3B-DKO E14
ESCs from Dr. Kinoshita’s study, and check if this could restore Ascl2 expression,

thus pointing at a mutant-type origin for this chimeric contribution discrepancy.
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2.2 Uncoupling transcription and epigenetic reprogramming

2.2.1 DNA methylation, critical for silencing naivety?

A recurrent observation | made throughout this work is the consistent ability of TKO
ESCs to properly silence naive pluripotency genes during EpiLC, NPC or
meso/endoderm differentiation, despite the absence of DNA methylation. It is at odd
with previous observations that naive pluripotency genes acquire DNA methylation at
their enhancers and promoters during priming (Bell et al., 2020; Kalkan et al., 2017).
This had led to the prevailing view that DNA methylation is an important repressor of
pluripotency genes during differentiation. However, while this applied to a subset of
DNA methylation-sensitive genes like Rex1/Zfp42, Esrrb, NrOb1, or Nanog, other core
pluripotency factors, like Sox2 and Oct4, or priming genes like Zic2, Zic3 and Zfp281,
do not show strong correlation between their transcription status and DNA
methylation level. Hence, it is unlikely that promoter DNA methylation could really
impact transcription and regulation of priming (Bogdanovic et al., 2011; Kalkan et al.,
2017). It is interesting to note that Rex7 expression is a classic marker for monitoring
the exit from naive pluripotency, but its expression is anticorrelated with DNA
methylation acquisition at its promoter (Kalkan et al., 2017; Wray et al., 2011). Since,
we have shown that naive pluripotency exit does not rely on DNA methylation, maybe
using another naive marker, not targeted by DNA methylation, like Nr5a2, could be an
interesting alternative to follow the dynamics of pluripotency transitioning.

Finally, single-cell RNA-seq (using SMARTseq2) showed no TKO-specific
cluster of cells, unequivocally demonstrating homogenous and synchronous
regulation of gene expression between WT and TKO cells at the single-cell level during
epiblast differentiation. This data also argue against the emergence of PGCLCs from
a population of EpiLCs with residual expression of naive genes, as it was recently
proposed (Aramaki et al., 2021; Kim et al., 2020). This is true in both WT and TKO
EpiLCs, furthermore disconnecting DNA methylation from a transcriptional control of
PGC specification. Yet, it is in contrast to human PGCs, which have been shown to
emerge from a population of progenitors that reactivate the naive pluripotency
program before specializing into germ cells (Chen et al., 2019). Why mouse PGCLCs

need a complete dissolution of pluripotency before specification is still an open
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question. Maybe it is wrong of us to think of naive pluripotent stem cells as the starting
point of embryonic lineages development in mice. In fact, naive pluripotency needs to
be overcome to enable differentiation in general, as exemplified by the necessity to
down-regulate Nanog to allow somatic and germline differentiation (Di
Giovannantonio et al., 2021; Trott and Martinez Arias, 2013), which we also observed
in all of our differentiation protocols (Figure 17D). In contrast, in humans, stem cells
in the blastocyst more closely resemble mouse primed pluripotent stem cells. The
accelerated preimplantation development in mice may be the reason for the
persistence of naive stem cells in the blastocyst (Messmer et al., 2019) but this state
might just represent the final stage of “blank” reprogramming. Finally, priming of these
naive cells may truly allow them to acquire pluripotency, functionally speaking, as
postulated by the formative pluripotency model of Austin Smith (Smith, 2017). Since
DNA methylation might be required for the repression of naive pluripotency and PGCs
reactivate the pluripotency program, our initial hypothesis was that TKO cells could
take a developmental ‘short-cut’, and be more prone to give rise to the germline by
incomplete loss of pluripotency gene expression. While TKO ESCs do in fact show
extended ability to give rise to PGCLCs, this effect seems to be independent from a

role of DNA methylation on gene transcription.

2.2.2 DNA methylation at naive regulatory elements, critical for priming?

As de novo DNA methylation occurs simultaneously with naive-to-primed
pluripotency transition in the epiblast, it is legitimate to question the role of DNA
methylation in this transition. We found that the lack of DNA methylation changes the
distribution of H3K27ac and H3K27me3, as well as global chromatin accessibility in
EpiLCs. More specifically, we observed retention of H3K27ac and ATAC signal in
putative enhancers associated with NPC and PGCLC genes. While | will discuss later
how these local, specific enrichments are achieved, | will first focus on the
relationships between DNA methylation and these marks, and why these changes
may also not impact transcription.

