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2.  List of Abbreviations
4C - Circularized Chromosome Conformation Capture

ATAC - Assay for transposase-accessible chromatin

ChIP - Chromatin immunoprecipitation

CpG - Cytosine-phosphate-Guanine

CRISPR/Cas9 - Clustered regularly interspaced short palindromic repeats

ctrl - control

dCD - catalytic dead Kmt2c/d mutant (KMT2C: Y4792A; KMT2D: Y5477A)

dCT - catalytic dead Kmt2c/d mutant (KMT2C: Y4792N; KMT2D: Y5477N)

Dox - Doxycycline

Dppa3 - Development pluripotency associated protein 3

E14Tg2a - male mouse cell line

EB - Embryoid bodies

ESC - Embryonic stem cells

EpiLC - Epiblast-like cells

EpiSC - Epiblast Stem cells

Esrrb - Estrogen-related receptor β

FACS - Fluorescence-activated cell sorting

gRNA - guide RNA

GEO - Gene Expression Omnibus

H3K4me1/2/3 - Histone H3 lysine4 (mono-/di-/tri-)methylation

H3K9me1/2/3 - Histone H3 lysine9 (/di-/tri-)methylation

H3K27me1/2/3 - Histone H3 lysine27 (/di-/tri-)methylation

H3K27ac - Histone H3 lysine27 acetylation

Klf5 - Krueppel-like factor 5

Kmt2c - Lysine (K)-specific methyltransferase 2C

Kmt2d - Lysine (K)-specific methyltransferase 2D

KO - Knock-out

Lrrc31/34 - Leucine-rich repeat-containing protein 31/34

Nanog - Homeobox protein NANOG

Otx2 - Orthodenticle homeobox 2

p300/CBP - Lysine acetyltransferases

PGC - Primordial germ cells

PGCLC - Primordial germ cell-like cells

6



Prdm1/14 - PR domain zinc finger protein

RPGC - Reads per genomic content

RPM - Reads per million

RT-qPCR - Quantitative reverse transcription PCR

R1 - male mouse cell line

scRNA-seq - single-cell RNA-seq

TF - Transcription factor

Tfap2c - Transcription factor AP-2 gamma

TPM - Transcripts per million

WT - wild type
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3.  Abstract

Primordial germ cells (PGC) are the precursor of the gametes, which safeguard the

transmission of genetic information to the next generation. In mammals, germline

specification occurs through an inductive process whereby competent cells in the

post-implantation epiblast differentiate into PGC. Due to the ethical limitations to

investigate germline specification in humans, this process is best understood in

mice, where PGC specification is initiated in a few epiblast cells at the

proximo-posterior end of the mouse embryo (E6.25). Thereby, PGC specification

occurs in response to inductive signals emanating from extraembryonic tissues.

However, the intrinsic factors that endow mammalian epiblast cells with the

competence to respond to germline inductive signals remain unknown. This lack of

knowledge is explained, at least partly, due to the scarcity of PGC and

peri-implantation epiblast cells in vivo. Therefore, here an in vitro system that

faithfully recapitulates this process by differentiating ESC into primordial germ

cell-like cells (PGCLC) has been applied to investigate whether the epigenetic state

of cis-regulatory elements contributes to germline competence.

First of all, single-cell RNA-sequencing was performed across multiple stages of in

vitro PGCLC differentiation to further characterize this system. This showed that

PGCLC genes are widely expressed in preceding pluripotent embryonic stem cells

(ESC), but become homogeneously dismantled in germline competent epiblast

like-cells (EpiLC). To understand the regulation of this process, the focus was drawn

on distal enhancers that become active in PGCLC (e.g. PGCLC enhancer). The

analysis of a set of comprehensive epigenetic changes showed that a subset of

PGCLC enhancers gets partly decommissioned in EpiLC, retains permissive

chromatin features, including H3K4me1, and remains responsive to transcriptional

activators. Furthermore, upon further differentiation into epiblast stem cells (EpiSC)

in which germline competence is lost, the PGCLC enhancers accumulate higher

levels of repressive epigenetic modifications and lose their responsiveness to

transcriptional activators, thus getting fully decommissioned.
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Subsequently, the relevance of H3K4me1 for germline competence was

demonstrated in a H3K4me1/2 deficient cell line, where both H3K4me1/2

methyltransferases (KMT2C/D) were catalytically inactive (dCD cells). The

differentiation of the dCD cells revealed a decreased PGCLC differentiation capacity,

which was accompanied by reduced expression of PGCLC genes linked to PGCLC

enhancers. On the other hand, H3K4me1/2 might not have the same functional

impact during the transition from ESC to other pluripotent stages, as gene

expression changes during these transitions were relatively normal in the dCD cells.

Finally, the analysis of in vivo single-cell methylation data suggest an increased

epigenetic heterogeneity of PGCLC enhancers in the formative epiblast, before they

eventually become activated in PGC.

Overall, the presented work suggests that H3K4me1 can facilitate the (re)activation

of enhancers and the establishment of gene expression programs during specific

developmental transitions.
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4.  Introduction

4.1.  Lineage competence
Elucidating the molecular basis of lineage competence and specification is important

to understand the embryogenesis of multicellular organisms, to gain knowledge

about birth defects and to develop potential stem cell therapies, tissue engineering

and other applications of regenerative medicine.

Embryogenesis starts with the fertilization of the oocyte. First, the resulting totipotent

zygote undergoes several cell divisions, followed by multiple lineage commitments

resulting in increasingly specialized stages that will ultimately result in the terminal

differentiation of the cells. These lineage commitments during embryogenesis are a

series of spatiotemporal inductive events, whereby cellular progenitors undergo an

initial phase of specialization during which the cell fate could still be altered. The

phase of lineage specialization ends with the cellular determination, when the cell

has reached the capability to complete the differentiation autonomously and its cell

fate is irreversible. But before lineage specification, the acquisition of lineage

competence is mandatory. Lineage competence has been defined as the ability of a

cell to differentiate towards a specific cell fate in response to the intrinsic and

extrinsic signals (Waddington, 1940). This means that an extrinsic inductive signal

will only initiate lineage specification in recipient cells with a compatible intrinsic

lineage competence. While the extracellular signals that can induce lineage

specification have been extensively studied in the context of multiple cell fates and

species (Solini et al., 2017), the intrinsic factors that determine the cellular

competence to respond to those signals remain to be elucidated. Importantly, the

intrinsic factors that render a cell competent and support the initiation of lineage

specification can be considered as the actual origin of lineage specification.

During mouse embryogenesis the first lineage decision divides the blastomeres into

the trophoblast and the inner cell mass (ICM). During this process, cells exclusively

expressing CDX2 become the trophoblast, while the expression of OCT3/4 specifies

the ICM (Dietrich and Hiiragi, 2007). The ICM is later separated into the primitive
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endoderm, defined by GATA6 expression, while the NANOG expressing cells will

become the epiblast cells (Mohammed et al., 2017; Ohnishi et al., 2014). In both

cases, the preceding cellular progenitors simultaneously express the markers for

both cell types, like CDX2 and OCT3/4 in the morula. Upon specification, the

previous binary decisions towards a particular cell type become reinforced by

suppressing the antagonist fates (Niwa et al., 2005). Subsequently, the primordial

germ cells (PGCs), which arise from the epiblast cells, become specified and

transiently express mesoderm (BRACHYURY) and early PGC specifiers

(PRDM1/DPPA3), before getting determined as PGCs (Kurimoto et al., 2008).

However, there are still major open questions regarding germline competence: (i)

how do the early murine epiblast cells become competent for the specification of

primordial germ cells? (ii) how and why is germline competence lost in all the

somatic lineages? Before pursuing these questions, the next chapters are going to

summarize how epigenetic modifications in general can affect lineage competence

and specification during embryogenesis.

4.2.  Epigenetics and Enhancers
Epigenetic research investigates how chemical modifications of the DNA and/or

histones, that do not alter the DNA sequence itself, regulate gene expression.

Epigenetic modifications might play important roles during lineage specification. Two

molecules of each histone of H2A, H2B, H3 and H4 are assembled into one

nucleosome that is wrapped by 147 bp of DNA (Pepenella et al., 2014). The

N-terminal region of each histone can be post-translational modified by acetylation of

lysines, methylation of lysines and arginines, phosphorylation of serines, threonines

and tyrosines, ubiquitylation and sumoylation of lysines, etc. (Jenuwein and Allis,

2001; Tan et al., 2011). These modifications regulate major DNA-related cellular

processes (e.g. transcription, replication, repair, recombination) and change

dynamically during development. Thereby histone modifications occur in particular

combinations (i.e. histone code) that can contribute to the cellular identity of a cell
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and regulate the transcriptome in manifold ways, including the control of

cis-regulatory elements, like enhancers (David Allis and Jenuwein, 2016).

Enhancers are regions that are located upstream, downstream or within genes and

that can positively control gene expression (Arner et al., 2015; Larke et al., 2021).

Accordingly, enhancers regulate developmental genes and are highly abundant

(Long et al., 2016). One gene can be regulated by multiple enhancers and also one

enhancer can control several genes. When several enhancers control the expression

of a gene, this can involve additive, competitive or synergistic effects on transcription

(Bolt and Duboule, 2020; Hnisz et al., 2013; Osterwalder et al., 2018). In general,

enhancers get into physical proximity of their target genes through the formation of

chromatin loops (Chen et al., 2018b; Kim et al., 2019; Morgan et al., 2017b). Given

that the genome is organized by compartmentalization of the chromatin,

enhancer-promoter interactions preferentially occur within the same topological

associated domains (Dixon et al., 2012; Nora et al., 2017). However, enhancer

states are dynamic and lineage specification often involves major rewiring of

enhancer landscapes and changes in gene expression programmes. Interestingly,

some enhancer-promoter contacts are already established before activation occurs

(Bonev et al., 2017; Schoenfelder and Fraser, 2019). Furthermore, multiple active

enhancers and promoters might be organized in large condensates that facilitate

transcription in the presence of activated RNA Polymerase II (Beagrie et al., 2017;

Ibragimov et al., 2020).

Besides the 3D rewiring of enhancers, their epigenetic states are also dynamically

regulated during development. Active enhancers are characterized by displaying low

nucleosomal density, high accessibility to transcription factors (TF) and coactivators

p300/CBP and are typically identified by their high H3K27ac levels and/or the

production of non-coding and short bidirectional transcripts termed enhancer RNAs

(eRNAs) (Figure 1) (Whitaker et al., 2015).
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Figure 1: Illustration of enhancer states. The simplified diagram shows the binding of lysine

acetyltransferases p300/CBP, the histone methyltransferases KMT2C/D and transcription

factors (TF) to two active enhancers. At the active enhancers, H3K4me1 is catalyzed by

KMT2C/D and H3K27ac by p300/CBP. The KMT2C/D and p300/CBP and other complexes

that mediate the chromatin loop formation might be recruited by lineage-specific TF. The

physical proximity of the active enhancers to their target gene results in the increased target

gene transcription. In contrast, regions within (facultative) heterochromatin, which consist of

H3K9me2/3, are inaccessible and transcriptionally inactive.

Typically, the initial enhancer activation requires the remodeling of the chromatin by

histone acetyltransferases (e.g. p300/CBP), histone methyltransferases (e.g.

KMT2C/D WRAD), chromatin remodelers (e.g. BAF complex) and communication

with the basal transcription machinery located at the promoters (e.g. Mediator

complex) (Tafessu and Banaszynski, 2020). While all these factors are usually

ubiquitously expressed in different tissues, their recruitment to enhancers is typically

mediated by lineage specific TF. Moreover, the activation and decommissioning of

enhancers involves epigenetic changes, which in turn might also influence the

binding of TFs (Long et al., 2016). In the next chapter, the most studied histone H3

modifications and DNA methylation are described in more detail (Figure 2),

highlighting how these different epigenetic modifications can regulate enhancers,

lineage competence and specification during mammalian embryogenesis.
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Figure 2: Overview of important epigenetic regulators. Shown are the domains of enzymes

responsible for the acetylation or methylation of histones as well as the methylation of DNA.

Despite slightly different functions and protein architecture, the illustration summarizes

similar epigenetic regulators to outline important differences between non-redundant

enzymes. In the last column the most abundant epigenetic modifications that have been

reported for each epigenetic regulator are listed.

4.2.1.  H3K4 methylation at TSS and enhancers
H3K4 mono-, di- or trimethylation (H3K4me1, H3K4me2, H3K4me3) is associated

with active transcription and is catalyzed by seven partially redundant H3K4

methyltransferases of the mixed lineage leukemia (MLL) family. All MLL H3K4
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methyltransferases contain a SET1-domain at the C-terminus of the protein (Figure

2) that catalyzes the methylation of H3K4 and are associated with the WRAD

(WDR5, RBBP5, ASHL2, DPY30) complex and additional context-specific effectors

(Bochyńska et al., 2018). On the other hand, the different H3K4 methyltransferases

target distinct genetic elements and catalyze different grades of H3K4 methylation.

Here, the focus will be on MLL methyltransferase in the context of enhancers,

although other enzymes, like the ones belonging to the SMYD family, also possess

H3K4 methyltransferase activities (Tracy et al., 2018).

Among the MLL methyltransferases, SET1A/B (KMT2F/G) catalyze mainly H3K4me3

at promoters. Thereby, the recruitment of SET1A/B to the CpG-rich promoters is

mediated by CFP1 (which consists of a CxxC-domain for the recruitment to CpG

islands) and pre-existing H3K4me3. Accordingly, SET1A/B are mainly found at

actively transcribed gene promoters (Brown et al., 2017; Hughes et al., 2020).

Additionally, KMT2E (MLL5) might be associated with promoters but has not been

extensively studied yet (Ali et al., 2013). In contrast to SET1A/B, the H3K4

methyltransferases KMT2A/B (MLL1/2) both possess a CxxC-domain and recognize

CpG-rich regions by themselves:

KMT2A catalyzes H3K4me2/3 at CpG-rich promoters (Addicks et al., 2019) and

enhancers (Rickels et al., 2016). The Kmt2a knockout (KO) is embryonic lethal, while

the deletion of the KMT2A-SET domain results in a less severe phenotype, including

skeletal defects, misexpression of Hox genes and decreased H3K4me1 (Terranova

et al., 2006). On the other hand, the catalytic function of KMT2A is dispensable for

hematopoietic stem cells, as selected target genes do not show severe expression

changes or different H3K4me1 or H3K4me3 levels at these genes. In contrast, the

deletion of Kmt2a in hematopoietic stem cells results in misregulation of the selected

genes and decreased MOF-mediated H4K16ac. Therefore it has been suggested

that KMT2A recruits MOF to the regulatory elements of these genes, hence pointing

out the non-catalytic importance of KMT2A (Mishra et al., 2014).

KMT2B catalyzes mostly H3K4me3 at bivalent promoters and CpG-rich enhancers

(Denissov et al., 2014; Hu et al., 2013a, 2017). However, the deletion of KMT2B also
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abolishes H3K4me1 at specific sites (Morgan et al., 2017a). KMT2B KO is also

embryonic lethal (~E10.5) and chimera experiments revealed its ubiquitous

expression and requirement for development (Glaser et al., 2006). Although KMT2B

is dispensable for ESC self-renewal, it is actually required for the differentiation of

ESC into EBs (Hu et al., 2013a; Lubitz et al., 2007). Differentiation defects of an ESC

line harboring an inactive KMT2B SET-domain indicate the importance of H3K4me3

(Hu et al., 2017). Furthermore, the expression of the downregulated genes in KMT2B

KO ESC can be rescued by diminishing DNA methylation or H3K27me3, pointing

towards an imbalance of epigenetic modifications upon KMT2B loss rather than

major non-catalytic functions for this methyltransferase (Douillet et al., 2020).

KMT2C and KMT2D (MLL3/4) are the largest proteins of the MLL family, which both

lack a CxxC domain and have been shown to interact with several proteins besides

the WRAD complex (Bochyńska et al., 2018; Sze and Shilatifard, 2016). KMT2C and

KMT2D catalyze H3K4me1/2 mainly at enhancers and are redundant in their

methyltransferase activities (Hu et al., 2013b; Lee et al., 2013; Rickels et al., 2017).

Nevertheless, they might have distinct roles during murine embryogenesis as the

Kmt2d KO is embryonic lethal (~E9.5), while the Kmt2c KO is lethal at birth

(Ashokkumar et al., 2020; Lee et al., 2013). Besides, the redundant and

context-dependent activity of MLL proteins, the relative importance of their

non-catalytic (through associated proteins) and catalytic (H3K4 methyltransferase

activity) functions are currently under debate. Notably, a recent report have

interrogated the importance of the KMT2C/D mediated H3K4me1/2 through the

generation of an ESC line with amino acid substitutions in the SET domains of

KMT2C and KMT2D that enabled the decoupling of their methyltransferase activity

from their non-catalytic functions (Dorighi et al., 2017). The KMT2C/D double KO

ESC (Cao et al., 2018; Lin-Shiao et al., 2018; Wang et al., 2016; Yan et al., 2018)

results in the loss of H3K4me1 at active enhancers, strong reduction in H3K27ac

levels, RNA polymerase II binding and enhancer RNA (eRNA) production. In

contrast, the loss of H3K4me1 in Kmt2c/d catalytic mutant ESC (Kmt2c/d dCD) only

partially reduced H3K27ac at enhancers, had no measurable effects on RNA

polymerase II binding and displayed minor changes in gene expression and eRNA
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levels compared to the Kmt2c/d double KO ESC. Overall, the findings suggest that

the function of KMT2C/D as long-range co-activators is largely independent of

H3K4me1 (Dorighi et al., 2017). In addition, work in Drosophila melanogaster

showed that the KO of Trr, the homolog of Kmt2c/d in flies, was embryonic lethal.

However, an amino acid substitution in the SET domain of Trr that globally reduced

H3K4me1 did not impair fly development (Rickels et al., 2017). This suggests that

H3K4me1 might be dispensable and supports a major relevance for the non-catalytic

functions of KMT2C/D. On the other hand, subsequent work with Kmt2c/d dCD ESC

showed that the recruitment of the BAF complex, involved in chromatin remodeling

(Local et al., 2018), and the establishment of long-range chromatin interactions (Yan

et al., 2018) require H3K4me1. Therefore, the functional relevance of H3K4me1 for

enhancer function is still under debate.

Furthermore, the KO of Kmt2c/d or Kmt2d alone has also been studied in more

differentiated cellular contexts (e.g. embryoid bodies, adipogenesis, neural

progenitors, hematopoiesis), where impaired enhancer activation and cellular

differentiation were generally observed (Ang et al., 2016; Jang et al., 2019; Lai et al.,

2017; Lin-Shiao et al., 2018; Ortega-Molina et al., 2015; Placek et al., 2017; Wang et

al., 2016; Yan et al., 2018; Zhang et al., 2015). However, in the light of the recent

findings, it remains unclear whether these defects are caused by the catalytic and/or

non-catalytic functions of KMT2C/D.

4.3.  H3K27ac and active enhancers
Active enhancers are associated with histone acetylation, which is catalysed by

lysine acetyltransferases (KAT) (Lee and Workman, 2007). Lysines, which are

overrepresented in the histone tails, possess positive charges. While this charge is

not altered by methylation, the positive charge of the lysine is lost with acetylation,

resulting in a repulsion from the negatively charged DNA backbone and release of

nucleosome-nucleosome stacking and finally a more accessible DNA (Barnes et al.,

2019; Onufriev and Schiessel, 2019).
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Acylation might occur in a chemical reaction of acetyl-CoA with a lysine residue

(Wagner and Hirschey, 2014) or through the catalytic activity of KAT. Thereby the

target specificity of KAT is often very relaxed and includes many non-histones target

sides (Weinert et al., 2018). Nucleosomal KAT belong to the family of GNAT (e.g.

Kat2a/Gcn5 (Salah Ud-Din et al., 2016)), MYST (e.g. Kat5/Tip60, Kat6a/Moz

(Sapountzi and Côté, 2011)) and p300/CBP (Dancy and Cole, 2015). Thereby

p300/CBP (KAT3A/B) are quite redundant in their acetyltransferase activity and both

contain a KIX domain, which serves as a docking side for CREB (cAMP-response

element-binding protein) and other proteins that form a heterodimer with p300/CBP.

Furthermore p300/CBP contain a bromodomain that confers binding to acetylated

lysines and a lysine acetyltransferase that acetylates H3K27ac and other lysines

(Figure 2) (Dancy and Cole, 2015).

Beside other targets, p300/CBP catalyze H3K27ac, which is the most prevalent

feature of active enhancers (Rada-Iglesias et al., 2011). However, the acetylation of

other histone lysines, like H3K122ac (Pradeepa et al., 2016), H3K9ac (Jin et al.,

2011; Karmodiya et al., 2012) and H4K16ac (Taylor et al., 2013) can also occur

within active enhancers.

The loss of H3K27ac by a H3.3K27 substitution (Zhang et al., 2020) or the inhibition

of the catalytic activity of p300/CBP (Raisner et al., 2018) caused a preferential

reduction of H3K27ac at enhancers, while the H3K27ac levels at promoters were

more stable. In mouse ESC, the H3.3K27 substitution is accompanied by unaltered

chromatin accessibility at enhancers, similar Pol II levels at TSS and minor

expression changes. Therefore, under ESC self-renewal conditions, there is not a

strong correlation between H3K27ac at enhancers and gene expression (Zhang et

al., 2020). Notably, acetylation of other histone lysine residues might compensate for

the loss of H3K27ac. Finally, the establishment of KMT2C/D-mediated H3K4me1

seems to precede de novo enhancer activation by p300/CBP and H3K27ac (Kang et

al., 2021; Wang et al., 2016).
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4.3.1.  H3K9 methylation and heterochromatin
Transcriptional silencing of enhancers and genes can occur by chromatin

compaction and the establishment of facultative heterochromatin, which can act

locally or span long distances of the genome. Facultative heterochromatin is often

rich in heterochromatin protein (HP1), H3K9me2/3 and DNA methylation. It is usually

localized to the periphery of the nucleus and inaccessible for transcription factors

and other activators (Mozzetta et al., 2015; Ninova et al., 2019).

H3K9 methylation, and therefore the initiation of heterochromatinization, can be

catalyzed by the methyltransferases EHMT1/2 and SETDB1/2 on H3K4me3-devoid

nucleosomes (Binda et al., 2010), while SUV39H1/2 is mostly involved in the

establishment and maintenance of heterochromatin (Figure 2).

EHMT1/2 (KMT1D/C and also known as GLP/G9a) are two similar histone

methyltransferases that are embryonic lethal (~E9.5) and form a heteromeric

complex that catalyze H3K9me1/2 at euchromatic regions (Tachibana et al., 2005).

EHMT1/2 both possess ankyrin repeat domains that specifically recognize

H3K9me1/2 and hence promote the spread of H3K9me2 at already H3K9me

pre-marked sites, which then support the silencing of ESC genes upon differentiation

(Liu et al., 2015). Furthermore, the non-catalytic functions of EHMT2 promote the

establishment of DNA methylation, which might be part of the observed gene

silencing (Auclair et al., 2016).

SETDB1/2 (KMT1E/F) consist of a Tudor domain, a methyl-CpG binding domain and

a SET domain that is interrupted by a conserved insertion. SETDB1 (also known as

ESET) catalyzes all three forms of H3K9 methylation and forms various repressive

protein complexes both at euchromatic and heterochromatic regions. A complex of

SETDB1, KRAB-ZFP and KAP1, which is also associated with deacetylases,

promotes the formation of a microenvironmental heterochromatin at euchromatic

sites, while a SETDB1/MBD1/ATF7IP complex maintains the heterochromatin during

DNA replication (Zhu et al., 2020). Furthermore SETDB1 can also bind the bivalent

chromatin state of H3K9me1/2 and H3K14ac via the Tudor domain (Jurkowska et al.,
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2017). Although SETDB2 is the paralog of SETDB1, a H3K9 methyltransferase

activity could not be experimentally proven for SETDB2 to date (Roqueta-Rivera et

al., 2016).

SUV39H1/2 (KMT1A/B) catalyze H3K9me2/3 and are enriched at heterochromatin,

possess a chromatin-organization modifier domain that binds to H3K9me1 and thus

result in the establishment of heterochromatic regions (Mozzetta et al., 2015).

Furthermore, SUV39H1 sumoylates the heterochromatin associated protein HP1,

which facilitates the recruitment of HP1 to heterochromatin. And since SUV39H1 is

also recruited by HP1, SUV39H1 is considered broadly for the final establishment

and maintenance of heterochromatin and cellular identity (Maison et al., 2016;

Muramatsu et al., 2016).

