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Abstract

Genomic material within the eukaryotic nucleus can be divided into two functional forms
of chromatin: gene rich and actively transcribed euchromatin and gene-poor, and often
thought as exclusively silenced, heterochromatin. Although the DNA of these two states of
chromatin is similarly wrapped around core histones forming nucleosomes, they differ in
terms of compaction and accessibility. These features are further reinforced given that DNA
of heterochromatic regions is methylated and histones display distinctive modifications
including global histone hypoacetylation and methylation of H3K9. Another hallmark of
heterochromatin is its DNA composition as in general it is composed of repetitive elements
(pericentric and centric regions, retrotransposons, endogenous retroviruses), which should
remain silenced during the life of the cell. Repressive epigenetic marks and condensed
chromatin structure allow the maintenance of the silenced status of heterochromatin and
facilitate its inheritance through the cell cycle. Defects in any of above mentioned states often
lead to numerous abnormalities, for example improper cell division or abnormal cell cycle
progression. All of these events are a potential danger for cell integrity and might generate a
significant risk for an organism to develop diseases such as cancer. Moreover, reactivation of
these elements is correlated with mutations, deletions and genome instability given their
ability to retrotranspose into new genomic regions and/or to affect functionally the
neighbouring genes. Most importantly, repetitive elements have arisen as potential major
regulators of chromatin state. Therefore, understanding the mechanisms behind the
formation and maintenance of heterochromatin has arisen as an important topic in
epigenetics and chromatin biology. However, to investigate heterochromatin establishment
and its further maintenance throughout cell division, an adequate model system is necessary;
preferably one which enables to investigate the complexity of a biological problem at the
cellular and organismal level.

Mouse preimplantation embryos are a great candidate as model system since the above-
mentioned features of heterochromatin and its epigenetic signatures, which are present in
most somatic cells, are erased during development and then acquired de novo. Extensive
removal of chromatin marks starts during the formation of the germ cells in which the typical
heterochromatin state is altered in order to form functional gametes. After fertilization,

intense chromatin remodeling and epigenetic reprogramming continue in order to revert into



a totipotent state, which has all the cellular plasticity that is necessary to start a new
developmental program. Thus, mouse preimplantation embryos enable to study the
establishment of heterochromatin as naturally occurring phenomena which must take place
in the newly formed organism. From an ethical point of view, since this issue cannot be
examined in humans, the mouse model provides an ideal alternative where these mechanisms
are known to be conserved in humans.

My Ph.D work focused on this precise question, focusing on two different heterochromatic
regions, pericentric DNA and L1 elements. Namely what are the mechanisms controlling
heterochromatin formation in the mouse embryo, as well as in addressing the impact of

manipulating their transcriptional activity on early developmental progression.



Avant propos

Dans le noyau eucaryote, le matériel génétique peut étre divisé en deux formes
fonctionnelles de chromatine : I'’euchromatine riche en génes et activement transcrite, et
I’hétérochromatine souvent considérée comme réprimée. Cette derniére est en général
composée d'éléments répétés (régions centriques et péricentriques, rétrotransposons, et
virus endogenes), décorée par des marques épigénétiques répressives et des structures
chromatiniennes condensées qui permettent le maintien de son statut réprimé et facilitent sa
transmission au cours du cycle cellulaire. Sil'une des caractéristiques de I’hétérochromatine
mentionnées ci-dessus ne fonctionne pas correctement, de nombreuses anomalies peuvent
étre trouvées dans les cellules, comme par exemple une division cellulaire incorrecte ou une
progression anormale du cycle cellulaire. Tous ces événements présentent un grand danger
pour l'intégrité des cellules et peuvent générer un risque important pour un organisme de
développer un cancer. De plus, la réactivation des éléments répétés est associée a des
mutations, délétions et instabilité du génome, du fait de leur capacité a retrotransposer dans
de nouvelles régions génomiques et / ou d'affecter le fonctionnement de génes voisins. Plus
important encore, les événements de rétrotransposition ont été corrélés a la progression
tumorale. Par conséquent, la compréhension des mécanismes responsables de la formation
et du maintien de I'hétérochromatine devient un sujet important dans la recherche sur le
cancer. Etant donné que les caractéristiques de I'hétérochromatine mentionnées ci-dessus et
ses signatures épigénétiques sont présentes dans la plupart des cellules somatiques un
modele d’étude différent doit étre utilisé. L'embryon préimplantatoire de souris est un
excellent candidat du fait que la vaste élimination des marques chromatiniennes ait lieu au
cours du développement précoce et que les caractéristiques typiques de I’hétérochromatine
sont altérées lors de la formation des gametes. Cela permet ainsi d'étudier la mise en place
de [I'hétérochromatine, comme elle se produit naturellement dans un organisme
nouvellement formé. Afin d'étudier la formation de I'hétérochromatine dans I'embryon
préimplantatoire de souris, je me suis concentrée sur deux régions génétiques différentes,
dans le but notamment de découvrir les mécanismes qui conduisent a la répression et le réle