The globally accepted “follower model” is that DNA methylation is directed and
deposited according to histone modifications, in particular H3K4me3 and H3K36me3

that are sensed by specialized domains in de novo DNMT3 proteins. However, the
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Fig. 17 | Chimerae, DNA methylation-sensitive enhancers and phylotypic stage

A. Chimerae made with Dnmt3A/Dnmt3B-DKO ESCs, at E6.5, with rescued epiblastic contribution
when Ascl2 gene is knocked-out (Kinoshita et al, PNAS 2021). B, Barplot showing Oct4, T, and Ascl2
expression in Dnmt-TKO ESCs undergoing general differentiation after LIF withdrawal, assessed by
RT-gPCR. (M. Sakaue et al, Current Biology 2010) C. Expression of Ascl2 in our RNAseq data for
EpiLC differentiation in E14 WT and TKO cells (n=2). D. Downregulation of Nanog in early days of
NPC, Meso/endoderm and EpiLC differentiation, as a read-out of exit of naive pluripotency before
lineage commitment. E. Graphical representation of the control of DNA methylation at sensitive
enhancers. Briefly, a subset of enhancers demonstrate differential binding of transcription factors
(TFs) depending of methylation status, while the majority of enhancer remain mostly insensitive
(Kreibich et al, BioRxv 2022). F. Volcano plot showing TFs binding occurrence in accessible regions
(DHS) in TKO cells compared to all accessible regions in WT, colored according to CpG content in
binding motifs (Domcke et al, Nature 2015). G. Graphical representation of the 'Hourglass" model,
representing the bottleneck of high transcriptomic similarity in different vertebrate species during early
embryonic development. H. Spearman correlation score (p) from the comparison of ortholog gene
expression profile at different embryonic development times, in different vertebrate species. High p
score is associated with higher transcriptomic similarity between these species at this specific stage
(Irie et al, Nature Communications 2011).
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hierarchy may be different at promoters and enhancers for histone marks H3K27ac
and H3K27me3 for which DNA methylation is rather instructive. Moreover, this effect
seem to be highly dynamic and reversible, as reintroduction of DNMTs allows re-
establishing WT chromatin profiles (King et al., 2016). On one side DNA methylation
could limit H3K27ac profiles by regulating the binding of DNAme-sensitive
transcription factors (TFs), and on the other side DNA methylation could impact the

deposition of H3K27me3 depending on the CpG density and genomic context. While
we saw thousands of regions with differential gain of H3K27ac and ATAC signal in
TKO EpiLCs, only a few hundreds of genes were subsequently upregulated. While it
has been previously shown that accumulation of H3K27ac does not necessarily
correlate with changes in transcription during epiblast differentiation (Zylicz et al.,
2015), it remains puzzling to us why so few genes are affected. This decoupling could
be due to weak enhancer/promoter interactions, as it was shown that naive cells
demonstrate more open chromatin landscape with loss of local chromatin interactions
(McLaughlin et al., 2019; Schlesinger and Meshorer, 2019). Promoter/enhancer
interactions are more likely to happen when they are found in the same topologically
associated domain (TAD) (Zuin et al., 2022). Because we see higher chromatin
accessibility in absence of DNA methylation in TKO EpilLCs, it is possible that this
relaxed chromatin state reduces the definition of TADs and thus, the probability of
promoter/enhancer interactions, hence minimizing the impact of local changes in

histone modifications on gene expression.