During development the loss of Setdb1 results in early embryonic lethality (~E4.5)

and SETDB1 forms only puntacted patterns in the inner cell mass, but not in the

trophectoderm during normal embryogenesis, indicating its absence in the

trophectoderm (Cho et al., 2012). Furthermore, ESC with low SETDB1 levels that

are aggregated into 2-cell embryos will end up solely in the trophectoderm. And

because SETDB1 interacts with POU5F1, which has been shown to bind to and

repress trophectoderm genes, the expression of Setdb1 in the inner cell mass might

contribute to the bifurcation of the inner cell mass and the trophectoderm (Yeap et

al., 2009; Yuan et al., 2009).

Higher resolution of the heterochromatin formation showed that heterochromatin and

H3K9me3 accumulate at protein-coding genes until gastrulation before the

heterochromatin regions decrease in a lineage specific manner that leads to the

proper specification of hepatic and pancreatic lineages (Nicetto et al., 2019).

Interestingly, the majority of genes that lost H3K9me3 during these specification

events but did not become induced, gained H3K27me3, indicating a switch in the

underlying transcriptional repression mechanisms (Nicetto et al., 2019). Direct

evidence for the actual release of gene coding regions from the H3K9me2-related

nuclear lamina that result in gene expression was observed during cardiogenesis,

where a triggered dissociation of cardiac myocytes genes from the lamina increased
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their lineage specification (Poleshko et al., 2017). Furthermore it has been shown

that SETDB1 stabilizes the lineage commitment during the differentiation of neural

lineages and primordial germ cells (Mochizuki et al., 2018; Tan et al., 2012) or can

establish a poised state with H3K4me3 in adipogenesis (Matsumura et al., 2015),

while SUV39H1 balances the lineage commitment of T-helper cells (Allan et al.,

2012).

Finally, some enhancers might also function as silencers in other cell types. When

acting as silencers, these regulatory elements seem to be marked by repressive

epigenetic modifications such as H3K9me3 and DNA methylation, although a

universal chromatin signature for silencers has not been uncovered yet (Doni

Jayavelu et al., 2020; Pang and Snyder, 2020). In addition, HP1 binding and H3K9

methylation of facultative heterochromatin act as a barrier for reprogramming,

affecting the activation of pluripotency enhancers (Becker et al., 2016; Cossec et al.,

2018), which together with other studies (Leemans et al., 2019), suggests that

enhancer activity is repressed by heterochromatin.

4.3.2.  H3K27 methylation and poised enhancers

H3K27me1/2/3 is catalyzed by EZH1/2 (KMT6A/B, Figure 2). An Ezh2 KO is

embryonic lethal (~E8.5) and leads to a profound loss of H3K27 methylation.

Accordingly, Ezh2 is considered the main H3K27 methyltransferase (Lee et al.,

2018). The catalytic activity of EZH2 requires the assembly of the core polycomb

repressive complex 2 (PRC2), consisting of EZH2, EED and SUZ12 (Laugesen et

al., 2019). Facultative subunits of the PCR2 complex, like JARID2 (PRC2.2 complex)

and MTF2 (PRC2.1 complex), might recruit PRC2 to unmethylated CpG-rich DNA

sequences found within promoters and enhancers, establishing H3K27me3 through

the catalytic activity of the EZH2 SET domain (van Mierlo et al., 2019; Pachano et

al., 2020). Furthermore, the binding of EED to methylated H3K27 facilitates the

methylation of H3K27 by EZH2 of the neighboring nucleosome (Poepsel et al., 2018)
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and the spreading of H3K27me3. In contrast, H3K27 methylation is counteracted by

H3K36 and DNA methylation (Brinkman et al., 2012; Streubel et al., 2018).

While H3K9me2 and H3K27me3 are considered to be part of different modalities of

transcriptional silencing (Zylicz et al., 2015), it is interesting to note that EHMT1,

besides H3K9me1/2, can also catalyze H3K27me1/2 (Mozzetta et al., 2014),

facilitating the recruitment of PRC2 to developmental genes. Moreover, EHMT1

might also be responsible for the establishment of H3K27me2 in the male

pronucleus (Meng et al., 2020).

PRC2-mediated gene repression has been mostly studied in the context of bivalent

(H3K27me3+PRC2 and H3K4me3+KMT2B) CpG-rich promoters in pluripotent stem

cells. This chromatin bivalency might protect the promoters of developmental genes

from repressive DNA methylation that otherwise could impair differentiation capacity

(Boulard et al., 2015; Douillet et al., 2020; Eckersley-Maslin et al., 2020; Verma et

al., 2018). In the context of enhancers, poised enhancers display binding of

H3K27me3 and PRC2 as well as H3K4me1 and p300 in mouse and human ESC.

Poised enhancers become activated during the differentiation of ESC into

anterior-neural progenitors (Cruz-Molina et al., 2017; Rada-Iglesias et al., 2011).

Furthermore, poised enhancers are already in physical proximity to their target

genes in ESC, which might facilitate the activation of the target genes upon

differentiation (Cruz-Molina et al., 2017; Ngan et al., 2020; Russ et al., 2017).

4.3.3.  CpG methylation and transcriptional repression
The DNA methyltransferases DNMT1 and DNMT3A/B/C (Figure 2) catalyze cytosine

methylation (CpG methylation), that in a hypermethylated state can repress

transcriptional activity of genes and enhancers (Amabile et al., 2016; Hon et al.,

2014; Kremsky and Corces, 2020; Liu et al., 2016).

The de novo DNA methyltransferases Dnmt3a/b exist in different isoforms, which

participate differently in the methylation of DNA and are both essential for

embryogenesis (Baubec et al., 2015). Both DNA methyltransferases contain a
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proline-tryptophan-tryptophan-proline (PWWP) domain that recognizes H3K36me2

or H3K36me3 (Weinberg et al., 2019), an ATRX-DNMT3-DNMT3L (ADD) domain,

that can interact with H3K9me KMTs or the histone H3 tail, and the DNA

methyltransferase domain that catalyzes the methylation of cytosines. Thereby, the

methyltransferase activity of DNMT3s are stimulated by unmethylated H3K4, while

H3K4 methylation inhibits such activity (Guo et al., 2015; Ooi et al., 2007; Zhang et

al., 2010). Interestingly, catalytic inactive DNMT3B isoforms stimulate the de novo

DNA methyltransferase activity of DNMT3A/B (Duymich et al., 2016; Zeng et al.,

2020). Similarly DNMT3L, which is catalytically inactive and essential for

gametogenesis, stabilizes a DNMT3A/DNMT3L complex (Veland et al., 2019).

The DNA methyltransferase DNMT3C specifically methylates the promoters of

retrotransposons during mouse spermatogenesis, which safeguards the fertility of

sperms (Barau et al., 2016). Lastly, DNMT1 differs from DNMT3s and contains a

replication foci targeting sequence (RFTS) that promotes the post-replicative DNA

methylation. Together with the cofactor UHRF1, DNMT1 forms a complex that is

thought to maintain DNA methylation through cell divisions by the methylation of

hemimethylated DNA (Bostick et al., 2007).

CpG demethylation can occur through a passive loss of CpG methylation during

DNA replication in the absence of the DNA methylation machinery. In ESC and

oocytes, DPPA3 binds to UHRF1 and exports UHRF1 to the cytoplasm, resulting in

genome-wide DNA hypomethylation (Li et al., 2018b; Mulholland et al., 2020).

Alternatively, the DNA demethylases (TET1-3) actively demethylate 5-methylcytosine

by conversion to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine and

5-carboxylcytosine, whereby the later two modifications can be converted to an

unmethylated cytosine by the thymine DNA glycosylase (TDG) and the base excision

repair pathway (Ito et al., 2010; Weber et al., 2016). Both active and passive DNA

demethylation mechanisms occur sequentially during the reprogramming of

primordial germ cells (Hargan-Calvopina et al., 2016). Furthermore, 5hmC can

function as an independent epigenetic mark that can participate in lineage
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specification events by inhibiting the establishment of CpG methylation at regulatory

elements (Tsiouplis et al., 2020).

On the other hand, the establishment of CpG methylation is important to silence

expression programmes, like the one of pluripotent cells (Schmidt et al., 2012). In

addition, lineage competence and specification might be regulated by DNA

methylation: Ectodermal enhancers for instance are already hypomethylated in naïve

pluripotent cells and maintain such epigenetic state in subsequent ectodermal

lineages, while becoming methylated in mesodermal or endodermal lineages

(Argelaguet et al., 2019). In contrast, meso- and endodermal enhancers

progressively gain DNA methylation in the epiblast and undergo lineage-specific

enhancer demethylation during differentiation. Furthermore, the differentiation of

mature mesodermal lineage is impaired in a Tet1-3 KO, indicating that proper DNA

demethylation is needed for the execution of the mesodermal program (Argelaguet

et al., 2019). Another example has been shown in haematopoietic stem cells, which

are transcriptionally primed for differentiation towards erythroid progenitors and

myelomonocytic progenitors (Izzo et al., 2020). However, in the Dnmt3a KO or Tet2

KO, the specification of erythroid progenitors and myelomonocytic progenitors is

favoured, respectively. The transcriptional priming of the WT and the KOs towards

different progenitors is also reflected at the DNA methylation levels present at

enhancers in haematopoietic stem cells (Izzo et al., 2020). Moreover, in mice and

human ESC, DNMT3A/B compete with TET1-3 in the context of somatic enhancers,

which undergo a permanent turnover of their DNA methylation status that might be

widely restricted to pluripotent stages (Charlton et al., 2020).

Overall, accumulating evidence indicates that the epigenetic state of enhancers can

play important regulatory functions in several developmental contexts.

4.4.  Primordial germ cell (PGC) formation
From a biological point of view, primordial germ cell (PGC) specification is a crucial

developmental event, as it is imperative for reproduction in metazoans. Once

determined, PGCs are unipotent cells that will only develop into germ cells, oocytes
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or sperm. Then, upon fertilization, the fusion of two gametes gives rise to the

totipotent zygote and the circle of life is closed. Therefore, in contrast to somatic cell

types that support the function of the actual living organism, PGCs are required for

the intergenerational transmission of genetic information and the initial steps of

embryogenesis.

PGCs are segregated from the soma by two fundamentally different mechanisms

during early embryogenesis: (i) Preformation, whereby, soon after fertilization,

maternally inherited determinants (e.g. vasa, nanos) form a germ plasm or (ii)

Epigenesis, whereby PGCs are specified later during embryogenesis, as embryonic

cells are exposed to inductive signals (e.g. WNT3, BMP4).

4.4.1.  PGCs in other species
The two different mechanisms through which PGC can be formed, preformation and

epigenesis, are found across metazoa. In invertebrates, preformation occurs in the

fruit fly Drosophila melanogaster (Nakamura et al., 2010), the nematode

Caenorhabditis elegans (Nakamura and Seydoux, 2008) and the wasp Nasonia

vitripennis (Quan et al., 2019). In other insects, like the cricket Gryllus bimaculatus,

PGCs are induced by BMP4 and require the expression of Prdm1 for their

specification (Donoughe et al., 2014; Nakamura and Extavour, 2016). Similarly, the

bug Oncopeltus fasciatus (Ewen-Campen et al., 2013), the beetle Tribolium

castaneum (Schröder, 2006) and the honey bee Apis mellifera (Dearden, 2006) also

lack a germ plasm. Likewise, vertebrates differ in PGC formation. Among other

vertebrates, in model organisms such as zebrafish (Danio rerio) (Raz, 2003), frog

(Xenopus laevis) (Venkatarama et al., 2010) and chicken (Gallus gallus) (Tsunekawa

et al., 2000), PGC are formed by maternally inherited factors, while in the Axolotl

Ambystoma mexicanum (Chatfield et al., 2014) and all studied mammals (e.g. Mus

musculus, Macaca fascicularis), PGCs are induced and, thus, formed through

epigenesis.

This diversity of PGC specification modalities raised the question of the evolution of

PGCs. Due to the pleiotropic roles of clade specific germ plasm determinants, like

25

https://paperpile.com/c/VONSrM/R5FUY
https://paperpile.com/c/VONSrM/5GtyY
https://paperpile.com/c/VONSrM/7ozih
https://paperpile.com/c/VONSrM/IFpDu+cladQ
https://paperpile.com/c/VONSrM/nk6M5
https://paperpile.com/c/VONSrM/PFTCh
https://paperpile.com/c/VONSrM/RofSA
https://paperpile.com/c/VONSrM/2vcV4
https://paperpile.com/c/VONSrM/UDiiN
https://paperpile.com/c/VONSrM/cNOkH
https://paperpile.com/c/VONSrM/cNOkH
https://paperpile.com/c/VONSrM/DE1wo


oskar (D. melanogaster), PGL (C. elegans) and bucky ball (D. rerio), epigenesis has

been suggested as the ancestor way of PGC formation, while preformation might

reflect convergent evolution (Johnson and Alberio, 2015) or spandrel adaption

(Whittle and Extavour, 2017). On the other hand, the conservation of oskar between

the fruit fly and wasp (PGC preformation) would indicate a common ancestor. In

contrast, oskar orthologues were not identified in beetles and honey bees

(presumably PGC epigenesis), which, like the fruit fly and the wasp, belong to the

holometabola insects (Quan and Lynch, 2016). Therefore, the beetle and honey bee

could have either reverted to the PGC induction mode, or the factors for both PGC

specification modalities could have been present at the evolutionary origin of

holometabola. In line with the later idea, the sea urchin Strongylocentrotus

purpuratus (Juliano et al., 2010) and the sea anemone Nematostella vectensis

(Chen et al., 2020) display an intermediate step of PGC specification, as their PGC

progenitors show early expression of vasa, although these cells are not fully

committed to PGCs yet, but remain multipotent (Seervai and Wessel, 2013).

Therefore, it seems likely that some sort of PGC epigenesis might be the anchestoral

mode of PGC specification and that metazoa reflect a continuum of PGC

specification modalities.

4.4.2.  PGCs in mammals
This continuum also includes PGC specification in mammals, where different modes

of PGC induction have been documented (Irie et al., 2014; Tang et al., 2016). In

mice, PGC specification is initiated in a few epiblast cells at the proximo-posterior

end of the mouse embryo (E6.25) right after implantation (Ohinata et al., 2005) and

the exit from naïve pluripotency (E4.5 - E5.5). PGC epigenesis occurs in response to

inductive signals emanating from extraembryonic tissues: WNT3 from the visceral

endoderm (Aramaki et al., 2013) and BMP4 from the extraembryonic ectoderm

(Ohinata et al., 2009). Although only the proximo-posterior epiblast cells will

eventually be induced for PGCs specification, it has been proposed that from E5.5 to

E6.25, most of the epiblast cells are germline competent (Saitou et al., 2002; Tam

and Zhou, 1996). But in the natural environment their responsiveness to BMP4 is
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antagonised by signalling (e.g. Cer1) from the anterior visceral endoderm so that

only a few proximo-posterior epiblast cells are normally induced to become PGCs

(Ohinata et al., 2009).

Following the initial induction of germline competence in the epiblast, by E7.25 a

population of approximately 40 PGCs are formed at the base of the allantois, which

then migrate into the developing hindgut endoderm (E7.75), the mesentery (E9.5),

finally colonizing the genital ridges at E10.5. The PGC phase of germline

development concludes by E13.5, when the PGCs have been expanded,

epigenetically reprogrammed and the germ cells enter meiosis and gametogenesis

(Saitou and Yamaji, 2012).

The PGC specifications in rats, rabbit and pork arise similarly to the mouse

(Kobayashi et al., 2020). Porcine PGCs for instance specify from competent

posterior pre-primitive streak epiblast cells (~ E11.5) and, notably, before the

formation of the mesoendoderm (Kobayashi et al., 2017). However, in mice, the

cup-shaped egg cylinder organizes the topographical proximity of the

extraembryonic ectoderm (BMP4 signaling) and the early epiblast that results in the

induction of PCGs, while the rabbit or the pig early embryos represent a flat

bilaminar disc where PGCs might be induced by cytokines, emanating from the

hypoblast (Hopf et al., 2011; Irie et al., 2014).

Interestingly, PGCs of the cynomolgus monkey are specified in the nascent dorsal

amnion by autocrine signalling of BMP4 and WNT3 from surrounding amniotic cells

(Sasaki et al., 2016). Although the exact time point and modality of human germline

competence have not been conclusively determined in vivo due to ethical reasons,

the observation of a few putative PGCs observed in early human embryos (Chen et

al., 2019), comparative single-cell RNA sequencing from in vitro models or microfluid

modelling of gastrulation (Zheng et al., 2019) suggest that human PGCs could arise

from either the posterior epiblast (Popovic et al., 2019), amniotic cells (Ma et al.,

2019) or both (Niu et al., 2019).

Conclusively, it can be stated that regardless of the different PGC induction

modalities, the intrinsic factors, which render mammalian cells competent for
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germline specification, remain broadly elusive. And since the inductive mode of

mammalian PGC formation is best studied in mice, this model organism might be the

most suitable system to study the intrinsic factors of germline competence.

4.5.  Peri-implantation mouse development
This chapter will highlight the current knowledge about germline competence and the

induction of PGCs in mice. Firstly, the time-frame of germline competence will be

summarized, focusing on the early stages of mouse embryogenesis (i.e. mouse

peri-implantation development; E4.5-E6.5) during which mouse epiblast cells

undergo a continuum of pluripotency states: naïve, formative and primed (Figure 3)

(Kinoshita and Smith, 2018). Then, the enhancer and epigenetic remodelling that

occurs before and after germline competence is established will be described.

Finally, the formation of the specialized PGC will be covered.

4.5.1.  The transient nature of germline competence
Naïve pluripotency defines a cellular state during which cells are capable of

differentiating into all embryonic lineages. Naïve pluripotency can be tested by the

re-injection of cells into a blastocyst and their contribution to the germline and germ

layers. In vitro, mouse pluripotent embryonic stem cells (ESC) can be derived from

the ICM around E4.5 (Boroviak et al., 2014; Nichols and Smith, 2009). However,

ESC can not be directly differentiated into PGCs (Hayashi et al., 2011).

Upon implantation, the epiblast cells exit naïve pluripotency and acquire a formative

pluripotent state (E5.5 - E6.25). The establishment of formative pluripotency entails

an extensive remodelling of enhancers, signaling pathways and epigenetic

landscapes, which ultimately enables the emergence of competence for lineage

specification, including PGCs (Figure 3) (Mulas et al., 2017; Smith, 2017). Next, as

gastrulation starts, the epiblast cells transit towards a primed pluripotent state

(Osorno et al., 2012) (E6.5 - E7.5). Primed pluripotent cells display drastically

reduced germline competence (Ohinata et al., 2009) and start to express major
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specifiers of the three somatic lineages. In fact, the primed pluripotency phase ends

with the commitment towards mesoderm, endoderm or ectoderm. Accordingly,

epiblast stem cells (EpiSC) derived from the primed epiblast display heterogeneous

expression of major somatic specifiers when cultured in vitro (Peng et al., 2016;

Song et al., 2016; Sugimoto et al., 2015; Tsakiridis et al., 2015) and do not show

chimeric contribution when injected into the pre-implantation blastocyst (Masaki et

al., 2016). Nevertheless EpiSC are capable of chimeric contribution when injected

into post-implantation embryos, being able to contribute to all somatic germ layers,

but not to the germline (Huang et al., 2012; Kojima et al., 2014). The marked

differences of the previous pluripotency stages with respect to their germline

competence is further demonstrated by experiments in which the exogenous

expression of the transcription factors Nanog (Murakami et al., 2016) or Prdm14

(Magnúsdóttir et al., 2013) can efficiently induce PGC-like cells (PGCLC) from an in

vitro formative stage, but not from the naïve (Murakami et al., 2016) or primed

pluripotent stages (Gillich et al., 2012).

On the other hand, due to the transient nature of the formative pluripotency and the

scarcity of early PGCs, it is challenging to investigate and elucidate the molecular

basis of germline competence. To overcome these limitations, an in vitro system that

faithfully recapitulates PGC specification and enables the establishment of the

formative pluripotent stage and the induction of primordial germ cell-like cells

(PGCLC) was previously developed by the Saitou lab (Hayashi et al., 2011). In this

system, mouse embryonic stem cells (ESC) are cultured in 2i+LIF media (Ying et al.,

2008), which renders the ESC most similar to the naïve pluripotent epiblast (E4.5).

Subsequently, naïve ESC are differentiated into epiblast-like cells (EpiLC, similar to

the formative pluripotent epiblast; E5.5), from which PGCLC can be obtained within

heterogeneous embryoid bodies (EB) (Hayashi et al., 2011). In contrast, epiblast

stem cells (EpiSC) resembling epiblast cells from the gastrulating embryo (>E6.5)

cannot be efficiently differentiated into PGCLC and (Kojima et al., 2014), thus,

display limited germline competence (Hayashi and Surani, 2009).
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Figure 3: Schematic representation of the germline competent phase. The upper row shows

the germline competence in vivo, where epiblast cells at the proximal-posterior end of a

mouse embryo are induced around E6.0 by the surrounding signals of BMP4 from the

Extraembryonic ectoderm and WNT3 from the visceral endoderm. The lower row shows the

in vitro PGCLC differentiation system, whereby embryonic stem cells (ESC) are

differentiated into epiblast-like cells (EpiLC). Day 2 (d2) EpiLC are germline competent and

can be differentiated further into embryoid bodies (EB) containing primordial germ cell-like

cells (PGCLC). In contrast, further progress of EpiLC into epiblast stem cells (EpiSC)

restricts germline competence. The figure is adapted from Bleckwehl and Rada-Iglesias

2019.

4.5.2.  Naïve, formative and primed pluripotency
The exit of the naïve pluripotent stage (E3.5-E4.5) is an asynchronous process

(Kalkan et al., 2017) that occurs in vivo upon implantation, and ultimately results in

transcriptionally homogenous epiblast cells around E5.5 (Mohammed et al., 2017).

During the transition from naïve to formative pluripotency, epiblast cells undergo

major epigenetic and transcriptional changes. The naïve expression program is shut

down (e.g. Prdm14, Esrrb, Zfp42) (Boroviak et al., 2015; Zhang et al., 2018b), while
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early epiblast markers become expressed (e.g. Fgf5, Otx2, Pou3f1, Foxd3) (Buecker

et al., 2014). Meanwhile, the more general pluripotency transcription factors (e.g.

Pou5f1/Oct4, Sox2) remain expressed at relatively constant levels throughout all

pluripotent stages (Bleckwehl and Rada-Iglesias, 2019).

At the epigenetic level, the hypomethylated state that characterizes the naïve

pluripotent state is repealed and global DNA methylation arises in the formative

pluripotent stage together with an increase in the levels of the de novo DNA

methyltransferases (e.g. Dnmt3a/b/l) and heterochromatinization (e.g. Ehmt1/2,

H3K9me2/3) (von Meyenn et al., 2016; Zhang et al., 2018b). The increase in DNA

methylation occurs at different velocities in different parts of the genome, with naïve

super-enhancers showing the slowest methylation rates. Moreover, CpG-rich genes

get strongly marked by H3K27me3, while low CpG-rich regions gain H3K9me2 and

CpG methylation (Kalkan et al., 2017; Zylicz et al., 2015).

Furthermore, the transition between the different pluripotency states is controlled by

a dedicated network of TFs that has been shown to operate through enhancers.

FOXD3 is a TF that acts as a repressor. FOXD3 binds and decomissions enhancers

associated with naïve pluripotency and germline genes and hence promotes the exit

from naïve pluripotency (Respuela et al., 2016). A subset of the naïve pluripotency

enhancers remains bound by POUF51 in the formative pluripotent state, which are

then also co-occupied by OTX2 (Yang et al., 2014). However, OTX2 largely redirects

POU5F1 to formative enhancers, which then become activated and initiate the

expression of a formative expression programme (Buecker et al., 2014).

Interestingly, the TFs FOXD3 and OTX2 not only promote formative pluripotency, but

also restrict the entry into the germline and need to be silenced for PGC specification

to proceed. The inducible expression of either TF reduces the number of PGCLCs,

while their loss increases PGCLCs formation (Bleckwehl and Rada-Iglesias, 2019;

Respuela et al., 2016; Zhang et al., 2018a). Moreover, ETV5 operates as an

activator in both the naïve and formative stage for a different set of genes in each

stage (Kalkan et al., 2019). Besides, the expression of general pluripotency factors,

which are similar in naïve and formative cells, is controlled by different enhancers in

each pluripotent stage. In ESC, the general pluripotency factors are regulated by
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enhancers containing KLF4/5 motifs, while upon differentiation towards the formative

pluripotent stage, they are regulated by different GRHL2-bound enhancers. This

enhancer switching might partition the associated genes into smaller networks to

facilitate further and diverse differentiation (Chen et al., 2018a). A divergent usage of

enhancer is also evident between the naïve and primed pluripotency stages. In

addition to the de novo establishment of primed pluripotency enhancers, naïve

pluripotent super-enhancers become decommissioned in the primed pluripotent

stage by losing H3K27ac, chromatin accessibility and POU5F1 binding. However,

some subregions of the super-enhancers remain active throughout the primed

pluripotent stage (Bell et al., 2020). Furthermore, long-range interactions between

naïve super-enhancers and their target genes are lost in EpiSC (Novo et al., 2018).