distinct qu’ils peuvent jouer pendant le processus de développement et la division cellulaire.

I. ’hétérochromatine et les répétitions péricentriques



L'hétérochromatine centrique et péricentrique se compose respectivement de
répétitions de séquences satellites mineurs et majeurs qui ont une organisation spatio-
temporelle spécifique au cours du développement précoce. Chez le zygote, les répétitions
péricentriques se concentrent autour des NLBs (Nucleolar-like Bodies) - les précurseurs des
nucléoles - formant des structures en forme d'anneau dans les noyaux. Aprés la premiere
division une organisation en "chromocentres" semblable aux cellules somatiques est
progressivement initiée de telle sorte qu’au stade 4 cellules les structures en forme d’anneaux
ne sont plus présentes. La répression de ces régions pourrait se produire en méme temps du
fait qu’un pic dans leur transcription est seulement détecté a la fin du stade zygote et dans les
embryons au stade 2 cellules. De plus, de précédents travaux dans le laboratoire suggérent
gu’il pourrait y avoir un lien entre la localisation spécifique des répétitions péricentriques dans
le noyau et leur répression. En effet, dans les embryons exprimant la mutation H3.3K27R la
formation des chromocentres est perturbée, la transcription des satellites majeurs augmente
et la protéine d’hétérochromatine HP1B est délocalisée. Ainsi, le premier objectif principal de
cette partie de mon travail était de déterminer si dans le noyau la localisation spécifique de
la chromatine péricentrique est importante pour sa répression. Pour y répondre, j'ai réalisé
des expériences dans lesquelles j'ai artificiellement perturbé la localisation des régions
péricentriques au cours du développement précoce pour forcer leur délocalisation des NLBs
vers la membrane nucléaire. Ces expériences montrent que |'organisation spatiale spécifique
des domaines péricentriques est essentielle pour leur répression ainsi que pour leur
organisation correcte. De plus, mes résultats suggérent que les défauts d’organisation de

I’hétérochromatine conduisent a des défauts de division cellulaire et de prolifération.
Il. ’hétérochromatine sur les séquences répétées

Environ la moitié du génome des mammiferes est composée d’éléments répétés
transposables (Transposable Elements : TE) qui sont regroupés en deux classes: les
rétrotransposons et les transposons a ADN. Bien que proportionnellement les TEs
représentent une grande partie du génome, seulement une faible proportion de ces éléments
est capable de « sauter et se coller » ; ce qui est le cas des LINE-1 sans LTR (Long Interspersed
Nuclear Elements L1) qui seraient les TEs les plus actifs chez la souris et pour lesquels les
insertions semblent étre les plus récentes dans le génome murin. Deux familles de L1, les A et