179



| 3. A head start in cell fate decisions for DNA methylation I

3.1 DNA methylation, an instructor of formative pluripotency

3.1.1 The absence of DNA methylation promotes “hyper-formativity”?

We propose that while DNA methylation does not regulate the transcriptional program
associated with priming, its absence promotes the adoption of an “hyper-formative”
state, rendering the cells more sensitive to specific differentiation cues. There are
indeed a few defining characteristics that could support this notion (Morgani et al.,
2017; Smith, 2017). First of all, the competence to give rise to the germline is
considered a defining feature of formative stem cells, and while we clearly observed
that WT ESCs lose this ability after 40h of epiblast differentiation, the TKO cells
demonstrate an extended time-window for germline specification. Of note, we never
managed to locate specialized TKO PGCs in our chimeras by whole-mount
immunofluorescence, because of low number of PGCs specialized at E6.5, low yield
and retarded growth in aggregated chimeras, and suboptimal antibodies against
markers of the nascent germline. Despite this, when performing the dual-luciferase
assay, | found normal Oct4 enhancer switch in TKO ESCs vs EpiLCs, but this trend
was less pronounced in absence of DNA methylation, suggesting that a large
proportion of TKO EpiLCs might still carry an active Oct4 distal enhancer or both
active enhancers. This goes along with the proposition that the Oct4 enhancer switch
is not binary in vivo, and that simultaneous mobilization of both enhancers is to be
expected in intermediate pluripotent states (Han et al., 2070). Finally, fully primed stem
cells normally lose the active chromatin signature reflective of the naive state, with
strong increase in H3K9me3, H3K27me3 at bivalent regions, or reduced chromatin
accessibility, for example (Bernard et al., 2022; Nicetto et al., 2019; C. Wang et al.,
2018). In contrast, | observed that TKO EpiLCs seem to retain a relaxed chromatin
landscape, possibly rendering them more sensitive to differentiation cues. It would be
interesting to functionally assert the hyper-formativity of our TKO EpiLCs by testing
their contribution in chimerae, as it is expected that fully primed stem cells could have

poorer contribution to chimerae than formative —or early-primed —TKO EpilLCs.
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3.1.2 How DNA methylation and in vitro models affect formativity?

Using RNA-seq, we also noticed that transient priming occurs during NPC
differentiation of TKO cells, around two days of differentiation. This supports the
notion that formativity is acquired when differentiating stem cells toward somatic
lineages, even in absence of DNA methylation. Hence, it is unlikely that DNA
methylation, or other repressive marks, play a direct role in the regulation of
formativity, as its establishment is made in full in primed EpiLCs or even in lineage
progenitors (Minoux et al., 2017; Nicetto et al., 2019). But they could contribute more
indirectly by prepping formative cells to be properly addressed to specific lineages
later in development. Most notably, some studies argued that the progressive
establishment of epigenetic marks, despite not directly controlling gene expression,
could contribute to transcriptional heterogeneity and thus, facilitate cell fate
commitment (Bleckwehl et al., 2021; Eldar and Elowitz, 2010; Mohammed et al., 2017).
However, when we looked in our TKO EpiLCs, we could not detect changes in
transcriptional heterogeneity, excluding this mechanism as a way for DNA methylation
to regulate formative pluripotency.

One limitation that we could raise for in vitro models, is that they tend to
demonstrate a “slowed-down” development. Indeed, two days are required to reach
a formative state during EpiLC differentiation, and then at least a week to obtain stable
cultures of primed stem cells. Instead, naive-to-primed transitioning occurs in 2-3
days in vivo. Hence, in vitro models tend to artificially stretch development as a
sequence of well-defined, separate, events. In his definition of formative pluripotency
features, Austin Smith argued for a clear separation between transcriptional
programs, with complete absence of naive genes in formative cells, and low induction
of early post-implantation markers. However, it has been shown that naive genes, like
KIf4, and post-implantation genes, like Otx2 and Oct6, can be found co-expressed in

vivo in the transition from naive-to-primed pluripotency, at E5.0 (Neagu et al., 2020).
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3.2 DNA methylation harmonizes differentiation routes

3.2.1 DNA methylation decommissions neural and germline-associated
enhancers

We have shown that the lack of DNA methylation allows for priming, and promotes
some kind of “hyper-formativity” in stem cells, without major impact on transcription,
but rather by promoting the retention of active chromatin signatures. This peculiar
epigenetic landscape in TKO EpiLCs is associated with extended opportunities to give
rise to the germline, and proper induction of a somatic neural fate. We could reconcile
these two observations by observing that H3K27ac and ATAC signal gain was
especially strong at neural and germline putative enhancers in TKO EpiLCs. This is in
contrast with enhancers of other somatic lineages, like mesoderm and endoderm, that
kept normal levels of these marks compared to WT EpiLCs. Further characterization
of these putative elements revealed that neural and germline enhancers are more GC-
rich, and less methylated during EpiLC differentiation than other lineage enhancers,
which is in line with previous observations (Argelaguet et al., 2019a). Moreover,
transcription factors binding motifs and footprinting analysis revealed that neural and
germline enhancers share a large overlapping network of TF binding sites, among
them many are known to be sensitive to DNA methylation.