Notably, primed pluripotency enhancers are more extensively activated in somatic

lineages than their naïve counterparts and some of them eventually become part of

super-enhancers, active in different somatic lineages (Factor et al., 2014).

In summary, enhancers specific to naïve pluripotent cells, which are often controlled

by naïve TF, get decommissioned concomitantly with the silencing of their target

genes (Festuccia et al., 2018), while the enhancers of primed pluripotency factors

are established de novo by formative or primed pluripotency TFs.

4.5.3.  Specification of primordial germ cells
Primordial germ cells are induced from the proximal-posterior epiblast around E6.0

and will undergo several steps of reprogramming (Seah and Messerschmidt, 2018;

Zeng and Chen, 2019). This reprogramming involves genome-wide reduction of CpG

methylation and H3K9me2 as well as increased H3K27me3 levels. Early specifying

PGCs, that already express early PGC markers (e.g. DPPA3) around E7.25, are not

distinguishable in their genome-wide H3K9me2, H3K27me3 and CpG methylation

levels from surrounding somatic cells (Seki et al., 2005). However, with the initiation

of migration (E7.75), H3K9me2 is progressively lost, followed by transcriptional

quiescence (G2 arrest), increased H3K27me3 levels and the reinitiation of

transcription, so that post-migrative PGCs at the hindgut (E8.75) show lower levels
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of H3K9me2, but higher levels of H3K27me3 compared to the surrounding somatic

cells (Seki et al., 2007). Notably, these changes are regulated downstream of

PRDM14 (Yamaji et al., 2008) and interestingly a KO of the H3K9 methyltransferase

Ehmt2 does not increase PGCLC specification (Zylicz et al., 2015). During this

time-frame, CpG methylation levels decrease due to the absence of DNMTs in PGCs

(i.e. passive demethylation), resulting in a hypomethylated genome of PGCs.

However, imprinting control regions (ICRs), intracisternal A particles (IAPs) and the

promoters of genes involved in meiosis and gamete generation retain DNA

methylation until this phase (Seisenberger et al., 2012), which might repress early

gametogenesis and meiosis (Hargan-Calvopina et al., 2016). This last barrier is

removed actively by TET1/2 in the second wave of active DNA demethylation

(Hackett et al., 2013; Zhang et al., 2016) around E9.5. By E10.5 PGCs reach the

genital ridges and once the genome is completly hypomethylated, the remethylation

occurs during spermatogenesis and oogenesis in a sex-specific manner and finally

mature gamets (Larose et al., 2019; Smallwood et al., 2011).

4.6.  Aim of the research
The thesis aims to understand how the epigenetic features of enhancers might

contribute to germline competence. Due to the scarcity of PGCs and their precursors

in the early epiblast, the use of epigenomic methods in vivo can be technically

challenging and the resulting data can be noisy and difficult to interpret. Hereupon,

the well-established in vitro PGCLC differentiation system (Figure 3) has been

chosen to comprehensively study the dynamics of major epigenetic marks during the

establishment of germline competence. Considering the important role of enhancers

in the control of cellular identity, we hypothesized that by comparing the epigenetic

features of enhancers in EpiLC and EpiSC, which display high and low germline

competence, respectively, we could gain major insights into the molecular basis of

germline competence. Besides, and from a more technical point of view, we also

aimed at performing a detailed characterization of the in vitro PGCLC system using

single-cell RNA-sequencing, as this could help us to better understand PGCLC

specification, while also providing a valuable resource for the scientific community.

33

https://paperpile.com/c/VONSrM/kOul4
https://paperpile.com/c/VONSrM/jSLYM
https://paperpile.com/c/VONSrM/enuHM
https://paperpile.com/c/VONSrM/5vhD5
https://paperpile.com/c/VONSrM/Rk7vY
https://paperpile.com/c/VONSrM/N8HhD+Wrwrd
https://paperpile.com/c/VONSrM/V1Hoj+1xt39


5.  Material & Methods

5.1.  Biological experiments

Most of the procedures and protocols for the biological experiments descripted in this

section are also part of a preprint publication (Bleckwehl et al., 2021).

5.1.1.  Cell culture and differentiation protocols
For general culture, passage and CRISPR/Cas9 genome editing experiments of

mouse ESC, the cells were cultured under serum+LIF conditions. Thereby, ESC

were cultured on gelatin-coated plates using knock-out DMEM (Life Technologies)

supplemented with 15% FBS (Life Technologies), 1% Glutamax (Life Technologies),

1% Non-essential Amino acids (Life Technologies), Antibiotic-Antimycotic solution

(Life Technologies) and in-house made leukemia inhibitory factor (LIF).

Before each experiment and differentiation, ESC were adapted to 2i media

(serum-free N2B27 medium supplemented with MEK inhibitor PD0325901 [0.4 μM,

Miltenyi Biotec], GSK3β inhibitor CHIR99021 [3 μM, Amsbio], and LIF) for at least

four days in gelatin-coated tissue culture plates (Hayashi and Saitou, 2013).

Consequently, all the experiments performed in ESC and described in the thesis

were done under 2i conditions.

EpiLC and PGCLC differentiation were performed according to the protocols from

(Hayashi and Saitou, 2013). For the EpiLC differentiation, 6-well plates were coated

with 15 µg mL-1 Fibronectin (Merck) and 2 x 105 2i ESC were differentiated in N2B27

media supplemented with 20 ng mL-1 Activin A (PeproTech), 12 ng mL-1 bFGF

(PeproTech) and 10 µL mL-1 KSR (Invitrogen) for two days (unless indicated

otherwise for particular experiments). For the PGCLC differentiation, d2 EpiLC or

EpiSC were plated at a density of 2 x 104 cells mL-1 and cultured as embryoid bodies

(EB) on Ultra-Low attachment multiwell plates (Corning® Costar®) in GK15 medium

supplemented with growth factors (0.5 µg mL-1 BMP4 (Miltenyi Biotec), 0.1 µg mL-1

SCF (Miltenyi Biotec), 1000 U mL-1 ESGRO® Recombinant Mouse LIF Protein
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(Merck) and 50 ng mL-1 EGF (PeproTech), no BMP8a). The percentage of PGCLC

formed within the EBs were typically analyzed after four days by FACS and

RT-qPCR measurements of representative PGCLC markers.

EpiSC differentiations were performed according to (Guo et al., 2009). 2i ESC were

plated at a density of 2.5 x 105 cells mL-1 on plates coated with 15 µg mL-1

Fibronectin (Merck) and differentiated into EpiSC by passaging them in N2B27

media supplemented with 20 ng mL-1 Activin A (PeproTech) and 12 ng mL-1 bFGF

(PeproTech) for at least eight days or as indicated in the results section for particular

experiments.

5.1.2.  Enhancer and gene deletions with CRISPR/Cas9
Pairs of gRNAs flanking each of the selected enhancers or genes were designed

with benchling (https://www.benchling.com). ESC were transfected with pairs of

CRISPR/Cas9-gRNA expressing vectors (Cong et al., 2013) specific for each

enhancer or gene of interest using Lipofectamine 3000 (Invitrogen). After

transfection and puromycin selection (2 µg mL-1, Life Technologies) for two days, the

cells were recovered for another day in Serum+LIF media and then single cell

dilutions were seeded into a 96-well plate to screen for clonal cell lines.

Subsequently, the clonal lines were screened for the intended deletion by a PCR

with the GoTaq® DNA Polymerase (Promega) and two primers outside the gRNAs

sites. Positive cell lines were further validated by a negative PCR with primers inside

the deletion and the PCR product with the outside primers was verified by

Sanger-sequencing. The gRNAs used for the Esrrb, Lrrc31/34, Klf5 and Prdm14

enhancer deletions in E14Tg2a ESC as well as the Otx2 gene deletion in R1 ESC

are listed in Table 1. The Otx2-/- E14Tg2a ESC cell line was kindly provided by

Christa Buecker (Max Perutz Labs, Austria).
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Table 1: gRNA sequence and genomic coordinates (mm10) of the CRISPR/Cas9
mediated deletions.

Target gRNA 1 gRNA 2 Coordinates Size - bp
Esrrb

Enhancer
GCTTCTTGAATT

GAGAACGG
GTAACCGCCAC

AGGACACTC
chr12:86497006-

86503356 6350

Lrrc31/34
Enhancer

GTAGGCCCACC
ATTGCAACC

GAAGCTGACGA
GGTGTTGAG

chr3:30722005-
30726105 4100

Klf5
Enhancer

GTTTCAGAAAC
AACTTCACA

GTTGGCTAAAC
CCAGTACGT

chr14:99338943-
99341862 2919

Prdm14
Enhancer 1

GTACAGTCAGT
CATCTGAGG

CCTAGCTATATT
CCCCTCCA

chr1:13072129-
13076981 4852

Prdm14
Enhancer 2

GTTTTGCAAGC
TGGTTCTGT

gTAAGATACTAA
GTAGAAGCC

chr1:13084831-
13085465 634

Prdm14
Enhancer 3

GCCCAGATGTG
TGAACTCAG

GAGGTTATCAG
TGATAATGT

chr1:13093655-
13096290 2635

Otx2
gene

GGTCATGGCCT
TCAAAGCAG

GCAAAGTCGGC
CCAAATTGG

chr14:48658344-
48663679 5335

Prdm14 auxin
degradation tag

GAGGCTTCATA
AAACCTGCT N.A.

chr1:13114256
-13114276 N.A.

5.1.3.  The generation of transgenic ESC lines
Kmt2c/d catalytic mutant cells: The Kmt2c/d (dCD), Kmt2c/d (dCT) and Kmt2d

(CT) catalytic mutant ESC lines were kindly provided by Joanna Wysocka. The dCD

was previously described (Dorighi et al., 2017) and all the catalytic mutant cell lines

were generated similarly by co-transfecting R1 ESC with a 200 bp single stranded

oligonucleotide donor template harboring the desired point mutations and a vector

coexpressing Cas9 and gRNAs targeting Kmt2c and Kmt2d. After the selection of

clonal lines, the intended Kmt2c/d mutations were confirmed by Sanger sequencing.

For the dCD Otx2-/- cell line, Otx2 was deleted in the dCD cell line using the gRNAs

from Table 1.

PGCLC reporter cell line: Based on the previous use of DPPA3 expression as a

readout for PGCLC quantifications (Hayashi et al., 2011), a DPPA3-GFP reporter

ESC line was generated as follows. First, a repair template harbouring homologous

arms to the C-terminus of Dppa3 and sequences encoding the T2A-peptide and
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turboGFP was designed. Next, E14 ESC were co-transfected with the repair

template and a vector co-expressing Cas9 and a gRNA targeting the C-terminus of

Dppa3. Then, single cells were sorted into 96-well plates and the resulting clonal

ESC lines were genotyped by PCR. A heterozygous ESC line showing high levels of

GFP upon PGCLC differentiation in the presence of growth factors was selected for

further analyses.

Auxin inducible PRDM14 degron: First, the Tir1 gene from Oryza sativa (OsTir1)

was integrated at the Tigre locus with CRISPR/Cas9 as previously described (Nora

et al., 2017) and verified by PCR and Sanger-sequencing. Then, the minimal

sequence of the auxin degradable tag and an in-frame FLAG-tag were cloned in a

donor plasmid to fuse it in-frame at the C-terminus of Prdm14. For this purpose, the

CRISPaint technique (Schmid-Burgk et al., 2016) was used and the donor plasmid

was co-transfected with the ‘Frame selector 2’ plasmid and the gRNA listed in Table

1. Finally, the degradation of PRDM14 was induced with 500 µM indole-3-acetic acid

(Sigma Aldrich) and verified by western blot.

Ectopic and inducible expression of PGCLC transcription factors: Mouse

Prdm14 and Nanog cDNAs were amplified and cloned into a Doxycycline

(Dox)-inducible piggyBac vector (Calo et al., 2018) using the primers listed in Table

2. The resulting piggyBac vectors enabled the ectopic expression of the selected

genes fused with a HA-tag at their C-terminus and were transfected together with a

Super PiggyBac Transposase expressing vector (Systems Bioscience) and a Tet

transactivator in ESC. After transfection, single cells were seeded into a 96 well plate

to derive clonal ESC lines. The clonal ESC lines with the lowest expression of the

transgenic genes in the absence of Dox were selected. To evaluate the effects of

PRDM14 and NANOG ectopic expression on PGCLC specification, 1 µg mL-1 Dox

was added once PGCLC differentiation had been started. To investigate the effects

of the ectopic expression of PRDM14 or NANOG in EpiLC and EpiSC, 1 µg mL-1 Dox

was added 18 hours before the cells were collected for downstream ChIP-seq

experiments (i.e. EpiLC differentiation was initiated, after 30 hours Dox was added,

and after 48 hours cells were collected; EpiSC were maintained in differentiation

media for at least eight passages and then treated with Dox for 18 hours).
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Table 2: Primers used for the construction of the piggyBac vectors with the annealing
sequence for the cDNA highlighted in blue.

cDNA Forward primer Revers primer

Prdm14
AAAAACTCGAGGCCACCATGTC

AGAAGTCTAGGGTCCCG
AAAAAACTAGTGCAGGTTTTATG

AAGCCT

Nanog AAAAACTCGAGGCCACCATGAG
TGTGGGTCTTCCT

AAAAAACTAGTTATTTCACCTGG
TGGAGT

5.1.4.  Quantification of PGCLC by flow cytometry
In general, PGCLC were quantified using antibody staining and flow cytometry

(Hayashi and Saitou, 2013). Briefly, after four days of PGCLC differentiation, the

resulting EB were dissociated and stained for 45 minutes with antibodies against

CD61 (Biolegends) and CD15 (eBioscience) conjugated with PE and Alexa Fluor

647, respectively. The deletions of the enhancers associated with Esrrb, Klf5 and

Lrrc31 were generated in a DPPA3-GFP reporter line. Therefore, PGCLC

quantifications in the resulting cell lines with enhancer deletions were performed by

measuring the number of cells expressing high levels of GFP (FITC) after four days

of PGCLC differentiation.

All PGCLC quantifications were performed using the FACS CantoII Cytometer (BD

Bioscience) equipped with the BD FACSDiva Software. PGCLC sorting was

performed on a FACS AriaIII cell sorter (BD Bioscience).

5.1.5.  RNA isolation, cDNA synthesis and RT-qPCR
Total RNA from ESC, EpiLC and EpiSC was extracted following the protocol of the

innuPREP DNA/RNA mini kit (Analytik Jena), while for the RNA extraction from d2

EB, d4 EB and sorted PGCLC the ReliaPrep™ RNA Miniprep Systems (Promega)

was used. cDNAs were generated using the ProtoScript II First Strand cDNA

Synthesis Kit and Oligo(dT) primers (New England Biolabs). RT-qPCRs were

performed on the LightCycler 480II (Roche) using the ORA-qPCR Green ROX L Mix

(HighQu). For the normalization of the expression Hrpta and Eef1a1 were measured
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and all RT-qPCR primers that were used for the measurement of the gene

expressions are listed in Table 3 below.

Table 3: Sequence of the RT-qPCR primers for RNA abundance.
Gene Forward primer Reverse primer
Hprt CAAGGGCATATCCAACAACA GCCCCAAAATGGTTAAGGTT

Eef1a1 TAGACGAGGCAATGTTGCTG AGCGTAGCCAGCACTGATTT

Gata6 CTACACAAGCGACCACCTCA TGTAGAGGCCGTCTTGACCT

Dnmt3b ACAACCGTCCATTCTTCTGG GTGAGCAGCAGACACCTTGA

Sox17 AGCAGAACCCAGATCTGCAC GCTTCTCTGCCAAGGTCAAC

Klf4 CAGGCTGTGGCAAAACCTAT CCTGTGTGTTTGCGGTAGTG

Nanog AAGTACCTCAGCCTCCAGCA GCTTGCACTTCATCCTTTGG

Nanos3 CCTGACAAGGCAAAGACACA CTTCCTGCCACTTTTGGAAC

Prdm14 GCCTGAACAAGCACATGAGA TGCACTTGAAGGGCTTCTCT

Esrrb GACCTTTACCGAGCCATCCT GCCTCCAGGTTCTCAATGTA

Klf5 CGACGTATCCACTTCTGCGAT CAGGTGCACTTGTAGGGCTT

Lrrc31 AGACGCCTCTGTGTACCTCC CGTAGCACTCGAAGCAACCT

Lrrc34 ACAATCGCTTAGACTCCGGACA CCACACCACTGATACATGGCT

5.1.6.  Bulk RNA-seq and single-cell RNA-seq
Total RNA from WT and dCD EpiLC (2 replicates), EpiSC (2 replicates) and d4 EB

(3 replicates dCD / 4 replicates WT) were purified as described above. Bulk

RNA-seq libraries were generated following the protocol of the TruSeq stranded kit

(Illumina).

For scRNA-seq, EpiSC were dissociated with StemPro® Accutase® (Life

Technologies) and all other cell types with TypLE™ Express Enzyme (Life

Technologies). The cells were then centrifuged and resuspended in PBS containing

0.04 % BSA. Next, cells were passed through a cell strainer, the cell concentration

was determined, and the scRNA-seq libraries were prepared using the Chromium

Single Cell Gene Expression (10x Genomics) according to the Single Cell 3’

39



Reagents Kit (v2) for the single-cell experiment of the PGCLC differentiation and the

Single Cell 3’ Reagents Kit (v3) protocol for the d4 EB from R1 WT and dCD cells.

5.1.7.  Bisulfite sequencing and ChIP-bisulfite sequencing
For the locus-specific bisulfite sequencing experiments, genomic DNA was

purified with phenol-chloroform and subjected to bisulfite conversion according to the

EZ DNA Methylation-Direct™ Kit (Zymo Research) by incubating 200 ng of purified

DNA with the CT-Conversion reagent after a short heat up (98 °C, 8 minutes) for 3.5

hours at 64 °C. Following washing and desulphonation on a column, a fragment of

300 - 500 bp of the eluted DNA was amplified by the EpiTaq HS polymerase

(TaKaRa). Finally, the resulting PCR products were gel-purified and subjected to

blunt-end cloning with the pGEM-T vector system (Promega). Individual colonies

harboring a bisulfite converted insert were analyzed by Sanger sequencing.

Table 4: Sequences of the bisulfite primers used for locus-specific and ChIP-bisulfite
sequencing of PGCLC enhancers.

PGCLC Enhancer
locus

Forward bisulfite
primer

Reverse bisulfite
primer

Genome
Coordinates

Esrrb
TGTATTTTAGGTTAG

TTTTTGAATTT
ACTAATCATCTCATTT

TTAATCTACAC
chr12:86498315-

86498631

Lrrc31/34
TTTAGGTATATGAGT

ATATTGTAGTTGT
TAAATCTTACTTCATT

TAAAAAACC
chr3:30724994-

30725297

Prdm1
GTATTTTTTGTTTTG

TTTTGTTTTG
ACTTACTAATTTCAAT

CTCCTTC
chr10:44390290-

44390668

Prdm14 (E3)
TTGGTTGGGATTAA

GTTATTATTGTT
ATCCATTTACCCTCTT

AAATCTTTCTATC
chr1:13095658-

3095873

ChIP-bisulfite experiments were performed as described in (Thomson et al., 2010)

with slight modifications. Firstly, the ChIP protocol described above was followed.

After the final DNA purification, all the resulting H3K4me1 and H3K4me2 ChIP DNAs

and 200 ng of the corresponding input DNA were subjected to bisulfite conversion

according to the EZ DNA Methylation-Direct™ Kit (Zymo Research). Then, the
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subsequent amplification, purification and sequencing steps were performed as

described for the locus-specific bisulfite sequencing experiments. For the Esrrb,

Lrrc31/34, Prdm1 and Prdm14 enhancers, the bisulfite primers listed in the following

Table 4 were used.

For the genome-wide bisulfite sequencing experiments, libraries were prepared

from column-purified DNA of d2 EpiLC using the PBAT method previously described

in (Clark et al., 2017). Briefly, for the bisulfite conversion, the instructions of the EZ

Methylation Direct MagPrep Kit (Zymo) were followed. After purification, bisulfite

converted DNAs were eluted from MagBeads directly into 39 µL of first strand

synthesis reaction mastermix (1x Blue Buffer (Enzymatics), 0.4 mM dNTP mix

(Roche), 0.4 µM 6NF preamp oligo (IDT)), heated to 65 °C for 3 minutes and cooled

on ice. 50 U of klenow exo- (Enzymatics) was added and the mixture was incubated

on a thermocycler at 37 °C for 30 minutes after slowly ramping from 4 °C. Reactions

were diluted to 100 µL and 20 U of exonuclease I (New England Biolabs) was added

and incubated at 37 °C before purification using a 0.8:1 ratio of AMPure XP beads.

Purified products were resuspended in 50 µL of second strand master mix (1x Blue

Buffer (Enzymatics), 0.4 mM dNTP mix (Roche), 0.4 µM 6NR adaptor 2 oligo (IDT)),

then heated to 98 °C for 2 minutes and cooled on ice. 50 U of klenow exo-

(Enzymatics) was added and the mixture was incubated on a thermocycler at 37 °C

for 90 minutes after slowly ramping from 4 °C. Second strand products were purified

using a 0.8:1 ratio of AMPure XP beads, resuspended in 50 µL of PCR master mix

(1x KAPA HiFi Readymix, 0.2 µM PE1.0 primer, 0.2 µM iTAG index primer), and

amplified with 12 cycles. The final libraries were purified using a 0.8:1 volumetric

ratio of AMPure XP beads before pooling and sequencing. All libraries were

prepared in parallel with the pre-PCR purification steps carried out using a Bravo

Workstation pipetting robot (Agilent Technologies).

5.1.8.  Assay for transposase-accessible chromatin (ATAC-seq)
The ATAC-seq protocol was adapted from (Buenrostro et al., 2013), using 3.8 x 104

and 5.0 x 104 cells for the two replicates generated for each of the investigated cell
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types, respectively. Briefly, the cells were lysed in lysis buffer (10 mM Tris-HCl, pH

7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630) supplemented with freshly

added protease inhibitor for 15 minutes. Following centrifugation, the pellet was

resuspended in a Tn5 transposase reaction mix (Illumina) for 30 minutes at 37°C.

Following DNA purification with the MinElute PCR purification kit (Qiagen), libraries

were prepared with the Nextera DNA library prep kit (Illumina) and the fragmentation

was checked with the Bioanalyzer (Agilent).

5.1.9.  Circular Chromatin Conformation Capture sequencing
Circular Chromatin Conformation Capture (4C) followed by sequencing was

performed as previously described (Laugsch et al., 2019). Briefly, cells grown to

confluence in 10 cm dishes were crosslinked with 1% formaldehyde for 10 minutes,

quenched with 0.125 M glycine, washed with PBS and incubated in lysis buffer (50

mM Tris–HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1% Triton X-100 and

1x protease inhibitor) on ice for 10 minutes. Nuclei were then re-suspended in 0.5

mL 1.2x CutSMART buffer (New England Biolbas) with 0.3% SDS and incubated at

37°C with constant shaking for 1h. Then, Triton X-100 was added to a final

concentration of 2%, followed by 1h incubation at 37°C with constant shaking. Next,

600 U of NlaIII (New England Biolabs) were added to digest chromatin overnight at

37°C with constant shaking (900 rpm). NlaIII was inactivated by adding SDS to a

final concentration of 1.6% and incubating the mixture for 20 minutes at 65°C. The

digested chromatin was transferred to 50 mL tubes, and 1x ligation buffer (50 mM

Tris-HCl pH 7.6, 10 mM MgCl2, 1 mM ATP, 1mM DTT) was added up to a final

volume of 7 mL. Triton X-100 was added to a final concentration of 1% and the

solution was incubated for 1h at 37°C and 300 rpm. Afterwards, the digested

chromatin was ligated using 100 U of T4 DNA ligase (Life Technologies) for 4 hours

at 16°C, followed by RNase A treatment (300 μg total, Peqlab) for 45 minutes at

37°C. Subsequently, chromatin was de-crosslinked by treating with Proteinase K

(300 μg total, Peqlab) and incubating at 65°C overnight. DNA was purified by

phenol/chloroform extraction, followed by ethanol precipitation and re-suspended in
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100 μL of water. The purified DNA was digested with 50 U of DpnII (New England

Biolabs) in 500 μL of 1x NEBuffer at 37°C overnight. DNA samples were again

purified (phenol/chloroform extraction and ethanol precipitation), re-suspended in

500 μL of water and ligated with 200 U of T4 DNA Ligase in a final volume of 14 mL

1x ligation buffer overnight at 16°C. DNA samples were subjected to another round

of phenol/chloroform extraction and ethanol precipitation, re-suspended in 150 μL of

water and purified by QIAquick PCR Purification Kit (QIAGEN). Finally, the resulting

4C DNA products were amplified by inverse PCR using primers located close to the

transcription start site (Table 5). The inverse PCRs were performed with the

Expand™ Long Template PCR System (Roche) using 32 amplification cycles (94°C

2 minutes, 32x [94°C 10 s, 58°C 1 minute, 68°C 3 min], 68°C 5 min). 4C-seq libraries

were sequenced on the HiSeq 2500, generating reads of 74 bp in length.