F, ont été confirmés comme étant les éléments L1 les plus jeunes et plus abondants du
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génome murin ; des essais de rétrotransposition ayant aussi démontré qu’ils seraient toujours
actifs®. Cette activité est I'une des raisons principale pour laquelle les TEs, et en particulier les
éléments L1, représentent une grande menace pour la stabilité du génome, leur dérégulation
étant fréquemment observée dans de nombreux types de cellules cancéreuses. Des études
approfondies dans des cellules somatiques et des cellules souches ont révélé certains
mécanismes moléculaires les régulant et réprimant leur activité transcriptionnelle,
notamment via la méthylation de I’ADN, les modifications d’histone et les voies a ARN.
Cependant, la régulation des éléments L1 pendant la période de reprogrammation
épigénétique et les divisions cellulaires rapides qui ont lieu au cours du développement reste
encore indéterminée. De maniére intéressante, des études récentes montrent que les L1 sont
réactivés apres la fécondation, leur activité transcriptionnelle diminuant ensuite
progressivement. Du fait que le niveau de méthylation des L1 reste faible dans les embryons
précoces de mammifére!?, leur mode d’expression particulier aprés la fécondation ne peut
s’expliguer par un effet secondaire de I'activation générale du génome mais pourrait plutot
avoir un intérét fonctionnel. Quel est cette fonction si il y a, et comment les L1 sont régulés
dans les embryons préimplantatoires, restent indéterminés et constituent ainsi le second

objectif principal de ma thése.

Pour y répondre et étudier I'importance et la possible fonction et régulation des
éléments L1, j'ai décidé d’utiliser une approche expérimentale basée sur les TALEs
(Transcription Activator—like Effectors) qui sont des protéines liant 'ADN sur des séquences
spécifiques?, récemment découvertes chez Xanthomonas sp. Plus précisément, j’ai ciblé les
éléments L1 avec des TALEs spécifiques fusionnés a des protéines modifiant I'activité
transcriptionnelle. Cette approche m’a permis d’étudier en détail leur processus d’activation
et de répression. Ainsi, dans la seconde partie de ma thése, j’ai congu et généré les outils
adéquats pour répondre a ces questions et vérifier leur expression, localisation, capacité de
liaison a ’ADN, et leur habilité a activer les L1 dans les cellules ES de souris. Ces résultats ont
ensuite été utilisés pour choisir les meilleurs candidats pour effectuer les expériences dans les
embryons de souris. La correcte localisation nucléaire et la capacité a activer les L1 in vivo ont
été vérifiés dans les embryons pour les trois TALE-L1 les plus prometteurs. Du fait du mode
d’expression connu des L1s dans I'embryon, avec une activation de transcription initiée au

stade zygote tardif et une diminution a partir du stade 8 cellules, nous étions particulierement



intéressés de voir si la répression des L1s est nécessaire pour le développement, et ainsi nous
voulions prolonger leur phase d’activation au-dela du stade 2 cellules et observer le
phénotype. Ainsi, aprés micro-injection des activateurs de L1, nous étions capables de
détecter un signal plus important des transcrits de L1 dans I'embryon au stade 4 cellules,
comparé aux embryons controles non-injectés ou injectés avec des TALE-L1 manquant le
domaine d’activation. Le groupe expérimental montrait aussi un niveau d’expression plus
élevé d’Orflp codée par les L1, suggérant que nous avions réussi a moduler la traduction des
L1 dans I’'embryon. De plus, quand les trois groupes ont été cultivés en parallele, seulement
50% des embryons présentant un niveau plus élevé de L1 ont atteint le stade blastocyste, alors
gu’environ 90% des embryons contrdles se sont développés normalement. Ces résultats
suggerent que lors de la perturbation du mode spécifique d’expression des L1, les embryons
ne sont plus capables de se développer normalement. Ceci suppose qu’un possible réle
régulateur des éléments L1 pourrait avoir lieu a ce moment, c’est a dire en activant/réprimant
la transcription des régions voisines ou de maniére plus générale en agissant sur I'organisation
du génome, leur surexpression conduisant a une chromatine plus ouverte. En conclusion, ceci
représente la premiére tentative pour élucider la biologie des éléments L1 dans I'embryon
précoce de souris par l'utilisation de modificateurs de transcription ciblés spécifiguement,

montrant que la sous régulation des éléments L1 est nécessaire pour le développement.