It was recently shown that for a subset of DNA methylation-sensitive lineage
enhancers, DNA methylation turnover is central for regulating TF binding in pluripotent
and in early differentiated cells (Charlton et al., 2020; Kreibich et al., 2022). Therefore,
it is tempting to speculate that DNA methylation establishment at these sensitive
putative enhancers during epiblast differentiation is critical to temper the induction of
specific lineages, avoiding their strong activation (Figure 17E-17F). Moreover, it was
shown that DNA methylation also affects histone acetylation levels (Cusack et al.,
2020; Hon et al., 2014). Hence, the absence of DNA methylation and subsequent TF
binding might promote local chromatin accessibility and active histone marks
retention, resulting in the priming of neural and germline putative enhancers for rapid
activation upon differentiation. Then, beyond DNA methylation-sensitive factors, we
also noticed strong mobilization at the binding site for the pluripotency factors, like

OCT4, in TKO EpiLCs at these DNA methylation putative enhancers. These proteins
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are well-studied pioneer transcription factors that can promote chromatin
accessibility. For example, OCT4 protein, even when present at low level, has been

associated with chromatin opening (Xiong et al., 2022).

3.2.2 DNA methylation counteracts neural and germline fates as default
routes

The absence of DNA methylation does not provide permissiveness for differentiation
into all lineages. In fact, when we performed meso/endoderm somatic differentiation,
we observed that TKO cells properly repressed pluripotency genes, but mis-regulated
meso/endoderm markers while they up-regulating neural genes. Similarly, in absence
of pro-germline differentiation cytokines, TKO cells still yielded the capacity to
generate PGCLCs (yet, to a lesser extent than in normal conditions). This supports
that neural and germline fates constitute default routes of differentiation in absence
of DNA methylation, when exposed to differentiation cues, in regard to other fates.

We propose that the apparent inability of TKO cells to efficiently undergo
meso/endoderm differentiation is probably due to the “over-induction” of the neural
network, impairing correct harmonization of the different cell fates. This could resolve
the puzzling observation we made when we observed strong cellular lethality for TKO
cells in embryoid bodies grown in somatic culture conditions, but not when these
aggregates are formed in germline culture conditions. Indeed, in somatic embryoid
bodies, the cells have to drive themselves in their differentiation toward the three
somatic germ layers (Koike et al., 2007). If the lack of DNA methylation affects the
ability of the cells to correctly adopt mesoderm of endoderm identities due to a strong
epigenetic determinism promoting neural fate, this could result in decreased cellular
viability. In contrast, when we derive PGCLCs in vitro, we promote the differentiation
toward one specific lineage, furthermore one with strong epigenetic determinism,
explaining their greater survivability.

In fact, they are other occurrences of epigenetic determinisms in development,
promoting default routes and requiring partial epigenetic reprogramming in progenitor
cells to facilitate the adoption of one fate compared to another one (Banerjee et al.,
2018; Izzo et al., 2020; Rauch et al., 2019). Most notably, it has been proposed that

the ectoderm lineage—and neural identity—constitutes a default pathway of

183



differentiation in early ESCs (Argelaguet et al., 2019a; Mufoz-Sanjuan and Brivanlou,
2002). Our observations during differentiation protocols strongly supports this model,
and suggests that DNA methylation restricts neural identity and harmonizes cell fate
decisions against epigenetic predeterminism. Additionally, we propose that the
germline lineage constitute another default route of development, as PGCLC
enhancers showed similar sensitivity to DNA methylation than neural enhancers and

seem to be targeted by the same set of DNA methylation-sensitive TFs.