Table 5: 4C-seq index primers with the annealing sequence highlighted in blue.

Viewpoint p5 index primer p7 index

Prdm14 TSS
AATGATACGGCGACCACCGAACACTCTTT
CCCTACACGACGCTCTTCCGATCT-barcode

-CCTTCTGTGTGTAAACGCA

CAAGCAGAAGACGGCAT
ACGATTCCAGGGAACGG

TCAAGAG

Esrrb TSS
AATGATACGGCGACCACCGAACACTCTTT
CCCTACACGACGCTCTTCCGATCT-barcode

-TCATACCCGTAGACACGCCC

CAAGCAGAAGACGGCA
TACGATGGCGGTCCCA

TCTAAAGTA

Tfap2c TSS
AATGATACGGCGACCACCGAACACTCTTT
CCCTACACGACGCTCTTCCGATCT-barcode

-TGAGGAAAGGCGAATGCAGA

CAAGCAGAAGACGGCA
TACGAAGAGAGAACCT

ACTCCCGCC

5.1.10.  Chromatin Immunoprecipitation (ChIP-seq) and ChIPmentation
In the standard ChIP protocol, cells were cross-linked with 1 % formaldehyde for

10 minutes, quenched with 0.125 M glycine, harvested with a cell scraper and

washed twice with PBS containing cOmplete™ EDTA-free Protease Inhibitor

Cocktail (Roche). The cells were sequentially lysed in three buffers (lysis buffer 1: 50

mM HEPES, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% TX-100;

lysis buffer 2: 10 mM Tris, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA; lysis Buffer 3:
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10 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate,

0.5% N-lauroylsarcosine) with rotation for 10 minutes in between. Then, the

chromatin was sonicated with the Epishear™ Probe Sonicator (Active Motif) with 20

s ON and 30 s OFF for 8 cycles. After centrifugation, the supernatant was divided

into input and ChIP samples. The ChIP samples were incubated overnight with

specific antibodies listed in Table 6 below.

Table 6: Antibodies used for ChIP experiments.
Antibody Source ID Dilution
H3K4me1 Active Motif 39297 4 µL

H3K4me2 Active Motif 39141 4 µL

H3K4me3 Active Motif 39159 4 µL

H3K9me2 Active Motif 39683 5 µL

H3K9me3 Active Motif 39161 5 µL

H3K27ac Active Motif 39133 4 µL

H3K27me2 Cell Signaling 9728S 5 µL

H3K27me3 Active Motif 39155 5 µL

HA Abcam ab9110 4 µL

The next day, Dynabeads Protein G beads (invitrogen) were washed with Blocking

Solution (PBS with 0,5 % BSA) and incubated with the chromatin for another 6-8

hours at 4 °C. Then the beads were washed with RIPA buffer (50 mM Hepes, 500

mM LiCl, 1 mM EDTA, 1% NP-40, 0.7% Na-Deoxycholate) on a magnet to capture

antibody bound chromatin, which was then eluted (50 mM Tris, 10 mM EDTA, 1%

SDS) and reverse crosslinked at 65 °C overnight in parallel with the input. Finally,

DNAs were purified with the ChIP DNA Clean & Concentrator (Zymo Research) and

ChIP libraries were generated with the TruSeq kit (Illumina) or analyzed by

quantitative PCR (qPCR) with the primers listed in Table 7.
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Table 7: Sequences of the qPCR primers for ChIP.

Enhancer Forward primer Reverse primer
Esrrb AAAGTGGCCAGGACTCCACT TGCACGGCAACTCTTGAGAA

Klf5 CCACAGGAACCAGTAACAGAGG AGCTTTCTGAACCATCTGGACC

Lrrc31/34 ATCTACTCAAGGCCAGCTCCTC GCTCTGGTATTCATAGCTGTCCG

Espr1 ACTGACAACCCAGCACCAAA CCACGCTCAGGAACTGTGAT

Prdm1 TCACAATAGCAAGGCTCCGC CCAACCGGAAGTAGGCTGAC

Prdm14 (E1) GCAAGCAAGCAAGCTAACAGAG TGGCAAGTCTCTCCTCCACA

Zfp42 CGGTTCCGTAGTGAAGCTTTGT AGCCCGTTCCTTACAGGTGA

ctrl region CCTGAGGCTGGAAGTTTCTG CTCCTGGGATTAAAGGCACA

For the generation of ChIP-seq profiles from low cell numbers, like d4 EB

obtained with the PGCLC differentiation system, the ChIPmentation protocol

described by (Schmidl et al., 2015) was adapted. To reduce the sample loss, the

crosslinking with 1% Formaldehyde and the later quenching was performed in a 1.5

mL reaction tube and 100 µL reaction volume without pipetting in the solution. After

one PBS washing step, the cells were snap-frozen and then resuspended in 160 μL

Sonication Buffer (10 mM Tris-HCl [pH8], 0.25% SDS, 2 mM EDTA + freshly added

1,6 μL PIC and 1,6 μL PMSF). Then the lysate was diluted with 80 µL of Equilibration

Buffer (30 mM Tris-HCl [pH8], 700 mM NaCl, 5% Triton X-100, 0.5 % Deoxycholic

acid, 3mM EDTA) and sonicated with the small probe of the EpiShear (Active Motif)

sonicator (25% amplitude, pulse for 20 seconds ON and 30 seconds OFF) for 8

cycles. Cellular debris was separated by centrifugation and the supernatant was

transferred to a new PCR reaction tube (2 % input was set aside). The chromatin

was incubated with 1 µL of antibody overnight and, after washing with PBS + 0.1%

BSA, 10 μL of Protein G Dynabeads were incubated separately in 0,1 % BSA on a

rotator overnight at 4 °C. The next day, the chromatin and beads were incubated

together for 6 hours, washed with RIPA buffers and then subjected to Tagmentation

(5 µL Tagmentation Buffer, 1 µL Tagmentation DNA Enzyme (Illumina), 19 µL

Nuclease free water) in order to incorporate the sequencing adapters. Lastly, DNAs

were eluted from the beads and used for library preparation with the Nextera DNA

library preparation kit (Illumina).
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5.1.11.  Western Blot
Nuclei were isolated by incubating cells with Lysis Buffer (20 mM Tris pH 7.6, 100

mM NaCl, 300 mM sucrose, 3 mM MgCl2) containing freshly added protease

inhibitors for 10 minutes at 4°C and then centrifuged for 10 minutes at 4°C and 3000

rpm. The resulting pellets, containing the cell nuclei, were treated with a high salt

buffer (20 mM Tris pH 8.0, 400 mM NaCl, 2 mM EDTA pH 8.0) and disrupted with a

glass homogenizer on ice. After incubation on ice for 30 minutes and centrifugation

(24000 x g for 20 minutes at 4°C), supernatants were collected and protein

concentration was estimated by the Pierce™ BCA Protein Assay Kit (Thermo

Fisher). Then 20 µg of the protein extracts were heated in Laemmli buffer at 95 °C

for 5 minutes, loaded on 4–15% Mini-PROTEAN® TGX™ Precast Protein Gels

(Bio-Rad) and transferred (190 mM glycine, 25 mM Tris, 20% Methanol, 0.1% SDS)

to a PVDF membrane. After blocking with 5 % milk, the membrane was incubated

overnight at 4 °C first with a primary antibody (Table 8) and then with a matching

secondary antibody (coupled to a horseradish peroxidase (HRP)) for 1h at room

temperature. In between the membrane was washed with PBST. Finally, the reaction

of the HRP was visualized with the Lumi-LightPlus Western Blotting Substrate

(Roche).

Table 8: Antibodies used for Western Blots.

Antibody Source ID Dilution
HA-tag Abcam ab9110 1:5000

FLAG-tag Merck F1804 1:2500

NANOG Bethyl A300-397A 1:2000

ESRRB Perseus Proteomics PP-H6705-00 1:1000

OTX2 Proteintech 13497-1-AP 1:1500

beta-TUBULIN Sigma-Aldrich T0198 1:2000
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5.2.  Computational data analysis

Most of the computational analyses mentioned in this chapter are part of a preprint
publication (Bleckwehl et al., 2021). In-house codes and scripts are available on
Github:

https://github.com/ToreBle/Germline_competence

5.2.1.  Data availability and public data resources
All public available data are referenced in the results and figures sections and are
listed in Table 9. The sequencing datasets generated in the thesis have been
deposited in the GEO database (GSE155089) under the following accession
numbers:

● GSE155015 - 4C-seq
● GSE155058 - ATAC-seq
● GSE155062 - ChIP-seq (Epigenetic features related to germline competence)
● GSE155069 - ChIP-seq (Kmt2c/d dCD and Otx2-/- during differentiation)
● GSE155079 - Bulk RNA-seq
● GSE155083 - Genome-wide DNA methylation
● GSE155088 - single-cell RNA-seq (PGCLC differentiation and d4 EB dCD)

Table 9: Public available datasets used in the thesis.

GEO accession Data set Reference

E-MTAB-6153 single-cell RNA-seq
from whole E8.25 embryos

(Ibarra-Soria et al.,
2018)

GSE60204 H3K27ac from PRDM1/DPPA3+
sorted PGCLC

(Kurimoto et al., 2015)

GSE72164 capture Hi-C from ESC (ATAC- and
CTCF-site defined interactome)

(Atlasi et al., 2019)

GSE113981 Hi-C data from ESC, EpiLC, EpiSC (Miura et al., 2019)

DRA003471 Bulk RNA-seq from Prdm14-/- (Shirane et al., 2016)

GSE56138 Bulk RNA-seq from Otx2-/- EpiLC (Buecker et al., 2014)

47

https://paperpile.com/c/VONSrM/FbRn
https://github.com/ToreBle/Germline_competence
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155015
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155058
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155062
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155069
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155079
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155083
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155088
https://paperpile.com/c/VONSrM/mtXNm
https://paperpile.com/c/VONSrM/mtXNm
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60204
https://paperpile.com/c/VONSrM/r6jPk
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72164
https://paperpile.com/c/VONSrM/mXsVQ
https://www.ncbi.nlm.nih.gov/gds/?term=GSE113981%5BAccession%5D
https://paperpile.com/c/VONSrM/znRyt
https://paperpile.com/c/VONSrM/XwAww
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE56138
https://paperpile.com/c/VONSrM/HRMnv


GSE41923

GSE70355

Genome-wide DNA methylation in
ESC, EpiLC and EpiSC

(Habibi et al., 2013;
Zylicz et al., 2015)

DRA003471 Genome-wide DNA methylation
during PGCLC differentiation

(Shirane et al., 2016)

GSE76505 Genome-wide DNA methylation
from in vivo epiblast (E4.5 - 6.5)

(Zhang et al., 2018b)

GSE109767 DNAseI from OCT4-GFP sorted in
vivo PGC (E9.5 - E10.5)

(Li et al., 2018a)

GSE121650

GSE121690

single-cell NMT-seq
(parallel single-cell NOME-,
Methylation and RNA-seq)

(Argelaguet et al., 2019)

5.2.2.  Single-cell RNA-seq data analysis
The 10x Genomics scRNA-seq data can be easily explored with the Loupe Cell

Browser (https://www.10xgenomics.com) and the .cloupe files deposited at GEO

(GSE155088).

For the 10x Genomics data, UMIs were counted using NCBI:GCA_000001635.6 and

cellranger-2.1.0 (Zheng et al., 2017). The resulting UMI values were aggregated into

a single matrix with default normalization (‘‘–normalize=mapped’’).

Monocle2 (Trapnell et al., 2014) was used to evaluate the in vitro scRNA-seq data

generated across the different PGCLC differentiation stages and K-means clustering

was performed on the t-SNE plots (with k=3 for d2 EB and k=4 for d4 EB). From the

resulting clusters, those containing PGCLC were identified by the enrichment of

previously defined core PGC genes from d4/d6 PGCLC and E9.5 PGCs (Nakaki et

al., 2013). To determine the cellular identity of the remaining clusters found within the

EB, the expression of lineage specific markers identified in E8.25 mouse embryos

(Ibarra-Soria et al., 2018) was used. To this end, all markers with a log2FoldChange

>2.5 were considered. Each EB cluster was annotated as equivalent to the mouse
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embryonic tissue for which the most significant enrichment in the expression of the

corresponding marker genes was observed.

The ESC, EpiLC, EpiSC and PGCLC gene sets were defined by differential

expression using Seurat (Stuart et al., 2019) and the “negbinom” option for

differential expression testing. ESC, EpiLC and EpiSC genes were determined by

differential expression between the stage indicated vs the remaining two (e.g. ESC

vs. d2 EpiLC and EpiSC). From this analysis, only the genes upregulated in the

particular stage (adjusted p-value < 0.005), a high expression in the stage of interest

(more than 20 %, pct.1 >0.2) and a low expression distribution in the others (less

than 40%, pct.2<0.4) were considered. Similarly, PGCLC genes were determined by

differential expression between the d2+d4 PGCLC clusters and the remaining

clusters from d2 and d4 EB. Again, from this analysis only the genes upregulated in

PGCLC (adjusted p-value < 0.005) and with high expression in PGCLC (expressed

in 20 % of the PGCLC) and a low expression distribution in the other analyzed cells

(expressed in less than 40% of non-PGCLC EB cells) were considered. To quantify

the expression of PGCLC genes in different analyses, the UMI count matrix (of the in

vitro stages) or FPKM-normalized data (of the in vivo stages) were used to calculate

the mean expression of all PGCLC genes within a cell or the mean expression of

each PGCLC gene across all cells of a stage.

For the RNA velocity analysis, spliced and unspliced read counts were obtained with

kallisto (Bray et al., 2016) and bustools (Melsted et al., 2019), parsed into R-3.6.1 to

create a Seurat object and t-SNE plot, which was then overlaid by the RNA velocity

calculations from velocyto.R (La Manno et al., 2018).

For the scRNA-seq data from E4.5 - E6.5 mouse embryos (Argelaguet et al., 2019)

the count matrix (GSE121650) was normalized to FPKM (edgeR, Ensembl gene

annotation, v87). Then, the previously generated lineage assignments (Argelaguet et

al., 2019) were used to solely select epiblast cells for further analysis.

The estimation of transcriptional noise for the epiblast stages in vivo and in vitro was

performed like in (Mohammed et al., 2017). First, the 500 most variable genes for

each stage were selected and pairwise comparisons were performed by calculating
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Spearman correlations. Then, the Spearman correlation values were transformed

into distance measurements ( ) that were considered to represent(1 − ρ)/2

transcriptional noise.

For the single-cell RNA-seq data set of the d4 EB from R1 WT and dCD cells, single

cells with a high percentage of mitochondrial gene expression were discarded by

considering only single cells with at least 2000 expressed genes. The clusters were

identified in the combined dataset of R1 WT and dCD cells by shared nearest

neighbor (SNN) modularity optimization based clustering algorithm from Seurat with

a resolution of 0.3. This resulted in 9 clusters that were classified based on the

marker gene expression of E8.25 mouse embryos (Ibarra-Soria et al., 2018). The

expression of the markers was verified by differential expression analysis between

all clusters, leading also to the identification of those clusters that did not show any

specific marker gene expression in the E8.25 mouse embryos (e.g. PGCLC,

2-cell-like). The Prdm1orDppa3+/Klf4- cells were defined using the following gene

expression values; Dppa3 > 0.1 OR Prdm1>1 AND Klf4<1. The single-cell

expression correlation values were determined by the spearman correlation of the

top 1000 most variable genes in each cluster and the correlation of their expression

among the cells belonging to the same cluster.

5.2.3.  Differential expression analysis of bulk RNA-seq data
Public available RNA-seq data generated across different time-points of EpiLC

differentiation (Yang et al., 2019a), Otx2-/- EpiLC (Buecker et al., 2014) and Prdm14-/-

EpiLC (Shirane et al., 2016) were mapped with STAR (Dobin and Gingeras, 2015) to

the mouse reference genome (Ensembl gene annotation, v99) and reads within

genes were counted with featureCounts (Liao et al., 2014). The rlog normalization

was generated with DESeq2 (Anders and Huber, 2010).

For the bulk RNA-seq data generated in R1 WT and dCD cells, three replicates for

R1 WT and the dCD ESC previously generated by (Dorighi et al., 2017), two

replicates for R1 WT and dCD d2 EpiLC and two replicates for R1 WT and dCD

EpiSC were analyzed. The transcript abundance was determined with the bootstrap
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mode of kallisto (-b 100) (Bray et al., 2016) and the differential expression analyses

were performed with sleuth on the gene-level (Ensembl gene annotation, v96) (Bray

et al., 2016; Yi et al., 2018).

5.2.4.  ATAC-seq data processing
For ATAC-seq data processing, paired end reads were mapped to the mouse

genome (mm10) using BWA mem (Li and Durbin, 2009). Duplicates and reads within

blacklisted regions were discarded. After checking the amount of mononucleosome

reads (30-115 bp), the concordance of the ATAC-seq replicates were checked

(Spearman correlation of a 2 Kb window for ESC: 0.86; EpiLC: 0.88; EpiSC: 0.86).

Then BAM files for each stage were merged and converted into bigWig files by

normalization to 1x sequencing depth with deeptools-3.3.1 (Ramírez et al., 2016).

5.2.5.  ChIP-seq visualization, peak calling and motif analysis
For ChIP-seq data processing, single end reads were mapped to the mouse

genome (mm10) using BWA mem (Li and Durbin, 2009). After duplication removal

with the MarkDuplicates function from the Picard tools, reads within blacklisted

regions were discarded and the aligned reads were normalized with deeptools-3.3.1

to 1x sequencing depth (as RPGC: Reads per genomic content, (Ramírez et al.,

2016)):
bamCoverage --binSize 5 --normalizeUsing RPGC --effectiveGenomeSize

2150570000 --ignoreForNormalization chrX chrY

The processed ChIP-seq data of the thesis can be explored in the UCSC browser:

● Comparison of the pluripotent stages:

http://genome-euro.ucsc.edu/s/Tore/Comparison%20of%20the%20pluripotent%20stages

● PRDM14/NANOG overexpression and topological features:

http://genome-euro.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserN

ame=Tore&hgS_otherUserSessionName=PRDM14%2FNANOG%20overexpression

● H3K4me1/2 deficiency and Otx2-/-:
http://genome-euro.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=Tore

&hgS_otherUserSessionName=H3K4me1%2F2%20deficiency%20and%20Otx2%2D%2F%2D
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5.2.6.  Definition of stage-specific enhancers
PGCLC enhancers: The H3K27ac ChIP-seq data (SOLiD sequencing) from d2 and

d6 sorted PGCLC (Kurimoto et al., 2015) were aligned with the default settings of

novoalignCS (V1.06.09, Novocraft Technologies). For visualization, replicate BAM

files for each stage were merged and normalized to 1 x sequencing depth. Briefly,

H3K27ac peaks were called from both replicates of d6 PGCLC with MACS2 (Zhang

et al., 2008) using broad settings:

macs2 callpeak -t ChIP.bam -c input.bam -f BAM

--broad -g mm -m 5 50 --fix-bimodal --extsize 200

Next, all peaks with q-values < 1 x 10-3 and within a distance of 1 Kb from both

replicates of d6 PGCLC H3K27ac peaks were merged with bedtools. The resulting

regions were subtracted from blacklisted and promoter regions (-/+ 2 Kb of the

Ensembl gene annotation, v86) with bedtools. PGCLC enhancers were defined as

the subset of the distal H3K27ac peaks identified in d6 PGCLC that could be

physically linked to PGCLC genes according to capture Hi-C data generated in ESC

by (Atlasi et al., 2019). Thereby, distal d6 PGCLC H3K27ac peaks and PGCLC

genes were linked if the two anchors of a Capture Hi-C interaction occurred within 1

Kb of a d6 PGCLC H3K27ac peak and 3 Kb of the PGCLC gene TSS.

For the statistical comparisons of epigenetic signals within PGCLC enhancers in

different cell types, the average signals of the ChIP-seq, ATAC-seq or genome-wide

CpG bisulfite sequencing within -/+ 1 Kb of the PGCLC enhancers in d2 EpiLC and

EpiSC was determined using deeptools-3.3.1 (Ramírez et al., 2016). Then, the effect

size of paired wilcoxon tests was calculated by dividing the z-statistics by the square

roots of the sample sizes using rstatix and boots.ci for the approximation of the

confidence intervals (confidence level: 0.95).

EpiLC/EpiSC enhancers: Briefly, H3K27ac peaks were called in both cell types

separately with MACS2 (Zhang et al., 2008) using broad settings (see above) and

q-values < 1 x 10-3. The resulting regions were subtracted from blacklisted and

promoter regions (-/+ 2 Kb of the Ensembl gene annotation, v86) using bedtools.

52

https://paperpile.com/c/VONSrM/WoHcQ
https://paperpile.com/c/VONSrM/mmC6L
https://paperpile.com/c/VONSrM/mmC6L
https://github.com/arq5x/bedtools2
https://paperpile.com/c/VONSrM/mXsVQ
https://paperpile.com/c/VONSrM/ghW24
https://paperpile.com/c/VONSrM/mmC6L


EpiLC and EpiSC enhancers were obtained from these regions by selecting only

H3K27ac peaks located within 500 Kb of the gene sets defined by single-cell

RNA-seq for each cell type. The enhancer assignment to the proximal genes was

done with GREAT-4.0.4 (McLean et al., 2010), and only enhancers with a minimum

distance of 3.5 Kb to the nearest transcription start site (TSS) were considered.

Motif Analysis (MEME-Suite): The enhancer regions and the PGCLC TSS regions

were converted into fasta files and MEME was run with classic mode and default

settings. The top motif sequences reported by MEME were searched against known

transcription factor motifs from the JASPAR database (Tanaka et al., 2011).

5.2.7.  4C-seq data processing and normalization
Reads were assigned to samples based on the first 10 bases of the read containing

unique barcodes. Subsequently, the primer sequence was removed from the read

and the remaining sequence starting before the restriction site for NlaIII (CATG) was

trimmed to 41 bases. These 41 bases were aligned to the mouse reference genome

(mm10) using HISAT2 (Kim et al., 2015). From these alignments, RPM (reads per

million) normalized bedgraph files were generated for downstream visualization and

analysis (Thongjuea et al., 2013).

5.2.8.  CpG methylation analysis
The locus-specific bisulfite sequencing data were analysed with BISMA (Rohde

et al., 2010).

For the genome-wide CpG methylation data, fastq files were mapped with

Bismark (Krueger and Andrews, 2011). As the data sets were generated by different

library preparation protocols, the preprocessing steps were adjusted accordingly: For

the whole-genome bisulfite sequencing data from 2i+LIF ESC (Habibi et al., 2013),

d2 EpiLC and EpiSC (Zylicz et al., 2015), the adapter trimming was performed with

Trim Galore using the default settings; for data sets generated by post bisulfite

adaptor tagging (pbat), either 9 (data from d2 EpiLC and PGCLC (Shirane et al.,
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2016)) or 6 bp (genome-wide methylation data generated in this study) were

removed. The DNA methylation data from E4.5 - E6.5 epiblasts were generated by

STEM-seq (Zhang et al., 2018b), and, in this case, adapter sequences were

removed with cutadapt (Martin, 2011) and Trim Galore, respectively. For all the

previous samples, reads were mapped with Bismark-v0.16.1 (Krueger and Andrews,

2011) and bowtie2-2.2.9 (Langmead and Salzberg, 2012), using the “-pbat” setting

for the STEM-seq and pbat samples. For paired-end pbat samples the unmapped

reads were remapped as single-end reads to increase the coverage. Then, for each

cell type the available datasets were combined to estimate the CpG methylation

levels with the Bismark methylation extractor. Finally, only CpGs with a coverage of 3

- 100 reads were considered.

5.2.9.  CpG methylation heterogeneity (scNMT-seq)
The scNMT-seq method records the transcriptome, methylome (CpG methylation)

and chromatin accessibility (GpC methylation) from the same single cell (Clark et al.,

2018). Among all the single cells analyzed in E4.5, E5.5 and E6.5 mouse embryos

by (Argelaguet et al., 2019), only those assigned to the epiblast by scRNAseq

(https://github.com/rargelaguet/scnmt_gastrulation) were considered. Then, epiblast

cells were additionally filtered according to their methylome (GSE121690) and only

cells with a CpG coverage > 105 were further analyzed. This resulted in 258 epiblast

cells from E4.5, E5.5 and E6.5 with high quality single cell CpG methylation data.