En conclusion, associé a la premiére partie de mon projet sur I’hétérochromatine
péricentrique, j'espére que mon travail contribue a la compréhension des mécanismes

responsables du contréle de I'intégrité du génome.
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l. Introduction

1. Characteristics of (hetero)chromatin in mammalian cells

1.1. Brief introduction to chromatin

In eukaryotic cells the genetic material is organized into a complex structure called
chromatin which is composed of DNA and proteins and localized in a specialized compartment
- the nucleus (Fig.1). The nucleosome is the fundamental unit of chromatin, and is composed
of ~147 base pairs of DNA wrapped around an octamer of four core histones: H3, H4, H2A,
H2B. The core histones are predominantly globular with an exception of the N-terminal “tail”
that can be chemically modified. Posttranslational histone modifications (PMTs) refer to the
chemical changes occurring on the specific amino acid residues of histones and include
acetylation, methylation, phosphorylation, ubiquitination, SUMOylation, and probably many
others, less studied. The information about the patterns of histone modification across the
genome offers insights into the regulatory state of promoters, genes, and other regions, as
specific modifications can affect gene expression and chromatin compaction depending on
the type of the modification, position of the amino acid and the number of modified residues
(Kouzarides 2007). Several types of enzymes are known to catalyze addition or removal of
histone modifications i.e. methylation of lysines and arginines is performed by histone
methyltransferases (HMTs) or acetylation is catalyzed by histone acetyltransferases (HATSs).
Histones can be not only modified by PMTs by also replaced by their non-canonical variants
which display different properties. Although most of the histones are synthesized during S-
phase which allows their deposition behind the replication fork, replication-independent
replacement of histones can also occur. Both pathways enable exchange of the canonical
histones into non-canonical variants by histone chaperons, which may lead to the change of
transcriptional state of chromatin. In addition, ATP-dependent chromatin remodeling
enzymes mediate rearrangements of the chromatin as they restructure and slide
nucleosomes, or eject histones, thereby regulating the dynamic properties of chromatin

(Henikoff and Smith 2015).
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Figure 1. Chromatin organization within the nucleus
Scheme depicting different aspects of chromatin regulation. PTM - post-translational modification. Chromosome territories within the

nucleus, shown in different colors, are composed of chromatin fiber, which, in turn, contain packed nucleosomes. (Modified from Rosa
and Shaw 2013).

1.2. Euchromatin versus heterochromatin

In mammalian cells, chromatin is organized into two distinct domains known as
euchromatin and heterochromatin. Euchromatin is the gene-rich part of the genome which is
more accessible to the transcriptional machinery thanks to the “open state” and “flexibility”
which leads to more permissive state and higher probability of expression (Fig. 2).
Heterochromatin, on the contrary, is gene-poor and assembles into well compacted domains
which have more “repressive’”’ chromatin structure, thus, contain mainly transcriptionally
silent regions (Fig. 2) (Jost, Bertulat, and Cardoso 2012). Moreover, heterochromatin shows a
distinct pattern of replication, being replicated mostly at the late S-phase (Rhind and Gilbert
2013). Hence, as a general rule these diverse parts of the genome have different chromatin
configurations which correspond to a functional state, and can be distinguished by distinct

factors present on them i.e. histone modifications or DNA methylation.
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Figure 2. Euchromatin and heterochromatin organization in mammalian cells

histones’ tails (in purple and brown), transcription factors. (Modified from Grewal and Elgin 2007).

Although the characteristics of euchromatin and heterochromatin seem to be well
defined, it is worth mentioning that there are some developmentally regulated loci, where the
chromatin state can change in response to cellular signals and gene activity. These regions are
referred to as “facultative heterochromatin” and are associated with proteins from Polycomb-
group repressive complexes (PRC), distinct histone modifications like H3K27me3, and specific
histone variants like macroH2A. “Constitutive heterochromatin” on the other hand, is marked
by H3K9me3, H4K20me3, H3K64me3 and HP1B, and contains high density of repetitive
sequences and transposable elements. It is mostly found at telomeres and pericentromeric
regions - large blocks of chromatin flanking centromeres (Fig. 3). In the nucleus of interphase
somatic cells pericentromers from several chromosomes cluster together into the foci called
chromocenters that stain intensely by DNA dyes. The centromeres from the same
chromosomes can be found around these regions, and are characterized by the presence of
the centromere-specific histone H3 variant CENP-A (or Cen-H3) (Guenatri et al. 2004). In mice,
centromeric and pericentromeric heterochromatin corresponds to minor and major satellite
sequences, respectively (Fig. 3) (Probst and Almouzni 2008). Constitutive heterochromatin
from telomeres, centromeres and pericentromeres remains silenced and condensed
throughout the cell cycle as it is thought to enable the formation of structures that are
essential for chromosomal function. Disruption of the establishment, condensation and/or
silencing of pericentromeric chromatin can indeed cause centromere malfunction, incorrect
chromosome segregation, and nuclear disassembly (Peters et al. 2001; Bouzinba-Segard,
Guais, and Francastel 2006)