3.2.3 Why neural and germline identities constitute default routes in
development?

Why such asymmetries exist in cell fate decisions remains unanswered. Besides,
since default routing exists across diverse differentiation paths during embryogenesis
and adulthood, it will be probably hard to find a unifying model explaining all
processes underlying default routing. However, in the examples of which | have
knowledge, chromatin marks, like DNA methylation, are central for attenuating default
routing, with their removal often skewing differentiation in one direction (/zzo et al.,
2020; Kim et al., 2020). Yet, | would like to attempt to propose one possible
explanation as to why some fates (especially the neural fate) need such tempering, in
the context of the early embryo.

Among vertebrates, there is a highly conserved phylotypic stage of early
development, around the pharyngula stage (Figure 17G-17H)—the exact stage is still
debated —where various ectoderm-derived structures emerge (like neural tube, neural
crest cells, olfactory pit) (Irie and Kuratani, 2017). We can imagine that such
conservation promotes high selective pressure on upstream development, in which
any impairment could have drastic impact in the subsequent developmental stages.
Therefore, we can imagine that embryonic stem cells may be evolutionary constrained
to give rise to neural and ectoderm-derived structures. In this optic, epigenetic marks
could be put in place to mitigate this tendency. Indeed, it was shown in a recent
preprint that DNA methylation, and DNA methylation-sensitive TFs (notably KLF, ETS,
FOXO factors) have a highly conserved function of stabilizers of tissue-specific cell
identities among vertebrates (Klughammer et al., 2022). Why the lack of DNA

methylation also favors the germline is more difficult to explain. In my opinion, the fact
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the many TFs are involved in the regulation of both neural and germline fates could
provide a partial explanation, in which the epigenetic control over germline enhancers
is a secondary effect to the ectoderm/neural specificity. It is interesting to note that
there is a striking similarity between the proteome and transcriptome of the brain and
testes tissues in mice and humans (Matos et al., 2021). While on an evolutionary angle,
such brain-testes axis could be explained by the central role played by these tissues
on the speciation process (Wilda et al., 2000), the question about why some TFs
commonly regulate NPC and PGCLC enhancers warrants more investigation.

The role of enhancers methylation in the regulation of lineage routes has been
observed in other species. For example, in zebrafish embryos, some enhancers
regulating expression of genes involved in adult tissue formation get hypermethylated.
This “dememorization” process is thought central to temporally regulate the activity
of these enhancers and avoid their precocious activation during embryogenesis (Wu
et al., 20217). This is remnant of the function we propose for DNA methylation at
PGCLC/NPC enhancers that get progressively methylated in embryogenesis to timely
regulate their activation.

Then, other hypothesis were proposed to explain how default developmental
routes could emerge. One model simply propose that different cis-regulating
strategies could be in control of different lineage allocation. While one lineage could
depend on differential availability of some specific cis-regulatory elements (CREs)
determinant in its induction, other lineages would rather rely on differential binding
strategies where binding of specific factors could be determinant in the lineage
specification (Delas et al., 2022). As a consequence, while the former strategy require
deep chromatin remodeling for proper lineage allocation, the differential binding
strategy only require different gene regulatory network (GRN) configurations. Finally,
some argued that default routes also could emerge from differential attractivity of
different GRNs. Indeed, while GRNs are central in defining new cell identities and cell
types, they play also a central role in preventing cellular trans-differentiation or
reprogramming. Hence, one could imagine that some GRN act like “higher attractors”
and are more efficient in prevent cell fate changes. But this “Higher attractor theory”
is still debated in the field (Sparta et al., 2022).
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| 4. Final Perspectives and Conclusions I

4.1 Limitations and future perspectives of the study

4.1.1 Be aware of your genetic background and culture conditions

When | started this project, | found intriguing that two research groups came to
different conclusions about the role of DNA methylation upon differentiation while
using similar protocols and the same J1 Dnmt-TKO ESC line (129S4/SvJae strain).
Briefly, one team showed that J1 TKO cells could not properly survive EBies
differentiation, but nevertheless normally repressed pluripotency genes (Sakaue et al.,
2010), while the other observed long-term culture of J1 TKO EBies, but impaired
repression of pluripotency genes and somatic markers (Schmidt et al., 2012). This
discrepancy prompted us to generate our own Dnmt-TKO cell line from an ESC line
with lower passage to avoid any possible genetic and epigenetic drifts. We also used
an ESC line with a slightly different genetic background (E14, 129/0la strain), which
is widely used in the ESC community. At the end, the results | obtained with our E14
TKO cells are more in line with the findings of Dr. Sakaue (Sakaue et al., 2070): poor
viability of TKO EBies, with nonetheless a proper exit from pluripotency.