For the scRNA-seq data, the counts were FPKM-normalized with edgeR (Robinson

et al., 2010) and the mean expression of all PGCLC genes linked to Group I PGCLC

enhancers was determined per cell.

The single cell CpG methylation for each cell was stored in a bedGraph file. From

each bedGraph file the genome-wide CpG methylation levels of individual cells were

determined as the mean methylation of all covered CpGs in each single cell. For the

analysis of mCpG levels and CpG coverage within PGCLC enhancer Group I, the

genome-wide bedGraph files were subtracted to obtain bedGraph files with the
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PGCLC enhancer regions using bedtools from which the mean methylation of all

covered CpGs was determined in each single cell.

CpG methylation heterogeneity was estimated with the PDclust package (Hui et

al., 2018). The number of CpGs covered in each pair of cells resulted in

approximately 150 CpGs for each pairwise comparison when PGCLC enhancers

were considered. Then, the average of the absolute difference in the methylation

values for all the CpGs covered for each pairwise comparison were computed as a

dissimilarity matrix.

6.  Results

6.1.  Transcriptional characterization of the PGCLC
differentiation system by scRNA-seq
The in vitro PGCLC differentiation system described by (Hayashi et al., 2011) was

used for the investigation of germline competence, due to the scarcity and transient

nature of PGCs in vivo. In this protocol, mouse ESC are differentiated into EpiLC

from which PGCLC can be obtained within heterogeneous embryoid bodies (EB). In

contrast, Epiblast stem cells (EpiSC), resembling the post-implantation gastrulating

epiblast, cannot be efficiently differentiated into PGCLC and, thus, display limited

germline competence (Figure 3) (Hayashi et al., 2011; Smith, 2017).

6.1.1.  Transcriptional dynamics of PGCLC genes

As described in (Bleckwehl et al., 2021), single-cell RNA sequencing (scRNA-seq, n

= 2,782 cells) across multiple stages of PGCLC differentiation was performed to (i)

gain insights about the formation of PGCLC in vitro and (ii) to define a PGCLC gene

set in the heterogeneous cell population found within EBs. A first t-SNE analysis of

the resulting single cell transcriptomes showed that cells tend to cluster within their

corresponding differentiation stage (Figure 4).
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Figure 4: The scRNA-seq data and the identification of PGCLC.

a.) t-SNE plot of the scRNA-seq data generated across the main stages of the in vitro

PGCLC differentiation. The PGCLC cluster within the d2 and d4 EBs is highlighted by the

arrow. The plot was adapted from Bleckwehl et al. 2021.

b.) Expression of the PGCLC marker Dppa3 in the t-SNE plot of the PGCLC differentiation

showing to the left.

However, Day 2 and Day 4 EB showed cellular heterogeneity and formed distinct

subclusters. One of these subclusters was identified as PGCLC based on the high

expression of major PGC markers (e.g. Prdm14, Prdm1, Tfap2c, Dppa3), while the

additional subpopulations within d4 EB were annotated based on the expression of

cell identity markers identified by single-cell transcriptional profiling of E8.25 mouse

embryos (Ibarra-Soria et al., 2018). Remarkably, these subclusters were similar to

the extraembryonic tissues (i.e. extraembryonic ectoderm, extraembryonic
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mesoderm and endothelium) that surround PGCs in the proximo-posterior end of the

mouse embryo following germline specification in vivo (Figure 5).

Figure 5: Cluster identity of the d4 EB.

a.) k-means clustering of d4 EB data identified four clusters resembling the transcriptomes of

PGCs and their main surrounding tissues in vivo: Extraembryonic Ectoderm like-cells

(ExE-LC), Extraembryonic Mesoderm like-cells (ExM-LC) and Endothelial cells.

b.) Expression of selected genes representative of the different cell clusters identified in d4

EBs. The expression values are displayed as UMI (unique molecular identifier) counts in

log2 scale. The figures were adapted from Bleckwehl et al. 2021.

Furthermore, differential expression analysis between the PGCLC cluster and the

remaining cells of the d2 and d4 EBs (see Methods) led to the identification of a set

of 389 PGCLC genes, which included the PGC markers mentioned above as well as

major naïve pluripotency regulators (e.g. Nanog, Esrrb). In agreement with previous

reports (Hayashi et al., 2011), several PGCLC genes were highly expressed in ESC,

progressively silenced in EpiLC and finally reactivated in PGCLC. Lastly, gene sets

specific for the three investigated in vitro pluripotent cell types (i.e. ESC, d2 EpiLC

and EpiSC) were defined by differential gene expression analysis between each cell

type and the other two cell types (Figure 6).
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Figure 6: Stage specific expression of the gene sets.

a.) Summary for the different gene sets defined by the single-cell RNA-seq data. The ESC,

EpiLC and EpiSC gene sets were determined by considering the genes differentially

expressed in each stage compared to the remaining two (i.e. ESC vs. d2 EpiLC and EpiSC).

The PGCLC gene set was determined by considering the differentially expressed genes in

the d2 and d4 PGCLC cluster compared to the remaining cells of the d2 and d4 EBs. The

number of genes per set are indicated below and the size of a dot represents the average

expression of all genes within a gene set for the indicated cellular stages.

b.) Exemplary expression of selected genes from each gene set (y-axis labels). Shown are

the expression values as UMI counts within individual cells belonging to the indicated cellular

stages (colored above the heatmap). Pou5f1, a general pluripotency and germ cell marker, is

shown to illustrate the quality of the single-cell RNA-seq data. The figures were adapted

from Bleckwehl et al. 2021.
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6.1.2.  Transcriptional induction of PGCLC

The previously described asynchronous dismantling of the naïve expression

programm (Kalkan et al., 2017) as well as the reactivation of most of the naïve genes

during PGCLC specification raised the question of whether a small subpopulation in

d2 EpiLC might be transcriptionally primed for PGCLC induction. Alternatively, and

as indicated in previous work (Kalkan et al., 2017; Mulas et al., 2017), the acquisition

of germline competence in d2 EpiLC might entail the complete dismantling of the

naïve gene expression program and the subsequent re-activation of some of these

naïve genes in PGCLC.

Figure 7: Transcriptional induction of PGCLC.

a.) t-SNE plot of d2 EpiLC alone (n = 289).

b.) Transcriptional noise, defined as cell-to-cell transcript variation for the 500 most variable

genes, for ESC, EpiLC and EpiSC. Lower transcriptional noise indicates higher

transcriptional similarity between the cells belonging to a particular stage. All cellular stages

shown were compared to d2 EpiLC using a two-sided Wilcoxon tests (*: p-value < 2.2 10-16).

c.) RNA velocity analysis of d2 EpiLC and EB, which does show transcriptional priming of

PGCLC from cells with a mixed mesodermal/PGCLC programm (gray arrow), but not from

germline competent d2 EpiLC. The figures were adapted from Bleckwehl et al. 2021.
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Clustering of d2 EpiLC (289 cells) and RNA velocity analysis (La Manno et al., 2018)

of the PGCLC differentiation revealed that all d2 EpiLC are transcriptionally similar

and neither a distinct subpopulation indicative of a retained naïve pluripotency

expression program nor signs of precocious germline induction could be identified.

Moreover, the cell-to-cell variability in gene expression levels, defined as

transcriptional noise, was significantly lower in d2 EpiLC than in the preceding or

subsequent cellular stages (Figure 7). This is in agreement with the transcriptional

homogeneity of the E5.5 epiblast in vivo, which bears the lowest transcriptional noise

during mouse peri-implantation development (Mohammed et al., 2017). Conclusively,

the data is in agreement with previous reports (Kalkan et al., 2017; Mulas et al.,

2017) and indicates that in vitro germline competence entails a transcriptionally

homogeneous stage in which the gene expression program shared between naïve

pluripotency and PGCLC is silenced.

6.2.  Epigenetic features of PGCLC enhancers in EpiLC vs.
EpiSC
Given that transcriptional priming in EpiLC was not detectable and that most PGCLC

genes are downregulated in EpiLC and EpiSC, but yet only EpiLC display high

germline competence, there might be other differences between those two cellular

stages that explain why only EpiLC can rapidly induce the PGCLC expression

program when exposed to the appropriate signals.

Based on previous observations and considering the importance of enhancers for

lineage specification (Respuela et al., 2016; Tischler et al., 2019; Zylicz et al., 2015),

one possibility is that the enhancers controlling the expression of PGCLC genes

might display epigenetic differences between EpiLC and EpiSC that could explain

their distinct germline competence. To test this hypothesis, distal H3K27ac peaks in

d6-sorted PGCLC (n=13,105) were identified, using publically available data

(Kurimoto et al., 2015). In agreement with previous observations (Respuela et al.,

2016), a large fraction of the d6 PGCLC H3K27ac peaks were initially active in ESC,

lost H3K27ac in EpiLC and became progressively reactivated in d2 and d6 PGCLC
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(Bleckwehl et al., 2021). Since most of the d6 PGCLC H3K27ac peaks were also

active in ESC, public available capture Hi-C data generated in ESC (Atlasi et al.,

2019) was used to systematically associate these distal peaks to their putative target

genes. PGCLC enhancers were defined as those distal d6 PGCLC H3K27ac peaks

that could be physically linked to the PGCLC gene set defined by single-cell

RNA-seq (Figure 8). This resulted in 415 PGCLC enhancers linked to 216 of the 389

PGCLC genes. Furthermore, to compare epigenetic changes between different

enhancer groups, EpiLC and EpiSC enhancers were defined using similar criteria.

Figure 8: Heatmaps showing the H3K27ac dynamics for EpiLC, EpiSC and PGCLC

enhancers during PGCLC differentiation. For EpiLC: 146 out of 389, EpiSC: 164 out of 546,

and PGCLC: 216 out of 389 genes from the gene sets defined in Fig. 1 were linked to their

enhancers (see Methods for the criteria used to define the different enhancer sets).

Enhancers within each set were ordered according to the H3K27ac levels in the

corresponding cell type. The heatmap was adapted from Bleckwehl et al. 2021.

6.2.1.   Motif Analysis
Motif analysis of the different enhancer groups revealed a strong enrichment of naïve

pluripotency TF (ESRRB+NR5A2) motifs in the TSS and enhancers associated with

PGCLC genes. In addition, the PGCLC TSS were enriched for the KLF9 motif, while

the motifs of TFAP2C and OTX2 were identified next to each other within the PGCLC

enhancers (Figure 9). The same TFAP2C/OTX2 motif was also found when
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analyzing EpiLC enhancers, consistent with the major role of OTX2 during EpiLC

differentiation (Buecker et al., 2014). EpiSC enhancers were enriched for the

ZFP281 motif, which together with ZIC2, have been shown to induce the transition to

EpiSC (Mayer et al., 2020).

Figure 9: Motif analysis of the different enhancers and PGCLC TSS. The most abundant

motif of PGCLC enhancers (TFAP2C/OTX2 and ESRRB/NR5A2) are shown to the left and

other motifs for each enhancer and the PGCLC TSS are listed in the table on the right.

6.2.2.  Active chromatin features
Next, an extensive set of ChIP-seq and ATAC-seq in ESC, EpiLC and EpiSC was

generated to explore the chromatin differences between EpiLC and EpiSC.

ATAC-seq experiments were performed in two replicates to monitor the accessibility

of the enhancer sets. PGCLC enhancers were found to be highly accessible in ESC,

but lost their accessibility together with the H3K27ac ChIP-seq signal in EpiLC and

EpiSC. EpiLC and EpiSC enhancers showed high accessibility in their active stage

and to some extent also in the preceding stages. In contrast, the PGCLC TSS

displayed high accessibility in all three pluripotent cell types (Figure 10).

H3K4 methylation is widely associated with active transcription, with H3K4me1/2

being more prevalent at enhancers and H3K4me3 at promoters (Heintzman et al.,

2007). The ChIP-seq experiments revealed minor changes for H3K4me3 at both

enhancers and PGCLC TSS, while H3K4me1/2 showed a much more dynamic

behaviour at the different enhancer groups. Notably, among all the investigated

active marks, H3K4me1 showed the most obvious differences between EpiLC and

EpiSC within the PGCLC enhancers: H3K4me1 was partially retained in EpiLC, but

not in EpiSC, indicating an incomplete decommissioning of the PGCLC enhancers in
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Figure 10: Summary plot of H3K27ac and chromatin accessibility for the enhancer sets.

a.) Average levels of H3K27ac ChIP-seq and ATAC-seq signal in 2i ESC, d2 EpiLC and

EpiSC for the EpiLC, EpiSC and PGCLC enhancers as well as the TSS of the PGCLC

genes. Quantifications were performed by measuring the average signals of each epigenetic

mark within -/+ 1kb of the enhancers or TSS. RPGC: Reads per genomic content. The

summary plots were adapted from Bleckwehl et al. 2021.

b.) Expression of the acetyltransferase (Kat2a - Ep400) and classical nucleosomal

deacetylases (Hdac1 - Hdac9). The color indicates the scaled expression in each stage and

the size represents the number of cells expressing each of the indicated genes.

Figure 11: Summary plot for H3K4 methylation and H3K4 (de-) methyltransferases.

a.) Average levels of H3K4me1/2/3 ChIP-seq signals in 2i ESC, d2 EpiLC and EpiSC for the

EpiLC, EpiSC and PGCLC enhancers as well as the TSS of the PGCLC genes. The

quantifications were performed by measuring the average signals of each epigenetic mark

within -/+ 1kb of the enhancers or TSS. The summary plots were adapted from Bleckwehl et

al. 2021.

b.) Expression of the H3K4 methyltransferase (Kmt2a - Setd1b) and the demethylases

(Kdm1a - Kdm5d). The color indicates the scaled expression in each stage and the size

represents the number of cells expressing each of the indicated genes.
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EpiLC (Figure 11). On the other hand, the transcription of nearly all H3K4

methyltransferases and demethylases did not change dramatically during the

PGCLC differentiation. In summary, the analysis of active epigenetic modifications

showed that H3K4me1 persistence was the most pronounced difference at PGCLC

enhancers between EpiLC and EpiSC.

6.2.3.  Repressive chromatin features
H3K9me2/3 are associated with the silencing of enhancers and with

heterochromatinization, while H3K27me2/3, together with H3K4me1, are

characteristic of poised enhancers (Cruz-Molina et al., 2017). ChIP-seq experiments

of these modifications were performed in ESC, EpiLC and EpiSC. In comparison to

ESC, H3K9me2 increased specifically at PGCLC enhancers in EpiLC, while in

EpiSC this histone mark increased globally. H3K9me3 levels were generally low in

ESC and EpiLC, but interestingly, they were quite high at EpiSC enhancers before

their activation in EpiSC. Besides, H3K9me3 increased concurrently in EpiSC at

EpiLC enhancers, PGCLC enhancers and PGCLC TSS (Figure 12). Consistent with

the low levels of H3K9me2 in PGCLC (Kurimoto et al., 2015; Seki et al., 2005), most

of the H3K9 methyltransferases were lowly expressed in PGCLC compared to other

cells of the EB, while the expression of H3K9 demethylases (e.g. Kdm3a/b) were

higher in PGCLC.

H3K27me2 and H3K27me3 showed both similar trends, displaying low levels within

PGCLC enhancers in all stages, but increasingly higher levels at the PGCLC TSS

upon exit from naïve pluripotency. The highest levels of H3K27me3 for EpiLC and

EpiSC enhancers were measured in ESC, indicating, at least partially, a

polycomb-associated poising in ESC. Besides, the expression of H3K27

methyltransferases and demethylases remain widely constant in all differentiation

stages (Figure 13).
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Figure 12: Summary plot for the H3K9 methylation and H3K9 (de-) methyltransferases.

a.) Average levels of H3K9me2/3 ChIP-seq signals in 2i ESC, d2 EpiLC and EpiSC for the

EpiLC, EpiSC and PGCLC enhancers as well as the TSS of the PGCLC genes. The

quantifications were performed by measuring the average signals of each epigenetic mark

within -/+ 1kb of the enhancers or TSS. The summary plots were adapted from Bleckwehl et

al. 2021.

b.) Expression of the H3K9 methyltransferase (Ehmt1 - Setdb2) and the demethylases

(Kdm1a - Kdm5d). The color indicates the scaled expression in each stage and the size

represents the number of cells expressing the gene of the methyltranses or demethylases.

Figure 13: Summary plot for the H3K27 methylation.

a.) Average levels of H3K27me2/3 ChIP-seq signals in 2i ESC, d2 EpiLC and EpiSC for the

EpiLC, EpiSC and PGCLC enhancers as well as the TSS of the PGCLC genes. The

quantifications were performed by measuring the average signals of each epigenetic mark

within -/+ 1kb of the enhancers or TSS. The summary plots were adapted from Bleckwehl et

al. 2021.

b.) Expression of the H3K27 methyltransferase (Ezh1/2) and the demethylases (Kdm6a/b).

The color indicates the scaled expression in each stage and the size represents the number

of cells expressing the gene of the methyltranses or demethylases.
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Given that CpG methylation is another repressive epigenetic modification that

frequently co-occurs with H3K9me2/3 and is antagonized by H3K4 methylation

(Hughes et al., 2020; Ooi et al., 2007), publicly available whole-genome bisulfite

sequencing data generated across pluripotent states were analyzed (Zylicz et al.,

2015). In agreement with their active state, CpG methylation at PGCLC enhancers

was low in ESC. Then, as these enhancers were decommissioned, they gained CpG

methylation in EpiLC and became fully methylated in EpiSC (Figure 14). Increased

CpG methylation was also observed at the EpiLC enhancers in EpiSC, while the

EpiSC enhancers and PGCLC TSS displayed low CpG methylation levels in all

stages. CpA methylation increases globally during the establishment of formative

pluripotency due to the elevated levels of de novo methylation (Zhang et al., 2018b).

Accordingly, CpA methylation did not change specifically within any of the

considered enhancer groups, but rather showed globally higher levels in EpiLC.

Consequently, the expression of the DNA methyltransferase (Dnmt3a/b/l) increased

sharply in d2 EpiLC.

Figure 14: Summary plot for the cytosine modification.

a.) Average percentage of CpG and CpA in 2i ESC, d2 EpiLC and EpiSC for the EpiLC,

EpiSC and PGCLC enhancers as well as the TSS of the PGCLC genes. The quantifications

were performed by measuring the average percentage of each epigenetic mark within -/+

1kb of the enhancers or TSS.

b.) Expression of the DNA methyltransferase (Dnmt3a-l) and the demethylases (Tet1-3). The

color indicates the scaled expression in each stage and the size represents the number of

cells expressing the gene of the methyltranses or demethylases.
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6.2.4.  H3K4me1 and CpG methylation antagonism within PGCLC
enhancers
Overall, the most pronounced epigenetic changes within PGCLC enhancers were

observed for H3K4me1, which was higher in EpiLC, and H3K9me3 and mCpG,

which were increased in EpiSC (Bleckwehl et al., 2021). The antagonism between

these epigenetic features has been reported before (Hughes et al., 2020; Ooi et al.,

2007). Here, with focus on the well-known enhancer mark H3K4me1 (Heintzman et

al., 2007), its putative function as a regulator of in vitro germline competence is

explored.

Firstly, two additional H3K4me1 ChIP-seq replicates (which included another mouse

ESC strain, i.e. R1) were generated in EpiLC and EpiSC to further validate the

higher H3K4me1 levels in EpiLC and to identify PGCLC enhancers that show

consistent differences between EpiLC and EpiSC (Figure 15). This revealed that

71% of the PGCLC enhancers showed higher H3K4me1 levels in EpiLC than in

EpiSC in at least two replicates (71% Group I; 29% Group II). The Group I PGCLC

enhancers also retained more H3K27ac in EpiLC, while the differences in H3K4me2

and chromatin accessibility, as measured by ATAC-seq, were rather moderate. In

contrast, the Group I enhancers displayed lower mCpG and H3K9me3 levels in

EpiLC than in EpiSC, while these differences were considerably less obvious for the

Group II enhancers (Figure 16).

Furthermore, H3K4me1 and mCpG were inversely correlated across Group I PGCLC

enhancers, particularly in EpiLC (Figure 17). This negative correlation was also

investigated by performing H3K4me1 ChIP in EpiLC followed by bisulfite sequencing

of two representative Group I PGCLC enhancers (i.e. Esrrb and Lrrc31/Lrrc34

enhancers). In comparison to the input genomic DNA, the H3K4me1-enriched DNA

showed lower mCpG levels at the two analyzed enhancers (Figure 17).
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Figure 15: Reproducible loss of H3K4me1 in EpiSC.

a.) Three H3K4me1 ChIP-seq replicates were generated in d2 EpiLC and EpiSC,

respectively. For each replicate, the average H3K4me1 signal within -/+ 1kb of each PGCLC

enhancer was calculated and compared between EpiLC and EpiSC. Those PGCLC

enhancers showing an EpiLC/EpiSC ratio higher than 1.2-fold were assigned to the ‘EpiLC >

EpiSC’ category for each replicate. PGCLC enhancers assigned to the ‘EpiLC > EpiSC’

category in at least two replicates were defined as Group I (Venn diagram). All other

enhancers, including those from the ‘steady’ (EpiLC/EpiSC H3K4me1 ratio: 0.8>FC>1.2) and

‘EpiLC < EpiSC’ categories, were assigned to Group II. The figure was adapted from

Bleckwehl et al. 2021.

b.) Average profile and heatmap plots showing H3K4me1 levels for the Group I and Group II

PGCLC enhancers for all replicates d2 EpiLC and EpiSC.
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Figure 16: Epigenetic features of Group I and Group II PGCLC enhancers. Average profile

and heatmap plots showing ATAC-seq (a), H3K4me2 (b), H3K9me2/3 levels (c) and the

percentage of CpG methylation (d) for the Group I and Group II PGCLC enhancers in d2

EpiLC and EpiSC. The figures were adapted from Bleckwehl et al. 2021.

In summary, a subset of the PGCLC enhancers shows partial retention of H3K4me1

and lower levels of heterochromatic marks (i.e. mCpG, H3K9me2/3) in EpiLC

compared to EpiSC. These enhancers tend to be initially active in ESC, but lose

H3K27ac and TF/coactivator binding (indirectly measured by ATAC-seq) already in

EpiLC. Therefore, the data suggest that a significant fraction of PGCLC enhancers

are not fully decommissioned in EpiLC.
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Figure 17: Antagonism between H3K4me1/2 and CpG methylation within PGCLC

enhancers.

a.) Correlation plots between CpG methylation and H3K4me1 at Group I PGCLC enhancers

in 2i ESC, d2 EpiLC and EpiSC. For each enhancer the average percentage of CpG

methylation or level of H3K4me1 was calculated for two 500 bp bins up- and downstream of

the enhancer. All four bins of one enhancer are plotted and the spearman correlation was

determined. Shown are the measurements of the first H3K4me1 ChIP-seq replicate.

b.) The CpG methylation status of the PGCLC enhancers associated with Esrrb and

Lrrc31/34 was investigated by bisulfite sequencing using as templates ChIP input DNA,

H3K4me1 ChIP DNA and H3K4me2 ChIP DNA generated in d2 EpiLC. The columns of the

plots correspond to individual CpG dinucleotides located within each enhancer.

Unmethylated CpGs are shown in blue, methylated CpGs in red and CpGs that were not

sequenced are shown in gray. At least 10 alleles were analyzed for each template DNA

(rows). The figures were adapted from Bleckwehl et al. 2021.

6.3.  PGCLC enhancer deletions and PGCLC specification
The functional relevance of the identified PGCLC enhancers (Figure 8) was

investigated by generating CRISPR/Cas9-mediated deletions of selected enhancers

and by evaluating the topological dynamics of PGCLC enhancers during pluripotency

transitions.
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6.3.1.  PGCLC enhancers associated with Esrrb, Klf5 and Lrrc31/34
Three representative PGCLC enhancers that were linked to Esrrb, Klf5 and

Lrrc31/Lrrc34, respectively, were chosen. These three enhancers were initially active

(H3K27ac) in ESC, got partially decommissioned (lost H3K27ac and H3K4me2, but

persistence of H3K4me1) in d2 EpiLC, became reactivated in PGCLC (H3K27ac

gain) and were marked by repressive epigenetic features (H3K9me3 and CpG

methylation) in EpiSC (Figure 18).

Figure 18: Epigenomic profiles of selected enhancers during PGCLC differentiation.