An additional feature of heterochromatin is its ability to propagate, and thereby

influence gene expression in a region-specific, sequence-independent manner as it happens

-13-



during mammalian X-inactivation. This key feature of heterochromatin facilitates the control
of the loci that are otherwise incapable of recruiting effectors by themselves. Thus, the
heterochromatin can spread incis and is coordinately regulated in trans and both these
features make heterochromatin indispensable not only for genome organization but also

because of its regulatory role (Grewal and Jia 2007).

Pericentric / Centric

Major Satellites Minor Satellites

chromocenters il

-

NIH cells

Figure 3. Pericentric and centric repeats in mouse cells

Representation of chromosomal and nuclear location of pericentric (in yellow) and centric (in red) heterochromatin. Scale bar — 10 microns.

1.3. Maintenance and establishment of heterochromatin in somatic and stem cells

Chromatin can be modified and controlled by various epigenetic mechanisms at different
levels of its organization, for example at the DNA itself, at the nucleosomes, or even at the
higher-order structures which includes nuclear compartmentalization. All these events can
lead to more open or closed chromatin configuration and result in on or off state of
expression. Thus, while studying mechanisms responsible for chromatin organization, one has
always bear in mind a complex picture of interactions whereby active and passive pathways
operate in parallel to ensure proper control of chromatin state and gene expression to comply
with cellular needs. Importantly, functionally distinct regions have to be regulated in different
ways either allowing rapid and dynamic changes like in promoters or enhancers, or enabling
complete transcriptional shut downs like in pericentromeric repeats. At the same time, the
structure of the chromatin per se should stay flexible enough to enable proper progression of
replication, which implies existence of tight regulation at many different levels of chromatin

organization. In recent years many studies showed that the regulation of the heterochromatic
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state is equally dynamic and complex as for gene-rich regions. Surprisingly, the mechanisms
that initiate its formation and preserve its distinction from euchromatin, still remain elusive.
Nevertheless, our current knowledge shows that maintenance and establishment of these
repressive states are largely determined by a complex network that includes: enzymes able to
modify DNA and histones tails; complexes with nucleosome remodeling activities;
transcription factors (TFs); non-coding RNA; and nuclear organization (Fig.4). Each of the

above mentioned pathways will be briefly discussed in this paragraph.

DNA Replication DNA Methylation RNAI pathway ?
Chromatin modifying Chromatin binding Transcription
DNA repai‘ enzymes proteins tactors

@ HIKome3
@ HaK20mes
QO cpame

“

-

/ |

Chromoseme Nucleosome Histone Histone
segregation remodelling deacetylases variants
Cohesin DNA binding Chromatin assembly
proteins factors

Figure 4. Complex network of factors controlling chromatin state

SUV39H is the responsible HTMase for H3K9me3 on pericentromeres, a histone mark recognized by HP1 proteins. HP1 proteins interact and
recruit SUV420H and DNMTs, leading to H4K20me3 and DNAmethylation, respectively. These epigenetic marks function also as docking sites,
like H4K20me3 for ORC (origin of replication complex) proteins and CoGme for MBDs (factors with a methyl-binding domain). An alternative

for DNMT recruitment might be through UHRF1 that directly interacts with DNMT1 and might read the H3K9me3 mark. (Modified from
Nehme Saksouk, Simboeck, and Dejardin 2015).