Early on in the project, | tested how would the J1 TKO ESCs survive epiblast-
like differentiation in our hands. Interestingly, during epiblast differentiation, the J1
TKO cells grew less that WT cells, but did not demonstrate stronger apoptosis.
However, contrary to the early passage TKO E14 EpiLCs, J1 TKO EpiLCs had
impaired activation of the proximal enhancers of Oct4, and higher reversion abilities
toward a naive state, suggesting improper or delayed priming. This was associated
with uncomplete repression of naive pluripotency genes. Finally, | tested a directed
neural differentiation protocol that required a transient neurosphere growth phase
(Figure 18A-F). Our E14 TKO cells could not survive this aggregated phase, which
was in contrast to the J1 TKO which never managed to activate neural genes and to
repress pluripotency markers, in line with the results obtained by Dr. Schmidt
(Schmidt et al., 2012).
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How such differences can arise between different ESC lines is difficult to
assess. It was shown in some studies that genetic background can influence the
regulation of naive pluripotency and progression during epiblast differentiation (Byers
et al., 2022; Ortmann et al., 2020). Moreover, time spent in culture is also a source of
stress for embryonic stem cells, leading to chromosomal abnormalities and affecting
the ability of the cells to properly differentiate. Strikingly, it has been described that
both E14 and J1 ESC lines are especially susceptible to aneuploidy (Choi et al., 2017;
Gaztelumendi and Nogues, 2014). Despite this, when we karyotyped our E14 cells, |
did not see high proportion of aneuploid cells. Furthermore, functional analyses on
primed E14 TKO cells at a higher passage did not demonstrate strong differences
with low passage E14 TKO cells in regards to Oct4 enhancer switch and reversion
propensity (data not shown). Overall, this suggests that culture conditions and
background can greatly influence the conclusions that can be drawn from cultured
ESCs. Yet, the fact that we can still find convergent interpretations between our
experiments on E14 TKO cells, and the findings from Dr. Sakaue with J1 TKO cells,

supports our conclusions, beyond strain and technical variations.

4.1.2 Adapting our strategy

When | found that TKO cells presented longer opportunities to give rise to the
germline, | initially thought that this could be due to subtle variations in the expression
of some genes associated with the germline fate, in absence of DNA methylation.
Hence | turned to a SMARTseq2 single cell RNA-seq approach, which can detect
genes with low expression levels, but only allows processing of a limited number of
cells, mostly because of operation costs (Picelli et al., 2014). However, later on, our
epigenome profiling revealed that the absence of DNA methylation primed the cells to
adopt neural or germline fates, by allowing stronger licensing of a subset of putative
enhancers for these cell types. This suggests that normally, in the WT background,
only a few cells likely carry low methylation levels at these enhancers, and are being
skewed toward these fates during EpiLC differentiation. If we had anticipated that
these events might be rarer than we initially expected, we could have adopted a more

suitable strategy to capture specific gene expression patterns only present in a few
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Fig. 18 | ESCs of the J1 background diverge in their abilities for differentiation and the role of metabolism