Selected PGCLC enhancers associated with Esrrb (left), Klf5 (middle) and Lrrc31/34 (right)

are highlighted in blue. The PGCLC enhancers are physically linked to the transcription start

site (TSS) of the indicated genes in ESC according to capture Hi-C data from Atlasi et al.

2019. The Lrrc31/Lrrc34 enhancer is directly linked to the Lrrc34 TSS, which itself interacts

with Lrrc31 (orange line). The black rectangles above the interactions denote the enhancer

deletions generated in mESC with CRISPR/Cas9 technology. The H3K27ac ChIP-seq data

from PGCLC data was obtained from (Kurimoto et al., 2015).

Each enhancer was individually deleted with CRISPR/Cas9 in ESC containing a

DPPA3-GFP reporter that facilitates subsequent PGCLC quantification. Two clonal

lines for each individual enhancer deletion were generated and analysed for their

PGCLC differentiation capacity. The deletion of the enhancer associated with Esrrb
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had only minor effects on PGCLC specification and showed a similar fraction of

DPPA3+ PGCLC within d4 EB compared to the wild type control. On the other hand,

the enhancer deletions of Lrrc31/34 and Klf5 significantly diminished PGCLC

specification (Figure 19).

Figure 19: PGCLC enhancer deletions and effects on PGCLC specification.

a.) PGCLC enhancer deletions generated in ESC were confirmed by PCR genotyping

followed by Sanger sequencing as shown for one clonal line of the Esrrb and the Lrrc31/34

PGCLC enhancer deletions, respectively. The reference sequence for each enhancer

together with the corresponding CRISPR/Cas9 gRNAs (highlighted in orange) are shown

above the chromatograms. The chromatograms were adapted from Bleckwehl et al. 2021.

b.) WT ESC and ESC lines with the indicated PGCLC enhancer deletions were differentiated

into PGCLC. PGCLC were quantified as the percentage of DPPA3+ cells within d4 EB. Each

PGCLC quantification was performed in biological duplicates and two different clonal lines

were used for each enhancer deletion (n=2x2). The percentages of PGCLC obtained when

differentiating the ESC with the enhancer deletions were compared to those obtained with

WT ESC using two-sided wilcoxon tests.

Regardless of the PGCLC quantification, all three enhancer deletions significantly

reduced the expression of the corresponding target genes in d4 EB, indicating their

regulatory relevance during PGCLC induction (Figure 20). However, the deletions of

the enhancers linked to Klf5 and Lrrc31/34 reduced the expression of their target

genes already in ESC, which could compromise ESC differentiation and indirectly

affect the expression of the genes in PGCLC. One the other hand, these results

suggest that Lrrc31/34 and Klf5 might represent PGCLC regulators shared between

naïve and PGCLC, similarly to other naïve/PGCLC TFs (Bleckwehl and

Rada-Iglesias, 2019).
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Figure 20: Gene expression measurements of the PGCLC enhancer deletions.

The expression of Esrrb (a), Klf5 (b), Lrrc31(c) and Lrrc34 (d) were measured by RT-qPCR

in WT ESC and ESC with the associated enhancer deletion during the differentiation into d4

EB in WT. The expression values were normalized to two housekeeping genes (Eef1a1 and

Hprt). Error bars represent standard deviations from 6 measurements (two clonal lines x

three technical replicates). The figures were adapted from Bleckwehl et al. 2021.

6.3.2.  The complex enhancer regulatory landscape of Prdm14
Since many PGCLC genes are associated with multiple and potentially redundant

enhancers (52% of PGCLC genes linked to >1 enhancer), three different enhancers

(i.e. E1, E2 and E3) previously described as components of a Prdm14

super-enhancer (Hnisz et al., 2015) were individually deleted. In agreement with this

previous report, the E2 deletion strongly reduced Prdm14 expression in ESC, while

the deletion of E3 and E1 resulted in considerably smaller or no effects, respectively

(Figure 21). Upon PGCLC differentiation, the regulatory importance of each

enhancer changed considerably and E1 strongly contributed to Prdm14 induction,

especially during early PGCLC specification (i.e. d2 EB). Together with the

epigenetic profiles observed within the Prdm14 locus, these results suggest that,

rather than components of an ESC super-enhancer, the E1-E3 elements differentially

contribute to Prdm14 expression in either ESC (i.e. E2) or PGCLC (i.e. E1).
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Figure 21: Functional dissection of the Prdm14 super-enhancer during the PGCLC

specification.

a.) Genome-browser view of epigenetic features during PGCLC differentiation for three

PGCLC enhancers (E1-E3) found within the Prdm14 locus. The PGCLC enhancers that are

physically linked to the Prdm14 promoter in ESC according to capture Hi-C data from Atlasi

et al. 2019 are shown in blue. The deleted regions are denoted by the black squares shown

above the capture Hi-C track.

b.) Prdm14 expression levels were measured by RT-qPCR during the differentiation into d4

EB. The expression values were normalized to two housekeeping genes (Eef1a1 and Hprt).

Error bars represent standard deviations from 6 measurements (two clonal lines x three

technical replicates).

c.) WT ESC and ESC lines with the indicated Prdm14 enhancer deletions were differentiated

into PGCLC. PGCLC were measured as CD15+CD61+ cells within d4 EB. Each PGCLC

quantification was performed in biological duplicates and two different clonal lines were used

for each enhancer deletion (n=2x2). The percentages of PGCLC obtained when

differentiating the ESC with the Prdm14 enhancer deletions were compared to those

obtained with WT ESC using Wilcoxon tests.

d.) Representative examples of the PGCLC quantifications (CD15+ CD61+ cells) performed

by FACS after four days of PGCLC differentiation using WT ESC (E14 WT) or ESC with the

E1 enhancer deletion of Prdm14. The figures were adapted from Bleckwehl et al. 2021.
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Furthermore, in agreement with the role of Prdm14 as a PGC master regulator

(Yamaji et al., 2008), the individual E1-E3 deletions significantly impaired PGCLC

differentiation (Figure 21). Since the E2 and E3 deletions already reduced the

expression of Prdm14 in ESC, their effects on PGCLC specification could arise

secondarily due to compromised naïve pluripotency (Ma et al., 2011; Yamaji et al.,

2013). In contrast, the E1 enhancer directly contributes to PGCLC specification, as

its deletion affected Prdm14 expression during PGCLC differentiation, but not in

ESC, thus demonstrating its relevance for Prdm14 induction in PGCLC.

6.3.3.  Topological analysis of PGCLC enhancers during differentiation
The results of the PGCLC enhancer deletions showed that some PGCLC enhancers

control the expression of their target genes in ESC already, indicating that these

PGCLC enhancers might be functionally shared between naïve pluripotency and

PGCLC (Respuela et al., 2016). In agreement with this, many PGCLC enhancers

physically interact with their target genes in ESC (Figure 8). However, it was

unknown how such enhancer-gene contacts might change upon exit from naïve

pluripotency. Hence, circular chromatin conformation capture followed by sequencing

(4C-seq) experiments were performed and publically available Hi-C data (Miura et

al., 2019) were analyzed to elucidate whether there are any topological differences

between ESC, EpiLC and EpiSC.

The 4C-seq results showed that especially the Prmd14 E2 enhancer, to some extent

the proximal region of the Prdm14 E1 enhancer and weakly the Esrrb enhancer

tended to interact with their target gene in ESC and d2 EpiLC, but not in EpiSC.

Besides, the Prdm14 TSS showed novel interactions in d2 EpiLC within Ncoa2

introns that have not been identified by capture Hi-C or 4C-seq in ESC. Because

these regions gained H3K27ac specifically in PGCLC, they might be additional

PGCLC enhancers, which are more relevant in PGCLC than in ESC (Figure 22).

Furthermore, the interactions of the Tfap2c locus were comparable in all stages.

Notably and in contrast to Esrrb and Prdm14, which are only expressed in ESC,

Tfap2c is heterogeneously expressed in both ESC and EpiSC (Figure 6).
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Figure 22: Analysis of the 3D organization of major PGCLC genes by 4C-seq. 4C-seq

experiments were performed in ESC and upon differentiation into d2 EpiLC and EpiSC. The

TSS of the PGCLC genes Esrrb (left), Prdm14 (middle) and Tfap2c (right) were used as a

viewpoint and are highlighted by an arrow above each plot. PGCLC enhancers defined by

capture Hi-C are highlighted in blue and other putative PGCLC enhancers are shown in gray.

The ATAC-seq and H3K27ac tracks of ESC, EpiLC, EpiSC and PGCLC are shown below the

4C-seq tracks. The 4C-seq experiments for the Prdm14 locus were performed by Michaela

Bartusel.

Overall, most of the 4C interactions were rather weak, which might reflect

heterogeneity and/or highly transient promoter-enhancer interactions. Next,

publically available HiC data were analyzed to extend the previous observations to

all PGCLC enhancer-gene pairs (Figure 23). These analyses showed negligible

differences in the 3D architecture of the PGCLC loci between ESC, EpiLC and

EpiSC. Overall, the previous results indicate that the 3D organization of PGCLC loci

might not play a major role in the establishment of germline competence. However,

alternative methods (e.g. capture Hi-C, HiChIP) that can globally interrogate

enhancer-gene contacts with high sensitivity and spatial resolution might be required

to fully elucidate this question.
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Figure 23: Hi-C analysis for PGCLC gene interactions during differentiation. Shown are

aggregate plots for all distal H3K27ac peaks of d6 PGCLC (left, n=39017), all interaction of

the PGCLC genes defined by single-cell RNA-seq and the PGCLC enhancer (middle,

n=603) and all capture Hi-C interactions within -/+ 3kb of the TSS of all PGCLC genes (right,

n=2945) in ESC, EpilC and EpiSC. The data was obtained from Miura et al. 2019 and the

Hi-C analysis experiments were performed by Giuliano Crispatzu.

6.4.  Cell lines with altered PGCLC competence
Next, cell lines with increased and decreased germline competence were

investigated to further evaluate the correlation between germline competence and

the epigenetic state of the PGCLC enhancers.

6.4.1.  Increased germline competence in Otx2-/- cells
The deletion of Otx2 increases and prolongs germline competence in EpiLC (Zhang

et al., 2018a). Before exploring the chromatin features of PGCLC enhancers in

Otx2-/- cells, their germline competence (Buecker et al., 2014) was evaluated in more

detail. Although WT EpiLC were only competent for PGCLC differentiation at the d2

EpiLC stage, increased competence was observed until the d4 EpiSC stage for the

Otx2-/- cells. Moreover, until d7 EpiSC some Otx2-/- cells remained competent for

PGCLC differentiation, while in d8 EpiSC germline competence was also lost in

Otx2-/- cells (Figure 24).
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Figure 24: Quantification of Otx2-/- PGCLC induced from different cellular stages.

a.) E14 WT and Otx2-/- ESC were differentiated into d2 EpiLC, d4 EpiSC or d8 EpiSC, which

were then further differentiated into PGCLC. Then PGCLC were quantified as the proportion

of CD15+CD61+ cells found within d4 EB. The error bar represents the standard deviation

from two biological replicates.

b.) The panels show representative examples of the PGCLC quantifications from (a). The

figures were adapted from Bleckwehl et al. 2021.

6.4.2.  Impaired decommissioning of PGCLC enhancers in Otx2-/- cells
To test whether the increased PGCLC competence appears with epigenetic changes

at PGCLC enhancers, ChIP-seq experiments were performed prior to the PGCLC

induction in WT and Otx2-/- d2 EpiLC. Strikingly, H3K4me1, H3K4me2 and H3K27ac

signals within PGCLC enhancers were higher in Otx2-/-, particularly within enhancers

displaying partial decommissioning in WT EpiLC (i.e. Group I PGCLC enhancers).

Moreover, the higher H3K4me1/2 levels observed in Otx2-/- EpiLC were not due to an

increase in these histone modifications already in Otx2-/- ESC, nor did they reflect

expression changes of the target genes. These results indicate that the increased

germline competence of Otx2-/- cells could be linked to the delayed decommissioning

of a subset of PGCLC enhancers (Figure 25).

To gain further insights into the correlation between impaired PGCLC enhancer

decommissioning and increased PGCLC competence, H3K4me1/2 ChIP-seq

experiments and bisulfite sequencing were performed at later time points of the

EpiSC differentiation. These experiments revealed increased H3K4me1/2 and lower
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Figure 25: Decreased decommissioning of PGCLC enhancers in Otx2-/- d2 EpiLC.

a.) ChIP-seq profiles of WT (red) and Otx2-/- (blue) EpiLC for the H3K4me1, H3K4me2,

H3K27ac levels of EpiLC, Group I and Group II PGCLC enhancers.

b.) H3K4me1 (top) and H3K4me2 (middle) ChIP-qPCR analyses for selected PGCLC

enhancers in E14 WT and Otx2-/- cells (2i ESC and d2 EpiLC). H3K4me1 and H3K4me2

enrichments levels were normalized to a negative control region and are shown in log2

scale. The bottom panel shows the expression values for the genes associated with the

selected PGCLC enhancers using RNA-seq data from (Buecker et al., 2014).

CpG methylation levels at PGCLC enhancers in Otx2-/- d4 EpiSC with extended

PGCLC competence. These epigenetic differences between Otx2-/- and wild type

cells were barely observed in d8 EpiSC, which, importantly, showed limited PGCLC

competence in both cases (Figure 26, Figure 27).
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Figure 26: Impaired enhancer decommissioning correlates with PGCLC competence.

Average profile (top) and heatmap (bottom) plots showing H3K4me1 (a) and H3K4me2 (b)

levels for the Group I and Group II PGCLC enhancers in d2 EpiLC, d4 EpiSC and d8 EpiSC

differentiated from either E14 WT or Otx2-/- ESC. The H3K4me1 ChIP-seq data shown for

WT d2 EpiLC and WT d8 EpiSC are the same ones used in Figure 15 as second replicates.

The figures were adapted from Bleckwehl et al. 2021.

Figure 27: Decreased CpG methylation of Group I PGCLC enhancers in Otx2-/- cells.

a.) Average profile (top) and heatmap (bottom) plots showing the percentage of CpG

methylation within Group I and Group II PGCLC enhancers in d2 EpiLC, differentiated from

either E14 WT or Otx2-/- ESC.

b.) The CpG methylation levels of selected PGCLC enhancers linked to Esrrb, Prdm1 and

Prdm14 genes were measured by bisulfite sequencing in d2 EpiLC, d4 EpiSC and d8 EpiSC
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differentiated from E14 WT and Otx2-/- ESC. The columns of the plots correspond to

individual CpG dinucleotides located within the indicated enhancer. Unmethylated CpGs are

shown in blue, methylated CpGs in red and CpGs that were not sequenced are shown in

gray. The rows represent the sequenced alleles in each cell line. The figures were adapted

from Bleckwehl et al. 2021.

Nevertheless, the correlation between germline competence and H3K4me1 levels

within PGCLC enhancers was not perfect, since Otx2-/- d4 EpiSC displayed higher

germline competence than WT d2 EpiLC, yet slightly lower H3K4me1 levels within

Group I enhancers. Therefore, in addition to H3K4me1, other chromatin features

within PGCLC enhancers might contribute to the extended germline competence of

Otx2-/- cells. In agreement with this possibility, Group I enhancers showed higher

H3K4me2 in Otx2-/- d4 EpiSC than in WT EpiLC, which might indicate a slower H3K4

demethylation process that results in less CpG methylation of these enhancers in

Otx2-/- d2 EpiLC and d4 EpiSC (Figure 27).

6.4.3.  Decreased germline competence in Prdm14-/- cells
Previous reports showed that the loss of Prdm14 lead to increased CpG methylation

in ESC due to the upregulation of Dnmt3a/b (Gretarsson and Hackett, 2020; Sim et

al., 2017; Yamaji et al., 2013) and reduced numbers of PGCs (Yamaji et al., 2008).

While the low CpG methylation of PGCLC enhancers in Otx2-/- EpiLC could

contribute to their high germline competence, an increase in CpG methylation levels

for example in EpiSC or Prdm14-/- EpiLC, could restrict PGCLC competence.

To test this hypothesis, genome-wide CpG methylation data generated during the

differentiation of Prdm14-/- ESC into PGCLC (Shirane et al., 2016) were analyzed.

These analyses showed that CpG methylation levels within PGCLC enhancers were

increased in Prdm14-/- cells throughout the PGCLC differentiation (Figure 28).

Furthermore and similarly to Otx2-/- EpiLC, Prdm14-/- EpiLC did not show major

expression changes among PGCLC genes (Bleckwehl et al., 2021; Shirane et al.,

2016).
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Figure 28: Increased CpG methylation in the Prdm14-/- EpiLC.

a.) Quantification of genome-wide CpG methylation in WT (blue) and Prdm14-/- (red) within

-/+ 1kb of PGCLC enhancers during the PGCLC differentiation.

b.) Genome browser view of CpG methylation levels during PGCLC differentiation at the

Prdm14 locus in WT and Prdm14-/- cells. The genome-wide CpG methylation data was

obtained from (Shirane et al., 2016).

In order to investigate whether the increased CpG methylation in Prdm14-/- cells

might restrict germline competence, a PRDM14 degron cell line was generated to

enable the rapid and reversible degradation of PRDM14 during PGCLC

differentiation. Briefly, the OsTir1 gene was stably integrated into the genome and

Prdm14 was fused to an auxin inducible tag (Nora et al., 2017), which enabled an

auxin-dependent degradation of PRDM14 in ESC (Figure 29). The degradation was

reversible when auxin was washed off. However, auxin seemed to increase PGCLC

formation on its own, as more PGCLC in auxin-treated OsTir1 cells were observed.

Furthermore, the addition of the AID tag to PRDM14 seems to affect its levels and/or

function, since PGCLC numbers were reduced in PRDM14-AID cells even in the

absence of auxin (Figure 29). These potential effects of the AID on PRDM14 levels

could not be properly addressed due to the lack of a suitable antibody to detect

endogenous PRDM14. These unexpected effects of Auxin and the AID tag did not

allow us to conclusively assess whether the loss of Prdm14 could compromise

germline competence by increasing CpG methylation within PGCLC enhancers. This

limitations might be overcome with an updated degradation system (Sathyan et al.,

2019; Yesbolatova et al., 2020), or other strategies, like CRISPR/Cas9 mediated
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DNA methylation of selected enhancers (Liu et al., 2016), to investigate the impact of

CpG methylation for PGCLC competence.

Figure 29: Auxin inducible degradation of PRDM14.

a.) Western blot showing the degradation of PRDM14 in two cell lines, where the auxin

degradable tag and a FLAG tag were fused at the C-terminus of Prdm14.

b.) Supplementation of auxin during different time frames of the PGCLC differentiation in the

parental line harboring only the OsTir1 insertion (gray) and the OsTir1 cell line with an auxin

degradable PRDM14 (red), where no auxin was added (control), auxin was added for 4 days

in ESC, but washed off afterwards, auxin was added in ESC and EpiLC but washed off

afterwards and where auxin was added with the induction of PGCLC (positive control).

6.5.  Accessibility of PGCLC enhancers to germline regulators
To investigate whether the partial decommissioning of PGCLC enhancers in EpiLC

compared to EpiSC could have any functional consequences, the accessibility of

these enhancers to major germline transcriptional activators (i.e. PRDM14 and

NANOG) was evaluated. Thereby, clonal ESC lines in which HA-tagged PRDM14 or

NANOG could be overexpressed upon addition of Doxycycline (Dox) were

generated. In agreement with previous reports, the overexpression of either
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PRDM14 or NANOG upon differentiation of EpiLC into PGCLC yielded a high

percentage of PGCLC in the absence of growth factors (Magnúsdóttir et al., 2013;

Murakami et al., 2016). In contrast, the overexpression of PRDM14 or NANOG upon

differentiation from EpiSC resulted in considerably less PGCLC (Figure 30).

Figure 30: Effects of NANOG and PRDM14 overexpression on PGCLC differentiation.

a.) WT ESC and ESC lines with a Doxycycline-inducible system enabling the overexpression

of exogenous NANOG (blue) or PRMD14 (red) were differentiated into d2 EpiLC and EpiSC.

Next, d2 EpiLC and EpiSC were differentiated into PGCLC with (+Dox) or without (ctrl)

Doxycycline and in the absence of growth factors. As a positive control, WT d2 EpiLC and

EpiSC were differentiated with growth factors (WT +GF). The percentage of PGCLC (i.e.

CD15+CD61+ cells) was measured in d4 EB from two biological replicates.

b.) Representative examples of the PGCLC quantifications shown on the left panel. The

figures were adapted from Bleckwehl et al. 2021.

To assess whether PGCLC enhancers were differentially accessible to these TFs in

EpiLC and EpiSC, ChIP-seq experiments were performed after a short induction of

HA-tagged PRDM14 or NANOG in both cell types. Importantly, PGCLC enhancers,

especially those belonging to Group I, were considerably more bound by

PRDM14-HA and NANOG-HA in EpiLC than in EpiSC (Figure 31).
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Figure 31: NANOG and PRDM14 binding to PGCLC enhancers.

a.)Western blot analysis of the inducible overexpression of exogenous PRDM14-HA (left).

EpiLC or EpiSC were either left untreated (ctrl) or treated with Dox for 18 hours and then the

PRDM14-HA levels were measured using an anti-HA antibody. The band corresponding to

PRDM14-HA is indicated with an asterisk. B-Tubulin was used as a loading control in all

samples. The exogeneous PRDM14 tagged with HA were overexpressed for 18 hours in

EpiLC and EpiSC. Then, ChIP-seq experiments were performed using an anti-HA antibody

(right). The average profile (top) and heatmap (bottom) plots show the binding of the

PRDM14-HA within Group I and Group II PGCLC enhancers.

b.) Experiments as in (a) for the overexpression of exogenous NANOG-HA. For the western

blot, endogenous and exogenous NANOG levels were additionally measured with an

anti-NANOG antibody. The figures were adapted from Bleckwehl et al. 2021.

Furthermore, NANOG-HA binding to the PGCLC enhancers resulted in increased

H3K27ac and H3K4me2 levels in EpiLC, but not in EpiSC, particularly within Group I

enhancers (Figure 32). Altogether, these results indicate that PGCLC enhancers,

especially those belonging to Group I, are both accessible and responsive to

transcriptional activators in EpiLC, but not in EpiSC.
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Figure 32: Epigenetic changes of active chromatin features by NANOG-HA overexpression.

a-b.) The ESC line enabling the inducible overexpression of exogenous NANOG-HA was

differentiated into d2 EpiLC and EpiSC. Next, the cells were either left untreated (ctrl) or

treated with Dox to overexpress NANOG as described in Figure 31 and, subsequently,

H3K27ac (a) or H3K4me2 (b) ChIP-seq experiments were performed. The average profile

(top) and heatmap (bottom) plots show H3K27ac and H3K4me2 levels within Group I and

Group II PGCLC enhancers.

c.) Genome-browser view of the Klf5 and Esrrb loci showing the binding of NANOG-HA in

both EpiLC and EpiSC as well as the H3K27ac and H3K4me2 signals in untreated (-Dox)

and Dox-treated (i.e. NANOG-HA overexpression) d2 EpiLC and EpiSC. For the NANOG-HA

ChIP-seq profiles in EpiSC the results of two independent biological replicates are shown to

illustrate that the weak binding of this transcription factor to the PGCLC enhancers was

reproducibly observed. The previously deleted PGCLC enhancers (Figure 19) are

highlighted in blue and other PGCLC enhancers found within the same loci are indicated in

gray. The figures were adapted from Bleckwehl et al. 2021.
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6.6.  H3K4me1/2 is dispensable for the establishment of the
formative and primed in vitro pluripotency expression programs
Overall, the presented data suggest that a significant fraction of PGCLC enhancers

display permissive chromatin features in EpiLC, including higher H3K4me1 levels,

that might contribute to their increased germline competence compared to EpiSC.

Therefore, the next aim was to investigate the relevance of H3K4me1 for PGCLC

competence.

H3K4me1 is catalyzed by two redundant H3K4 methyltransferases (KMT2C/D).

Recent work based on the generation of Kmt2c and Kmt2d catalytic mutant ESC

lines (dCD and dCT ESC lines) reported that the non-catalytic functions of the

KMT2C/D complex are more relevant for enhancer activity than H3K4me1; as the

expression changes in the Kmt2c/d KO ESC were more severe compared to the

dCD ESC (Dorighi et al., 2017). Furthermore, in the dCD ESC, active enhancers

showed a moderate reduction in H3K27ac, while gene expression, eRNA levels and

the binding of KMT2C/D and their associated complexes were not affected.

Therefore, H3K4me1 seems to be largely dispensable for the maintenance of

enhancer activity (Dorighi et al., 2017; Rickels et al., 2017). However, the

differentiation capacity of the dCD ESC and, thus, the importance of H3K4me1 upon

mouse ESC differentiation has not been investigated yet. Therefore, the role of

H3K4me1 upon exit from the naïve pluripotent state was evaluated first by

performing RNA-seq and ChIP-seq experiments for H3K4me1/2/3 and H3K27ac in

dCD (KMT2C: Y4792A; KMT2D: Y5477A) and dCT (KMT2C: Y4792N; KMT2D:

Y5477N) ESC as well as upon their differentiation into d2 EpiLC and EpiSC.

In order to extend previous observations based on the use of the dCD cell line, the

dCT ESC line, which contains a different amino acid substitution at the same position

of the SET domain of KMT2C and KMT2D was further characterized. In agreement

with the previous results obtained in dCD ESC (Dorighi et al., 2017), the dCT ESC

showed an almost complete loss of H3K4me1 and diminished levels of H3K37ac at

enhancers (Figure 33).
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Figure 33: H3K4me1 and H3K27ac signals in WT and dCT ESC.

H3K4me1 (a) and H3K27ac (b) ChIP-seq profiles of WT and dCT ESC for EpiLC, EpiSC,

Group I and Group II PGCLC enhancers and PGCLC TSS.

Figure 34: H3K4me2 and H3K4me3 signals in WT and dCD ESC.

H3K4me2 (a) and H3K4me3 (b) ChIP-seq profiles of WT and dCD ESC for EpiLC, EpiSC,

Group I and Group II PGCLC enhancers and PGCLC TSS.

Furthermore, to better characterize the epigenetic defects of the dCD cells,

H3K4me2 and H3K4me3 ChIP-seq experiments were performed. This revealed that

H3K4me2 was also profoundly reduced at active enhancers, while H3K4me2/3

levels at PGCLC TSS were not altered (Figure 34). Conclusively, the dCD cell line is

deficient for both H3K4me1 and H3K4me2.
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Upon differentiation into EpiLC and EpiSC, H3K4me1 and H3K4me2 were similarly

lost at enhancers and also the H3K27ac levels of the EpiLC and EpiSC enhancers

were affected (Figure 35). Notably, H3K27ac was gained at EpiSC enhancers in dCD

EpiSC compared to dCD EpiLC, indicating at least a partial EpiSC enhancer

activation in dCD EpiSC. Additionally, elevated H3K4me1 was observed at the

PGCLC TSS in all stages.

Figure 35: Epigenetic changes in the dCD cell line upon differentiation. Summary plot

showing the average H3K27ac, H3K4me1, H3K4me2 and H3K4me3 levels in WT and dCD

cells (d2 EpiLC and EpiSC) for the EpiLC, EpiSC and PGCLC enhancers as well as the TSS

of the PGCLC genes. Quantifications were performed by measuring the average signals of

each epigenetic mark within -/+ 1kb of the enhancers or TSS. The H3K4me1 ChIP-seq data

shown for WT d2 EpiLC and EpiSC are the same ones used in Figure 15 as the third

replicate. RPGC: Reads per genomic content. The figures were adapted from Bleckwehl et

al. 2021.

Next, to investigate how the loss of H3K4me1/2 could impact gene expression,

RNA-seq experiments were performed WT and dCD ESC as well as upon their

differentiation into EpiLC. Notably, rather minor gene expression changes were

observed between WT and dCD cells in both pluripotent states (Figure 36). These

results suggest that H3K4me1/2 is dispensable for the activation of the EpiLC

expression program.
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Figure 36: Epigenetic and transcriptional changes of the dCD cell line upon differentiation

into EpiLC.

a-c.) Epigenetic profiles of selected EpiLC enhancers (highlighted in dark blue), which were

associated with Myb (a), Foxd3 (b) and Lypd6 (c). Shown are the tracks of KMT2C/D,

H3K4me1, H3K4me2 and H3K27ac in WT and H3K4me1/2 deficient ESC (blue) and EpiLC

(red). The KMT2C/D ChIP-seq data was obtained from Dorighi et al. 2017.

d.) Box plots showing the expression, as measured by RNA-seq, of the genes associated

with the PGCLC and EpiLC enhancers in WT (gray) and dCD (red) ESC cells as well as

upon their differentiation into EpiLC. The RNA-seq data in ESC was obtained from Dorighi et

al. 2017 and the experiments in d2 EpiLC were performed in duplicates.

e.) Expression levels of representative EpiLC (Foxd3, Lypd6, Myb) and PGCLC (Prdm14,

Zfp42, Esrrb) genes.
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Figure 37: Epigenetic and transcriptional changes of the dCD cell line upon differentiation

into EpiSC.

a-c.) Epigenetic profiles of selected EpiSC enhancers (highlighted in dark blue), which were

associated with Foxa2 (a), Fgf8 (b) and Nes (c). Shown are the tracks of H3K4me1,

H3K4me2 and H3K27ac in WT and dCD EpiLC (red) and EpiSC (orange).

d.) Box plots showing the expression, as measured by RNA-seq, of the genes associated

with the PGCLC and EpiLC enhancers in WT (gray) and dCD (red) ESC cells as well as

upon their differentiation into EpiLC. The RNA-seq data in ESC was obtained from Dorighi et

al. 2017 and the experiments in d2 EpiLC were performed in duplicates.

e.) Expression levels of representative EpiSC genes.
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EpiSC show incipient expression of somatic germ layers and can be easily

differentiated towards neural, endodermal or mesodermal progenitors (Morgani et

al., 2017). Interestingly, evaluation of major somatic specifiers, such as Nes (neural),

Foxa2 (endoderm) or Ffg8 and T (mesodermal), revealed that the expression levels

of these genes and the H3K27ac levels within their associated enhancers were

almost the same in WT and dCD EpiSC. Therefore, EpiSC differentiation potential

might not be severely impaired by the H3K4me1/2 deficiency (Figure 37). Overall,

the results are in agreement with a recent preprint showing only minor defects upon

differentiation of the dCD ESC into either EBs (reflecting the formation of all somatic

germ layers) or neural progenitors (Xie et al., 2020).

6.7.  H3K4me1 is necessary for in vitro germline competence
The previous results indicate that the persistence of H3K4me1 at PGCLC enhancers

might be an important feature of germline competence. Careful evaluation of the

PGCLC enhancers in dCD ESC, EpiLC and EpiSC revealed that these enhancers

display a similar epigenetic state (i.e. low H3K4me1/2 and H3K27ac) in dCD EpiLC

and WT EpiSC (Figure 38).
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Figure 38: ChIP-seq profiles of PGCLC enhancers in the dCD cell line. As indicated above

each panel, the average profile (top) and heatmap (bottom) plots of KMT2C/D in ESC (a) as

well as H3K4me1 (b), H3K4me2 (c) and H3K27ac (d) levels for the Group I and Group II

PGCLC enhancers in R1 WT and KMT2C/D catalytic mutant ESC lines as well as upon their

differentiation into d2 EpiLC and EpiSC. The H3K4me1 ChIP-seq data shown for WT d2

EpiLC and WT EpiSC are the same ones used in Figure 15 as third replicates. The figures

were adapted from Bleckwehl et al. 2021.

This suggests that PGCLC enhancers get fully decommissioned in dCD EpiLC,

which, consequently, might reduce their germline competence. This hypothesis was

experimentally tested as described in the following sections.

6.7.1.  H3K4me1 is necessary for PGCLC formation and the
re-activation of PGCLC enhancers
The different KMT2C/D catalytic mutant ESC lines were differentiated into PGCLC.

Notably, dCD and dCT ESC both showed a significant reduction in their PGCLC

differentiation capacity (Figure 39). Such PGCLC differentiation defect was not

observed with cells that were catalytic mutant for KMT2D, but not KMT2C (i.e. 4CT

cells), consistent with the known redundant function of KMT2C and KMT2D (Hu et

al., 2013b). Furthermore, the compromised PGCLC differentiation of the dCD cells

was also observed when the differentiation time was extended, indicating that the

observed defects are not simply explained by a delay in PGCLC specification

(Bleckwehl et al., 2021).

Then, to investigate if the reduced germline competence of the dCD cells could be

caused by compromised PGCLC enhancer reactivation upon PGCLC differentiation,

a ChIP-seq protocol for reduced cell numbers was used to investigate H3K27ac in

d4 EB derived from WT and dCD ESC. The ChIP-seq profiles revealed that PGCLC

enhancers, especially those belonging to Group I, displayed higher H3K27ac levels

in WT than in dCD d4 EB (Figure 39). Overall, the reduced PGCLC numbers and

H3K27ac levels at PGCLC enhancers observed in dCD d4 EB indicate that PGCLC

enhancers might not get properly re-activated in the absence of H3K4me1.
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Figure 39: Compromised differentiation of KMT2C/D catalytic mutant ESC lines into PGCLC.

a.) WT ESC and ESC lines with the indicated KMT2C/D amino acid substitutions were

differentiated into PGCLC. PGCLC were defined as CD15+CD61+ cells within d4 EB. Each

PGCLC quantification was performed in at least four biological replicates. The p-values were

calculated using Wilcoxon tests.

b.) Representative examples of the PGCLC quantifications shown in the left panel.

c.) H3K27ac ChIPmentation experiments were performed in d4 EB differentiated from R1

WT and dCD ESC. The average profile (top) and heatmap (bottom) plots show H3K27ac

levels for the Group I and Group II PGCLC enhancers.
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d.) Genome browser views showing KMT2C/D ChIP-seq from Dorighi et al. 2017 in ESC

(blue), H3K4me1 levels in ESC and EpiLC (orange), and H3K27ac profiles in ESC, EpiLC

and d4 EB (red) in R1 WT and dCD. Shown are three representative PGCLC genes

(Prdm14, Esrrb and Tfap2c) and their linked enhancers. For Prdm14 and Esrrb the

CRISPR-Cas9 deleted enhancer regions are highlighted in blue, while for Tfap2c the

enhancers linked by capture-HiC are highlighted in blue and another putative enhancer in

gray. The figures were adapted from Bleckwehl et al. 2021.

6.7.2.  The induction of the PGCLC expression programme is impaired in
the absence of H3K4me1/2
The previous ChIP-seq experiments were performed in EBs and not in sorted

PGCLC. Therefore, the low H3K27ac levels in dCD cells could be caused by either a

defect in the activation of PGCLC enhancers and their associated genes or by an

overall reduction in the number of PGCLC present within d4 EBs. To distinguish

between these two possibilities, scRNA-seq analyses of WT (1416 cells) and dCD

(1699 cells) d4 EBs were performed. UMAP (Uniform Manifold Approximation and

Projection for Dimension Reduction) analysis (McInnes et al., 2018) of the resulting

single cell transcriptomes confirmed the presence within d4 EB of subclusters

resembling the main cell populations (i.e. PGCLC, ExEctorderm-like,

ExMesoderm-like) that characterize the proximo-posterior end of the mouse embryo

following germline specification (Figure 40, Figure 41). Most importantly, the PGCLC

cluster consisted mostly of WT cells, thus in agreement with the results obtained

using FACS and cell surface markers. An additional ExEndoderm/Gut-like subcluster

was identified in both cell types. This ExEndoderm/Gut-like cluster was not observed

in previous scRNA-seq analyses, which might be attributed to the lower number of

d4 EB cells. By differential expression analysis of the clusters, a 2-cell-like cluster

that expressed 2-cell markers (e.g. Zscan4a-f) only in dCD cells was identified.

The transcriptomes of some of the extraembryonic-like cell types were similar

between WT and dCD cells (e.g. Ex-Endoderm/Gut-like, Endothelial-like, Figure 41).

However, many dCD cells were located in clusters with poorly defined identity that

did not show differential expression of specific markers. These
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Figure 40: Clusters identified in WT and dCD d4 EBs based on single-cell RNA-seq profiling.

a.) UMAP plot showing the different cell clusters identified within WT and dCD d4 EB

according to the single-cell RNA-seq data. The single-cell RNA-seq data was subject to

clustering analysis (Shared Nearest Neighbor) and the cellular identity of the resulting

clusters was determined by differential expression analysis between clusters as well as by

using specific markers of the main embryonic and extraembryonic tissues found within E8.25

mouse embryos (Ibarra-Soria et al. 2018).

b.) Percentage of WT and dCD cells present within each of the clusters identified in d4 EB

as shown to the left. The figures were adapted from Bleckwehl et al. 2021.

“undefined” clusters were transcriptionally more heterogeneous than the remaining

clusters found within d4 EB (Bleckwehl et al., 2021). Furthermore, the undefined

clusters of the dCD EBs contained cells that expressed major PGC markers (i.e.

Prdm1 or Dppa3) but not naïve pluripotency ones (i.e. Klf4), suggesting a cellular

identity similar to PGCLC. The proportion of these Prdm1orDppa3+/Klf4- cells was

similar among WT and dCD EBs (Figure 41). However, while in the WT EBs, these

cells were mostly found within the PGCLC subcluster, in the dCD EBs they were part

of the subclusters with poorly defined identity, suggesting important transcriptional

differences between WT and dCD Prdm1orDppa3+/Klf4- cells.
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Figure 41: Identification of PGCLC and Prdm1orDppa3+/Klf4- cells within d4 EBs.

a.) UMAP plot of the single-cell RNA-sequencing data generated in d4 EB differentiated from

R1 WT and dCD ESC. The PGCLC cluster, which was identified by the expression of

PGCLC markers, is indicated with an arrow (see also Figure 40). Each red and blue dot in

the plot represents a WT and dCD individual cell, respectively.

b.) Shown are those cells that express Prdm1 or Dppa3, but not the naïve pluripotency

marker Klf4 (Prdm1orDppa3+/Klf4-) in WT (red) and dCD (blue) d4 EBs within the same

UMAP plot as in (a).

c.) Percentage of WT and dCD d4 EB cells found within the PGCLC cluster (a) or expressing

Prdm1/Dppa3, but not Klf4 (Prdm1orDppa3+/Klf4-) (b). The figures were adapted from

Bleckwehl et al. 2021.

Congruently, the expression of the PGCLC genes associated with PGCLC

enhancers were significantly reduced in dCD Prdm1orDppa3+/Klf4- cells in

comparison to their WT counterparts (Figure 42). This included PGCLC genes that

have been individually reported to be major PGC/PGLC regulators (Nanog, Tfap2c,

Nr5a2, Prdm14, Cbfa2t2, Esrrb, Utf1, Erbb3, Kit, Lefty1) (Farini et al., 2007; Hackett

et al., 2018; Kasowitz et al., 2017; Murakami et al., 2016a; Okamura et al., 2019;

Schemmer et al., 2013; Toyoda-Ohno et al., 1999; Tu et al., 2016; Wu et al., 2013;
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Yamaji et al., 2008). On the other hand, the expression differences for the PGCLC

genes without associated enhancers were rather minor. In summary, the scRNA-seq

analyses suggest that the induction of the PGCLC expression program, particularly

of those genes linked to PGCLC enhancers, is compromised in dCD cells.

Figure 42: The expression of PGCLC genes linked to PGCLC enhancers is reduced in dCD

Prdm1orDppa3+/Klf4- cells.

a.) Box plots showing the expression of the PGCLC genes linked (n=216) or not (n=170) to

at least one PGCLC enhancer within WT (red) and dCD (blue) Prdm1orDppa3+/Klf4- cells.

WT and dCD were compared using a two-sided paired student t-test.

b.) Heatmap showing the expression of selected PGCLC genes (rows) linked to PGCLC

enhancers within individual WT and dCD Prdm1orDppa3+/Klf4- cells (columns). The figures

were adapted from Bleckwehl et al. 2021.

6.7.3.  The loss of OTX2 can not restore germline competence in the
dCD cell line
As shown in previous sections, Otx2-/- EpiLC displayed higher H3K4me1/2 levels

within PGCLC enhancers and increased in vitro germline competence. To further

evaluate the importance of H3K4me1 for in vitro germline competence, we decided

to investigate whether the absence of H3K4me1 could also reduce the PGCLC

differentiation capacity of Otx2-/- cells. To this purpose, Otx2 was deleted in the dCD

ESC (i.e. dCD Otx2-/-) as well as in their parental WT ESC (i.e. R1 Otx2-/-) and

differentiated into PGCLC. As expected, the deletion of the Otx2 gene in the R1 ESC

increased germline competence, although not as pronouncedly as in the E14 Otx2-/-

ESC line (Figure 24, Figure 43). Most importantly, the dCD Otx2-/- cells showed
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reduced PGCLC differentiation capacity, comparable to the one observed for the

dCD cell line. Furthermore, genome-wide and locus-specific analyses of mCpG

levels revealed that Group I PGCLC enhancers were considerably more methylated

in dCD and dCD Otx2-/- EpiLC than in Otx2-/- EpiLC. Thus, these results further

support that H3K4me1/2, possibly by keeping PGCLC enhancers accessible and

responsive to inductive signals, is required for in vitro germline competence.

Figure 43: Quantification of the PGCLC differentiation capacity and CpG methylation levels

in dCD Otx2-/- cells.

a.) Western blot analysis of the OTX2 levels in R1 Otx2-/- and dCD Otx2-/- d2 EpiLC.

B-Tubulin was used as a loading control.

b.) R1 WT, R1 Otx2-/-, dCD and dCD Otx2-/- ESC were differentiated into PGCLC. PGCLC

were quantified as the proportion of CD15+CD61+ cells found within d4 EB. The PGCLC

differentiations for the dCD Otx2-/- ESC were performed in three biological replicates and

using two different clonal lines (n=3x2). The other PGCLC measurements were performed in

biological triplicates.

c.) Genome-wide bisulfite sequencing experiments were performed in d2 EpiLC

differentiated from Otx2-/-, dCD and dCD Otx2-/- ESC. The average profile (top) and heatmap

(bottom) plots show the percentage of CpG methylation for the Group I and Group II PGCLC

enhancers in WT and dCD d2 EpiLC. The figures were adapted from Bleckwehl et al. 2021.
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To get further insights into the molecular mechanisms leading to increased CpG

methylation in dCD cells, the expression of the de novo DNA methyltransferases

(Dnmt3a/b), DNA maintenance machinery (Dnmt1, Uhrf1) and the major DNA

demethylase (Tet1) was analyzed using the RNA-seq data generated in WT and

dCD EpiLC. These analyses showed that Dnmt3a was upregulated and Dnmt3b

downregulated in dCD EpiLC compared to WT EpiLC (Figure 44). Furthermore,

analysis of the d4 EB scRNA-seq data revealed that the Prdm1orDppa3+/Klf4- dCD

cells failed to downregulate Dnmt3a/b and Uhrf1 in comparison to their WT

counterparts (Figure 42). In contrast, the expression of Dnmt3a/b in other cell types

found within d4 EB was similar in WT and dCD cells. The initial phase of CpG

demethylation during PGCLC specification involves the downregulation of DNA

methyltransferases (Seki et al., 2005). Therefore, the defective expression of these

Figure 44: Expression of the DNA methyltransferases in the dCD cell line.

a.) Bar plots showing the expression, as measured by RNA-seq, of the DNA

methyltransferases (Dnmt3a/b/l) and DNA methylation maintenance (Dnmt1, Uhrf1) and

DNA demethylation (Tet1) in WT (gray) and dCD (red) ESC cells as well as upon their

differentiation. The RNA-seq data in ESC was obtained from Dorighi et al. 2017 and the

experiments in d2 EpiLC and EpiSC were performed in duplicates.

b.) Heatmap showing the expression of the PGCLC marker (Dppa3, Tfap2c), the genes

involved in DNA methylation (Dnmt1, Dnmt3a/b/l, Uhrf1), DNA demethylases (Tet1/2/3) and

selected H3K9me methyltransferases (Ehmt1/2) and demethylases (Kdm3a/b) within

individual WT (blue column) and dCD (red column) Prdm1orDppa3+/Klf4- cell (left) or cell of

the ExM-LC 1 and undefined dCD 1 clusters.
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enzymes in dCD cells might contribute to their PGCLC differentiation defects. In

addition, since H3K4 methylation can directly interfere with the enzymatic activity of

the de novo DNA methyltransferases (Guo et al., 2015; Ooi et al., 2007; Zhang et al.,

2010), the loss of H3K4me1 in dCD cells could also lead to the increase methylation

of PGCLC enhancers through this alternative mechanism.

6.8.  Relevance of the findings to understand germline
competence in vivo
The presented results (chapter 6.1 - 6.7) show that H3K4me1/2 is required for in

vitro germline. Thereby, the persistence of H3K4me1/2 within the PGCLC enhancers

in EpiLC might protect them from rapid CpG methylation, conferring a permissive

and responsive chromatin state that facilitates PGCLC enhancer reactivation and

PGCLC specification in vitro.

Figure 45: Evaluation of available epigenomic data from in vivo PGCs and epiblasts.

a.) Average profile (top) and heatmap (bottom) plots showing DNase-seq levels for the

Group I and Group II PGCLC enhancers in PGCs isolated from E9.5 and E10.5 mouse

embryos. The DNase-seq data were obtained from Li et al. 2018.

b.) Average profile (top) and heatmap (bottom) plots showing the percentage of CpG

methylation for the Group I and Group II PGCLC enhancers in E4.5, E5.5 and E6.5 mouse

epiblasts. The genome-wide mCpG data were obtained from Zhang et al. 2018. The figures

were adapted from Bleckwehl et al. 2021.
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As mentioned in the introduction, in vivo data sets are challenging to generate during

mouse peri-implantation development, but due to recent advances on genomic

technologies some interesting in vivo data sets are already available. Some of these

datasets were analyzed to evaluate whether our findings regarding how the

epigenetic state of PGCLC enhancers can influence germline competence can be

relevant in vivo. First of all, analysis of chromatin accessibility based on DNase-seq

experiments performed in E9.5 and E10.5 PGC (Li et al., 2018a) showed that our set

of PGCLC enhancers is highly accessible in vivo (Figure 45) and, thus, probably

active. Furthermore, the analysis of genome-wide CpG methylation data from mouse

E4.5 - E6.5 epiblast (Zhang et al., 2018b) showed lower CpG methylation levels

within Group I PGCLC enhancers in germline competent E5.5 epiblast cells than in

the E6.5 epiblast, thus in agreement with our in vitro observations (Figure 16+45).

6.9.  Epigenetic heterogeneity in the germline competent stage
A previous study of single-cell CpG methylation during mouse peri-implantation

stages showed that the formative epiblast is particularly heterogeneous, especially

within enhancers with low CpG content (Rulands et al., 2018). Therefore, the lower

CpG methylation levels observed for some PGCLC enhancers in the E5.5 epiblast in

comparison to the E6.5 epiblast could be the result of increased cell-to-cell variation.

To evaluate this idea, we analyzed single-cell genomic data in which DNA

methylation and gene expression were measured for the same cells across different

epiblast stages (i.e. E4.5, E5.5 and E6.5) (Argelaguet et al., 2019). Due to the limited

coverage of single-cell DNA methylation, the comparison of CpG methylation states

is challenging. For instance it is possible, that in one cell the CpG methylation

information might be covered at the center of the enhancer (more likely to be

unmethylated), while in another cell the CpG methylation might be covered at the

enhancer periphery (more likely to be methylated). In such cases, the comparison of

the average CpG methylation levels would indicate differences between cells,

although this could be caused by the differences between different parts of the

enhancers rather than by cellular heterogeneity. To circumvent this problem, the CpG

methylation heterogeneity was measured by comparing only the methylation states
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of individual CpGs within the PGCLC enhancers using a dissimilarity matrix

approach illustrated in Figure 46 (Hui et al., 2018). This ensures the direct

comparison of the same covered CpGs between individual cells. Notably, this

analysis revealed that the formative epiblast (E5.5) displayed the highest variation in

mCpG levels within the PGCLC enhancers, while in the primed epiblast (E6.5) these

enhancers were more homogeneously methylated (Figure 46).

Figure 46: CpG methylation heterogeneity at PGCLC enhancers.

a.) Illustration of the strategy used to measure mCpG, which is based on the mCpG

dissimilarity concept. Briefly, for each pairwise comparison, the methylation status of only

those CpGs that are covered in the two cells being compared is considered (blue lollipops).