WT TKO
E14 D4

A. Growth curve of J1 WT (Black) and J1 TKO (Yellow) cells during EpiLC differentiation, data shown are from biological
triplicates with mean + SD. B. Apoptosis rate measured by live staining of Caspase 3/7 on Incucyte system of J1 WT and
J1 TKO cells, data shown are from biological triplicates with mean + SD. C. Barplot displaying number of counted reverted
ESC colonies after alkaline phosphatase staining from J1 WT and J1 TKO EpiLCs at different days of EpiLC
differentiation, data shown are from biological triplicates with mean + SD. D. Barplot representing Luciferase activity from
distal (dark grey) and proximal (light grey) enhancers of Oct4 in J1 WT and TKO ESCs and D4 EpiLCs, data shown are
mean + SD from biological triplicate (two-tailed unpaired student t-test, *p<0.05, **p<0.005, ***p<0.0005). E. Heatmaps
of pluripotency-associated markers showing normalized Log2 CPM counts during J1 WT and TKO EpiLC differentiation,
expression is obtained for each condition from the average between biological duplicates. F. Barplot representing Log2
gene expression over WT ESCs, in E14 and J1 backgrounds for WT and TKO cells during neural differentiation, data
shown are mean + SD from biological triplicate with mean + SD (two-tailed unpaired student t-test, *p<0.05, **p<0.005,
***n<0.0005). G. Graphical representation of metabolic switch during naive-to-primed transitioning. Briefly, EpiLCs lose
OxPhos metabolism as Glycolysis is established, but exposing EpiLCs to OxPhos metabolite aKG extends OxPhos and
promotes germline fate (Tischler et al, Embo Reports 2018). H. Heatmaps of OxPhos metabolism-associated genes
showing normalized Log2 CPM counts during E14 WT and TKO EpiLC differentiation, expression is obtained for each
condition from the average between biological duplicates.
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WT cells. Namely, we could have turned instead to Chromium 10X approach which,
whilst demonstrating lower coverage than SMART, would have allowed to process
more cells, increasing our chance to capture EpiLCs with skewed fates towards a
neural or the germline fate (Guo et al., 2019).

Moreover, other histone marks have been shown to define the priming of
enhancers for specific cell fate decisions in epiblast differentiation. In particular, a
subset of PGCLC-associated enhancers transiently accumulate MLL3/4-dependent
H3K4me1 during EpiLC differentiation: this mark highlights germline competence and
disappear from these enhancers upon further priming (Bleckwehl! et al., 2027). Hence
it could be interesting to check if the absence of DNA methylation could affect the
decommissioning of H3K4me1 at PGCLC enhancers, thus extending the time-window

of germline competence during epiblast differentiation.

4.1.3 Metabolism, a possible new avenue?

Little is known about the control of metabolism in the nascent germline. However,
some recent studies have started to uncover the regulation of metabolism during early
development. Notably, metabolites have been shown to be play critical roles in the
regulation of chromatin marks in the embryos, like the methyl-donor SAM (S adenosyl
methionine) and L-2-hydroxyglutarate (L-2-HG) (Haws et al., 2020; Zhao et al., 2021).
In particular, a metabolic transition occurs between naive and primed stem cells—
with the former relying mostly on Oxidative Phosphorylation (OxPhos), the latter on
Glycolysis—and transition seems to be partly regulated by many pluripotency and
early differentiation genes (Stirparo et al., 2021; Tsogtbaatar et al., 2020). In line of this
work, it was shown that exposing EpiLCs to alpha-Ketoglutarate (aKG), a byproduct
of OxPhos metabolism and LIF/STAT3 signaling, led to prolonged germline
competence, in a very similar phenotype to our own findings in cells devoid of DNA
methylation (Tischler et al., 2018). The authors claimed that aKG in EpiLCs promotes
the expression of naive markers, like Tfcp2/1 and Esrrb, and represses epiblast genes
notably Dnmt3B, hence promoting germline competence (Figure 18G). However, we
cannot see how the lack of DNA methylation in TKO EpiLCs could impact metabolism,
since we did not observe any majors shifts in OxPhos-associated gene expression in

TKO EpiLCs (Figure 18H). Moreover, it appeared from some other recently published
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work that metabolism regulates DNA methylation in stem cells, but it is less clear if
the reverse is true (Betto et al., 2021). This suggests that metabolism, and the
OxPhos/aKG axis in particular, could constitute a new actor of the regulation of naive-

to-primed pluripotency transition and cell fate decisions.

4.2 Final perspective and personal appreciation

The main conclusions drawn from my work have wide implications in the field of
developmental biology and stem cell biology. First of all, | propose to extend the
dispensability of DNA methylation to early primed epiblast stem cells, suggesting that
DNA methylation might act as a guide and consolidator of cellular identities rather
than a direct controller of the epiblast differentiation. Indeed, | found strong
disconnection between DNA methylation and gene transcription, yet strong
implication for DNA methylation in shaping the chromatin landscape of epiblast cells.
Finally, the lack of DNA methylation promotes neural and germline fate acquisition,
supporting default models of differentiation, and highlighting a central role for
epigenetic marks in the regulation of such default pathways. This could have potential
implications in the way we envision the impact of impaired DNA methylation in cancer
cells. Indeed, many cancer cells are affected in their methylation profiles, which is
associated with germline gene reactivation (Simpson et al., 2005; Van Tongelen et al.,
2017). While we can draw a direct link between DNA methylation and its repressive
role at the promoters of meiotic genes, my work also supports the notion that the lack
of DNA methylation could have additional effects, notably by affecting other chromatin
marks at distal regulatory elements/enhancers of germline genes, skewing cancer
cells towards adopting a germline-like identity.

Finally, this four year long research project was at the same time, the hardest
and the most exciting project | have ever undertaken. For this thesis, | had the
opportunity to explore biology at so many different levels: from single cells to entire
cell populations, from in vitro to in vivo, from molecular variations to functional and
phenotypical characterizations. All of this work implied many failed experiments,
negative results, patience, endurance and many optimizations, to get to my final
results. But | could not have hoped for a better (default?) route to learn how to become

a scientist.
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RESUME

La méthylation de I’ADN est une marque épigénétique associée a la répression des genes,
dont le role central dans le développement est illustré par la létalité embryonnaire observée
chez les souris sans méthylation de ’ADN. Durant la formation de I'épiblaste, les cellules
souches embryonnaire murines (CSE) transitent d’un génome hypométhylé a hyperméthylé,
alors qu’elles quittent la pluripotence naive et s’engagent dans la pluripotence amorcée vers
les lignages somatiques. En parallele, les cellules primordiales germinales (CPG) vont, au
contraire, perdre leurs profils de méthylation de I’ADN. Alors que le développement
embryonnaire précoce représente une fenétre idéale pour I’étude des liens entre dynamique
de la méthylation de I’ADN et prise d’identité cellulaire, comment la méthylation impacte la
transition de pluripotence, et I'adoption des différents lignages embryonnaires, notamment
germinal, reste mal compris.

Au cours de ma these, j’ai utilisé des CSE dépourvues de méthylation de I’ADN (Dnmt-
TKO) et des protocoles de différenciations in vitro, pour étudier le réle de la méthylation dans
la prise d’identité cellulaire. J’ai pu observer que si la méthylation semble dispensable pour la
transition de pluripotence et I'induction du lignage somatique neurale, son absence étend la
fenétre de compétence a adopter un destin germinal. En se basant sur des analyses de
cartographies chromatiniennes, je propose que la méthylation contréle la temporalité des
prises d’identité cellulaire neurale et germinale, en désengageant des éléments régulateurs de
ces identités, évitant ainsi que ces deux lignées ne deviennent des voies de différentiation par
défaut au cours du développement embryonnaire précoce.

MOTS CLES

Méthylation de I’ADN, Pluripotence, Lignée germinale, Développement, Régulation de
I’expression des genes

ABSTRACT

DNA methylation is an epigenetic mark associated with gene repression, playing a central role
in development as demonstrated by the early lethality of mouse embryos lacking DNA
methylation. During epiblast formation, embryonic stem cells (ESCs) transition from low to
high DNA methylation levels, as they exit naive pluripotency and get primed for somatic
lineage commitment. In parallel, emerging primordial germ cells (PGCs) will undergo DNA
methylation erasure. Whilst early development represents an ideal context to study the
interplay between DNA methylation and cell fates, how DNA methylation impacts priming and
early lineage induction, notably germline specification, remains unclear.

Here, we took advantage of DNA methylation-free ESCs (Dnmt-TKO) and in vitro
differentiation to probe the role of DNA methylation in cell fate commitment. We found that
DNA methylation is dispensable for priming and for neural induction, as TKO cells acquired
functional primed features and could be engaged into neurogenesis. Strikingly, DNA
methylation appeared unnecessary for adopting the germline fate, and its absence extended
temporal competency for PGC specification. Based on our chromatin profiling results, we
propose that DNA methylation allows multi-lineage diversification by decommissioning DNA
methylation-sensitive neural and germline enhancers during epiblast formation, therefore
tempering these fates as default differentiation routes.
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