Then, if two cells show the same methylation status they receive a value of 0 (similarity) and

if they show dissimilar methylation patterns a value of 1. The mean of all pairwise

comparisons reflect the dissimilarity of the CpG methylation, or mCpG heterogeneity.

b.) CpG methylation heterogeneity heatmap showing the differences in mCpG within PGCLC

enhancers between pairs of individual cells. The CpG methylation heterogeneity values are

presented with a blue-red scale (blue means that cells are similar in their methylation status,

while red indicates that they are more dissimilar/heterogenous). Above the heatmap, the

developmental stages of the investigated cells (E4.5, E5.5 or E6.5) and the average CpG

methylation (blue-orange scale) measured for all PGCLC enhancers within each single cell

are shown (n=261 cells). For each developmental stage, the cells were ranked according to

the average mCpG levels within the PGCLC enhancers. The figures were adapted from

Bleckwehl et al. 2021.
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Interestingly, when comparing different enhancer sets across epiblast stages, the

highest epigenetic heterogeneity (~30 %) was observed for the Group I PGCLC

enhancers in the E5.5 epiblast (Figure 47). As the CpG coverage for the Group I

PGCLC enhancers was similar across epiblast stages, the differences in mCpG

heterogeneity are unlikely to be caused by technical reasons (Bleckwehl et al.,

2021). Finally, the correlation of the mCpG levels within Group I PGCLC enhancers

and the expression of their associated genes across the profiled epiblast cells

showed that the E5.5 and E6.5 epiblast cells displayed comparable gene expression

profiles yet different CpG methylation levels (Figure 47). These results suggest that

the partial decommissioning of PGCLC enhancers in germline competent cells

(EpiLC in vitro and E5.5 epiblast cells in vivo) might actually be the result of

epigenetic heterogeneity. Furthermore, our results also suggest that during the

establishment of formative pluripotency, germline competence might be acquired in

an asynchronous manner and/or might not be acquired by all the epiblast cells.

Figure 47: Single-cell analysis of the CpG methylation and expression levels of PGCLC

enhancers and their associated genes.

a.) Violin plots showing the CpG methylation heterogeneity measured in E4.5, E5.5 and E6.5

epiblast cells for all covered CpGs between two cells in the mouse genome (genome-wide)

as well as within EpiLC, EpiSC and PGCLC enhancers (Group I and II).

b.) Comparison of the single-cell RNA expression and CpG methylation of E4.5, E5.5 and

E6.5 epiblasts. Plotted is the average expression of genes linked to Group I PGCLC

enhancers and the average CpG methylation of these enhancers (n=256). The figures were

adapted from Bleckwehl et al. 2021.
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7.  Discussion
The presented thesis augmented the knowledge of germline competence and

showed that H3K4me1, which persisted at the PGCLC enhancers in EpiLC, is

required for the induction of PGCLC. On the other hand, based on gene expression

profiling, H3K4me1 was found to be dispensable for the establishment of different in

vitro pluripotent states (i.e. ESC, EpiLC and EpiSC).

Here, the influence of different epigenetic modifications for germline competence and

the necessity of an intermediate competent state (EpiLC in vitro or the formative

epiblast in vivo) for the establishment of PGCLC and its possible mechanistic

implementation will be discussed. Afterwards the findings will be discussed in the

broader context of lineage competence and development. Finally, I will postulate the

hypothesis that the competence of certain lineages might involve different

preferences for epigenetic mechanisms that then support the lineage bifurcations

towards one lineage during developmental transitions.

7.1.  Epigenetic modifications and their importance for murine
germline competence

The importance of H3K4me1 at enhancers has been suggested in several studies,

which have shown that H3K4me1 can either precede enhancer activation in cells

with higher plasticity (Battle et al., 2019; Creyghton et al., 2010; Rada-Iglesias et al.,

2011; Wang et al., 2015), or can be established de novo during differentiation as

enhancers get activated (Choukrallah et al., 2015; Geusz et al., 2020; Lara-Astiaso

et al., 2014; Lee et al., 2019). Consequently, Kmt2d and Kmt2c/d KO showed severe

effects in different tissues, which involved imparied activation of lineage specific

enhancers (Ang et al., 2016; Jang et al., 2019; Lai et al., 2017; Lin-Shiao et al.,

2018; Ortega-Molina et al., 2015; Placek et al., 2017; Wang et al., 2016; Yan et al.,

2018; Zhang et al., 2015). Thus, these studies mostly concluded that H3K4me1 was

important for enhancer activation. However, recent studies in mouse ESC and
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Drosophila melanogaster challenged this view. The catalytic mutant Kmt2c/d (dCD

cell line) partly reduced H3K27ac, but did not affect transcription from either

enhancers or gene promoters under self-renewable conditions in ESC (Dorighi et al.,

2017). Furthermore, Drosophila melanogaster embryos expressing catalytic deficient

Trr, the homolog of mammalian Kmt2c/d, did not show any developmental effect,

which would argue against any relevance of H3K4me1 at enhancers during

development (Rickels et al., 2017).

However, the hyperactive version of Trr, characterized by hyper-H3K4me2 (Rickels

et al., 2017) or the substitution of Histone H3.3K4 with alanine, which can not be

methylated at all, resulted in meiosis defects and infertility rather than in severe

developmental defects, suggesting that H3.3K4 methylation is largely dispensable

for the development of somatic lineages in Drosophila (Hödl and Basler, 2009; Sakai

et al., 2009). In contrast, H3.3K4 substitutions in mice have been shown to impair

adipogenesis as well as muscle and neural progenitor development (Gehre et al.,

2020; Jang et al., 2019), suggesting that this histone residue might be more

functionally relevant in mammals. In agreement with this idea, a recent preprint (Xie

et al., 2020) showed that Kmt2c/d catalytic mutant mice display embryonic lethality

(~E8.5) (Xie et al., 2020).

Here, we have shown that H3K4me1/2 is important for germline competence and

PGCLC induction, most likely by conferring a relevant set of enhancers with

permissive and responsive chromatin features. In contrast and in agreement with the

findings in ESC from Dorighi et al. 2017, H3K4me1/2 seems to be dispensable for

enhancer activity and gene expression in both EpiLC and EpiSC. These differences

in the importance of H3K4me1 for enhancer function might be linked to mechanistic

differences during enhancer activation. Namely, while the EpiLC and EpiSC

enhancers are widely pre-marked by H3K4me1 but inactive in ESC, the PGCLC

enhancers are active in ESC and get partly decommissioned in EpiLC. Therefore,

the subset of PGCLC enhancers in which H3K4me1 temporarily persists in EpiLC

resemble the so-called latent enhancers previously described in differentiated

macrophages (Ostuni et al., 2013). Following an initial round of activation and
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silencing, the persistence of H3K4me1 within latent enhancers was proposed to

facilitate their subsequent activation upon restimulation (Ostuni et al., 2013).

Nevertheless, it is worth mentioning that, despite the potent reduction of H3K27ac at

PGCLC enhancers in dCD PGCLC, the induction of the PGCLC genes linked to

these enhancers was reduced, but not completely abolished. Hence, compensatory

mechanisms might exist to sustain enhancer activity in the absence of H3K4me1/2

during PGCLC induction. These findings are supported by recent preprints in which it

has been shown that the absence of H3K4me1/2 only caused mild differentiation

defects upon differentiation from ESC into embryoid bodies or neural progenitor cells

(Kubo et al., 2021; Xie et al., 2020). It is possible that the mild expression changes

observed in the dCD cells could be explained by the presence of redundant

KMT2C/D-independent enhancers, which might partially compensate for the

KMT2C/D-dependent enhancers, as recently reported in neural progenitor cells

(Kubo et al., 2021). In addition, the KMT2C/D-dependent enhancers might lose some

activity in dCD cells, but can still be functional. Hence, H3K4me1/2 might facilitate,

rather than being essential for, enhancer (re)activation and the robust induction of

developmental gene expression programs (Bleckwehl et al., 2021). The presented

data implies that H3K4me1 is required for PGCLC enhancer function, but it cannot

be completely ruled out that gene expression and epigenetic changes in ESC and/or

extraembryonic-like cell types might also contribute to the PGCLC differentiation

defects observed in dCD/dCT cells.

In addition to KMT2C/C-mediated H3K4me1/2, other epigenetic modifications have

been studied in the context of germline development. For instance, it has been

shown that the KO of another H3K4 methyltransferase (Kmt2b) reduced the amount

of PGC(LC) (Grosswendt et al., 2020; Hu et al., 2017). Interestingly, the zygotic

perturbation of the polycomb subunit Eed has been recently reported to drastically

increase differentiation towards the PGC lineage (Grosswendt et al., 2020). In

contrast, H3K27me3 did not seem to play a major role at PGCLC enhancers at any

stage, but instead accumulated at PGCLC TSS in EpiLC and EpiSC (Figure 13).

Although speculative, work in terminally differentiated enterocytes showed that a Eed
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KO led to the reactivation of fetal and embryonic enhancers (Jadhav et al., 2019),

which were then accessed by TFs also present at earlier developmental stages.

Since many of the PGCLC enhancers also become reactivated and PGCLC genes

are silenced in EpiLC, it is conceivable that the loss of H3K27me3 in the Eed KO

cells results in the increase expression of PGCLC TF, which can then efficiently

reactivate the PGCLC enhancers. Indeed, the increased expression of certain

PGCLC TF in Eed KO EpiLC was measured in the same study by qPCR

(Grosswendt et al., 2020) and it was also shown that pluripotency markers are not

efficiently downregulated during EB differentiation of Eed KO ESC (Obier et al.,

2015). Although further research about the role of PRC2 for germline competence is

needed, together with the work from (Grosswendt et al., 2020), our findings indicate

that H3K27me3 accumulation around the TSS of PGCLC genes might contribute to

their silencing in EpiLC.

Beside the persistence of H3K4me1, we also showed that H3K9me2/3 and CpG

methylation levels within PGCLC enhancers increase as in vitro germline

competence is lost. Low levels of H3K9me2/3 are required for ESC maintenance

(Loh et al., 2007) and are a hallmark of PGCs (Seki et al., 2007). However, the KO of

the H3K9me2 methyltransferase Ehmt2 did not alter the proportion of PGCs

(Grosswendt et al., 2020; Zylicz et al., 2015), while Setdb1 might be required to

silence somatic genes (Mochizuki et al., 2018). The contribution of CpG methylation

to germline competence is not fully understood yet. Recent studies, like the zygotic

perturbation of Dnmt1, Dnmt3a or Dnmt3b, suggested that each DNA

methyltransferase alone has minor contributions to PGC specification (Grosswendt

et al., 2020). However, Dnmt3a and Dnmt3b might also compensate for the loss of

each other (Dahlet et al., 2020). Interestingly, EB differentiation with a CpG

methylation inhibitor resulted in increased expression of PGCLC genes and a

general differentiation failure from ESC (Kim et al., 2020), indicating that PGCLC

formation is favoured from cells with low amounts of CpG methylation. Another work

showed that the knock-down of Dnmt3l resulted in a decrease of putative DPPA3

positive PGCLC (Neri et al., 2013). However, this study claimed an antagonism of

DNMT3L and CpG methylation, which was subsequently disproven in another study
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(Veland et al., 2019). Furthermore, the knockout of Tet1, which is the major DNA

demethylase in ESC and PGC, did not alter PGCLC formation (Vincent et al., 2013),

indicating that germline competence might be independent from active DNA

demethylation and 5-hydroxymethylcytosine. Taking into consideration these

previous reports, and our observations regarding the increase of CpG methylation at

PGCLC enhancers in EpiSC and the CpG methylation heterogeneity of the formative

epiblast, it is tempting to speculate that the low methylated state of some PGCLC

enhancers might contribute to germline competence.

7.2.  Mechanisms leading to the partial decommissioning of
PGCLC enhancers

An important question that we have not answered in this work is how the H3K4me1,

already present within PGCLC enhancers in ESC, partially persisted in EpiLC while

other active chromatin features were lost. Notably, it was observed that the subset of

PGCLC enhancers with higher levels of H3K4me1 in EpiLC than in EpiSC were

more accessible and responsive to major PGC TF (e.g. PRDM14, NANOG, Figure

30). It was previously shown that exogenous NANOG binds different sites in ESC

and EpiLC and that NANOG can induce PGCLC formation when overexpressed in

EpiLC but not in ESC (Murakami et al., 2016). Hence, it seems that the PGCLC

enhancers have to undergo a partial decommissioning in EpiLC before their

reactivation can induce the PGCLC expression program rather than the reversion to

an ESC state (Bleckwehl and Rada-Iglesias, 2019). The reason for this transition

might be that it ensures the switch from the naïve expression programm, enabling

pluripotency, to the PGC(LC) programm, which confers the unipotency of the germ

cell lineage. This probably involves the shut down of the JAK/STAT3 signaling of

ESC/ICM (Do et al., 2013). In 2i ESC, JAK/STAT3 represses, through Klf2 or Klf4,

the formation of a PGCLC subpopulation and diminishes germline competence upon

differentiation (Hackett et al., 2017; Yeo et al., 2014). Therefore it is tempting to

speculate that the enhancers controlling mostly pluripotency factors, which do get

reactivated in early PGCLC, might get fully decommissioned in EpiLC. In line with
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this idea, the Klf4 enhancer showed the complete loss of active chromatin features in

EpiLC compared to the persistence of H3K4me1 at Prdm14 enhancers (Atlasi et al.,

2019). Additionally, this might be also achieved by the specific repression of Klf4 in

PGCLC.

However, the mechanisms involved in the transient persistence of H3K4me1 and

other permissive chromatin features in EpiLC are still unknown. In ESC, most

PGCLC enhancers are initially active and occupied by a broad set of regulatory

proteins that includes core pluripotency (e.g. POU5F1, SOX2), naïve pluripotency

(e.g. ESRRB, PRDM14) and formative pluripotency TFs (e.g. FOXD3, OTX2)

(Buecker et al., 2014; Hackett and Surani, 2014; Respuela et al., 2016). It is possible

that, as the naïve pluripotency factors get silenced, the regulatory function of the

formative pluripotency TF (Atlasi et al., 2019; Respuela et al., 2016) becomes more

dominant, potentially recruiting corepressors (e.g. Histone deacetylases, H3K4

demethylases like KDM1A), which mediate the decommissioning of PGCLC

enhancers and further silence their target genes. Yet, PGCLC enhancers remain

pervasively bound by POU5F1 and p300 in EpiLC (Buecker et al., 2014; Respuela et

al., 2016). Thereby, POU5F1 potentially inhibits the catalytic activity of the histone

demethylase KDM1A (AlAbdi et al., 2020). Therefore, it can be envisioned that

factors like POU5F1 might transiently protect the PGCLC enhancers in EpiLC from a

rapid decommissioning. In addition, H3K4me1 itself can inhibit the activity of DNA

methyltransferases (Guo et al., 2015; Ooi et al., 2007; Zhang et al., 2010).

Consistent with this model, we showed that the persistence of active epigenetic

features within PGCLC enhancers was extended in Otx2-/- EpiLC (Figure 26).

On the other hand, POU5F1 and OTX2 are associated with each other in EpiLC,

which could indicate a kind of ‘tug-of-war’ mechanism (Buecker and Wysocka, 2012;

Buecker et al., 2014), where both TFs might bind to PGCLC enhancers

simultaneously. As mentioned above, the binding of POU5F1 to the PGCLC

enhancers might counteract the repressive activity of OTX2 and other formative

regulators (e.g. FOXD3), which might open an opportunity for the PGCLC induction

before the enhancers succumb to the repressive activity. A ‘tug-of-war’ might imply
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the co-existence of active and repressive features at PGCLC enhancers. The

ChIP-seq followed by bisulfite sequencing showed that H3K4me1/2 enriched DNA

contains fewer methylated CpG, but also that H3K4me1 and CpG are not mutually

exclusive (Figure 17). Thereby, the coexistence of H3K4me1 and CpG methylation

seems to occur generally at putative enhancers upon differentiation (Alajem et al.,

2020). Besides the bivalency of H3K4me1 and CpG methylation, the PGCLC

enhancers of Esrrb and Prdm1 display co-existent H3K27ac and H3K9me2 (Zylicz et

al., 2015). Hence, PGCLC enhancers might transiently display both permissive and

repressive features during the germline competent state (with respect to germline

competence), while the loss of the permissive features eventually closes the

germline competence window.

Another interesting observation that we made in this work was that we found that

CpG methylation levels, especially at PGCLC enhancers, are highly heterogeneous

in the formative stage. This might reflect CpG methylation heterogeneity between

single cells as well as between different PGCLC enhancers within a single cell

(Figure 46). In the case of the internal PGCLC enhancer heterogeneity, it can be

envisioned that a subset of permissive PGCLC enhancers are sufficient to acquire a

germline competent state. If this is the case: Is there one or several alternatives of

permissive PGCLC enhancers that are needed for germline competence? (Figure

48). The answer to this question remains elusive, while more is known about the

cellular CpG heterogeneity. During the early stages of ESC differentiation, increased

CpG methylation correlates negatively with the expression of naïve pluripotency

marker (e.g. Esrrb, Nr5a2, Zfp42) (Angermueller et al., 2016; Kalkan et al., 2017). In

contrast, the expression of PGCLC genes is quite homogenous in germline

competent cells and hence uncoupled from the epigenetic features of the associated

PGCLC enhancers. Given the asynchronous exit of the naïve pluripotent stage

(Kalkan et al., 2017), the CpG methylation might increase with comparable velocities

in all cells, but with a timely off-set which is then reflected by CpG methylation

heterogeneity until all cells reach the primed pluripotent stage. This would mean that

each cell might have an individual time-frame of competence, but at a given

time-window only a fraction can be efficiently induced to PGCLC. Nevertheless, CpG
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methylation heterogeneity might arise with genome-wide oscillations in this

epigenetic mark (Rulands et al., 2018). Thereby, the oscillation might be also

asynchronous, due to the off-set of the exit from naïve pluripotency, resulting in the

observed CpG heterogeneity (Figure 48).

Figure 48: Illustration of epigenetic heterogeneity for germline competence.

a.) Shown are three individual cells of the germline competent phase. Within each cell three

representative PGCLC enhancers possess different epigenetic states. Thereby, the

representative enhancers might be taken into account as a group of similar PGCLC

enhancers. Under the assumption that H3K4me1 at enhancers endows responsiveness to

PGCLC induction and is negatively correlated with CpG methylation that restricts the

enhancer accessibility, there are different possibilities for germline competence. i) If

enhancer E1 and E2 are crucial for the PGCLC fate, only EpiLC B would be germline

competent. ii.) If different combinations are possible and E3 can compensate for E1 or E2,

then EpiLC A and B would be germline competent.
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b.) Genome-wide CpG methylation heterogeneity (of PGCLC enhancers) with a linear or

oscillatory increase of CpG methylation above or below the time beam from ESC to EpiSC,

respectively. Given the unsynchronized differentiation, the red line denotes a single cell with

an early exit of the ESC state and the blue lines, a single-cell with a late exit. The continuum

between these two extremes is illustrated by the dotted gray line. With the assumption of a

linear increase in CpG methylation over all the PGCLC enhancers, each EpiLC will undergo

a germline competent state at a different time point (light green vertical line). At the time

point of PGCLC induction only a fraction (which are potentially low methylated, dark green

area) of EpiLC are then germline competent. The same applies to the oscillatory

establishment of CpG methylation.

In summary, it is tempting to speculate that in addition to the persistence of

H3K4me1, CpG methylation heterogeneity within PGCLC enhancers might also act

as an important determinant of germline competence. Namely, epigenetic

heterogeneity within PGCLC enhancers might increase lineage diversity by ensuring

that not all formative epiblast cells are competent to enter the germline fate even

when exposed to the appropriate inductive signals, but in fact many will differentiate

towards the somatic lineages. This model is in agreement with previous observations

showing that typically only a fraction of formative epiblast cells can be differentiated

into PGCs when exposed to high inductive signals (Hayashi et al., 2011; Ohinata et

al., 2009). The importance of heterogeneous cellular states for subsequent lineage

bifurcations and cell fate decision has been previously reported in other lineages

(Chang et al., 2008; Olsson et al., 2016; Soldatov et al., 2019).

7.3.  General relevance of epigenetic modifications for lineage
competence
Our work shows that the loss of H3K4me1/2 impairs PGCLC differentiation, while in

vitro pluripotent cell types (ESC, EpiLC, EpiSC) are not affected to the same extent.

Furthermore, the recent preprint from the Kai Ge lab (Xie et al., 2020) showed minor

defects upon differentiation of H3K4me1/2 deficient ESC into EBs, suggesting that in

vitro differentiation towards somatic lineages can occur in the absence of these
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histone marks. Hence, during early mouse development, H3K4me1/2 might play a

more important role in the specification of the germline than in the somatic lineages.

This might be also true for KMT2B-mediated H3K4me3 (Grosswendt et al., 2020; Hu

et al., 2017) and CpG hypomethylation (Kim et al., 2020).

In contrast to the PGCLC enhancers that we studied in this work, mesodermal and

endodermal enhancers display high levels of CpG methylation and low chromatin

accessibility in epiblast cells before they become active in their corresponding

somatic lineage (Argelaguet et al., 2019; Yang et al., 2019b). However, these can not

be considered as universal differences between germline and somatic enhancers,

since ectodermal enhancers are hypomethylated and already accessible in the

epiblast cells before becoming active at later developmental stages (Argelaguet et

al., 2019). Furthermore, some of the ectodermal enhancers, particularly those that

become active in the neural lineage, display a so-called poised state in ESC, which

involves the presence of H3K27me3 and pre-formed contacts with their target genes

that facilitate future gene induction (Cruz-Molina et al., 2017; Rada-Iglesias et al.,

2011). Conclusively, the enhancers of different early lineages seem to be equipped

with different epigenetic features before their activation.

Considering the major roles and cell-type specific activation of enhancers during

development (Long et al., 2016), it seems plausible that lineage specification from a

common progenitor (e.g. epiblast cells) might be organized by privileged epigenetic

modifications for different lineage-specifying distal regulatory elements. Namely, the

enhancers involved in the specification of a particular lineage could be associated

with a specific combination of epigenetic features that could attract or be attracted by

the TFs defining that lineage (Xiang et al., 2020). In particular, epiblast cells might

possess enhancers with low CpG methylation and high H3K4 methylation that

promote differentiation into PGCs, while other enhancers with low CpG methylation

and high H3K27me3 favor differentiation towards neural progenitors. These different

epigenetic features for different lineages might establish an epigenetic demarcation

for lineage-specifying enhancers. Upon lineage induction, the corresponding

lineage-specifying TF are more strongly associated with a certain epigenetic state at

enhancers, thus safeguarding the induced lineage choice (Figure 49). Several
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observations support this model. Firstly, the zygotic knockout of the PRC2 subunit

Eed mentioned earlier leads to an increase in PGCs and other cell types emerging

from the posterior end of the early embryo, while diminishing ectodermal derivatives

(Grosswendt et al., 2020). Similar results were obtained with the KO of the PCR1

subunit Rnf2. Considering the requirement of PRC2 for neural differentiation

(Cruz-Molina et al., 2017), it is possible that the reduced amounts of ectodermal cells

in the Eed KO embryos cause an increase of posterior lineage identities. In

agreement with this idea, a H3K27me3 hypermethylation mutant skews the

differentiation towards ectodermal fates (Juan et al., 2017).

Figure 49: Epigenetic demarcation of lineage-specifying enhancers.

A pluripotent epiblast cell is primed for different lineages in a short period of time. To manage

the proper induction of major lineages (Ectoderm, Meso-/endoderm, PGC), the lineage

specifying enhancers might be associated with lineage specific epigenetic signatures (e.g.

PRC2+H3K27me3 for ectoderm enhancer, KMT2C/D+H3K4me1 for PGC) that enable the

rapid activation of the enhancers upon differentiation into the corresponding lineage.

On the other hand, the H3K4me1 levels of H3K27me3-marked poised enhancers

were comparable in WT and the dCD cells (Dorighi et al., 2017; Kubo et al., 2021),

and the differentiation towards neural progenitors was delayed (Kubo et al., 2021;

Xie et al., 2020) but not severely affected as in PGCLC (Bleckwehl et al., 2021).

Therefore, in epiblast cells, PRC2/EED bound enhancers might confer the

differentiation toward neural progenitors, while KMT2C/D mediated H3K4me1 might
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be second-rate for neural progenitor enhancers, but the opposite is true for PGCLC

enhancers.

The epigenetic demarcation of enhancers could increase the delimitation of a

particular differentiation, endowing a more secure lineage specification due to the

interaction of lineage-specifying TF assemblies with a specific epigenetic

environment found at the matching lineage specifying enhancers. From an

evolutionary perspective, the demarcation might grant more evolutionary latitude

within one mode of lineage specification. Also the epigenetic demarcation of

lineage-specifying enhancers does not need to be strict, but rather affects highly

relevant enhancers controlling the expression of major lineage regulators.

Furthermore, this epigenetic demarcation might only exist for a transient time

window, when different lineages arise from similar progenitor cells, like in the epiblast

and one mode of epigenetic enhancer demarcation is not necessarily limited to the

subsequent lineage specification events, but the different modes might be re-utilized,

like the occurrence of H3K27me3-marked poised enhancers in early mesodermal

cells (Yang et al., 2019b).

Lastly, it is worth mentioning that in addition to the epigenetic state of lineage

specifying enhancers, other intrinsic features (e.g. metabolic regulation (Tischler et

al., 2019), histone variant replacement (Buschbeck and Hake, 2017; Raja et al.,

2020)) and extracellular signals (Ohinata et al., 2009; Solini et al., 2017) also

contribute to lineage competence.
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