1.3.1. DNA methylation

DNA methylation refers to the methylation of cytosine residues in CpG dinucleotides,
and is catalyzed by DNA methyltransferases (DNMTs): DNMT1 maintains DNA methylation,
DNMT3A/3B exhibit both maintenance and de novo methylation activities, and DNMT3L
which lacks the characteristic N-terminal catalytic domain but acts as a crucial activating
cofactor of DNMT3A/B (Ooi, O’Donnell, and Bestor 2009). In general, DNA methylation is

viewed as a final state of silencing and maintenance of a transcriptionally inactive state and is
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one of the hallmarks of heterochromatin. Thus, hypermethylation of CpG dinucleotides is
commonly present at genes-depleted regions including transposable elements or repeats,
whereas hypomethylation is found on exones, intrones and intergenic regions. There are
several mechanism how DNA methylation can impact transcription, for example, through
interference with binding of transcriptional factors to imprinting loci like (Bell and Felsenfeld
2000). Another way occurs via 5-methyl cytosine binding proteins (MBP) which interpret
methylation levels and recruit chromatin regulators that induce changes in chromatin state as
in the case of HMTs recruitment by MBP1 (Sarraf and Stancheva 2004) or chromatin
remodeler NuRD via MBP2. Interestingly, even though DNA methylation can be seen as a
crucial guardian of gene expression in differentiated cells, its function in heterochromatin
establishment during development, remains questionable. Upon depletion of all three DNMT
enzymes in mESC (TKO), some heterochromatic regions indeed display transcriptional up-
regulation, however, global gene expression is not affected, cells proliferate normally and
global pattern of histone marks remains unchanged (Tsumura et al. 2006). Moreover, mice
deficient for de novo DNMTs display no phenotype prior to implantation (Okano et al. 1999).
In fact, alternative factors, described later in this chapter, were shown to compensate lack of
DNA methylation implying that it is not a crucial player for heterochromatin establishment in

undifferentiated cells.

1.3.2. Histone modifications and related pathways

In fission yeast and higher eukaryotes, histones in heterochromatin are hypoacetylated
and selectively methylated at lysine 9 of histone H3. Lysine methylation can exist in three
flavors: mono-, di, and tri-methylation, which are catalyzed by different enzymes: Prdm3 and
Prdm16 that monomethylate H3K9 in the cytoplasm, which is then converted in the nucleus
by the Suv39h1/2 enzymes (also called KMT1A/B) to H3K9me3 (Pinheiro et al. 2012). Other
histone methyltransferases are also involved in that conversion i.e. SETDB1 (ESET) that can
trimethylate H3K9 (Dodge et al. 2004), and G9a, which acts to mono- and di- methylate H3K9
(Tachibana 2002). However, their activity is mostly restricted to euchromatin, whereas
Suv39h1/2 operates on heterochromatin (Martens et al. 2005). Suv39h1/2 role in the
maintenance of heterochromatin has been mostly linked to the recruitment of multiple
silencing factors i.e. HP1 proteins, Suv4-20h1/h2 enzymes, and DNMT1, which are all lost from

pericentromeric chromatin in dn Suv39h1/2 mESC (Schotta et al. 2004). Additionally,
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Suv39h1/h2 are required for proper mitosis as AURORA B, a major component of CPC
(chromosomal passenger complex) that controls chromosomal segregation, is depleted from
pericentromeric regions in the absence of H3K9me3 (Saksouk et al. 2014). Thus, a pathway in
which Suv39h enzymes induce H3K9me3 which is then bound by HP1, arises as a hallmark of
mammalian heterochromatin (Bannister et al. 2001). Given the ability of HP1 to bind to
numerous proteins that are implicated in heterochromatin formation, including HDACs, it has
been suggested that HP1, when bound to methylated H3K9, serves as an assembly platform.
Indeed, HP1 mediates the recruitment of Suv4-20h HMTs to pericentromers where they
catalyze di- and tri-methylation of H4K20 (Schotta et al. 2004). H4K20me3 is highly enriched
at pericentric heterochromatin, telomeres, imprinted regions and repetitive elements where
it is probably involved in transcriptional silencing. At pericentromeric regions, however, Suv4-
20h1/2 activity seems to be engaged also in chromocenters’ condensation and proper mitosis
as cells deficient for these enzymes display chromosome segregation defects that coincide
with reduced sister chromatid cohesion (Hahn et al. 2013). Thus, the recruitment of Suv4-
20h1/2 to pericentromers might be more related to heterochromatin organization and global

nucleus arrangements than silencing per se.

Interestingly, when H3K9me3 activity is impaired, “rescue mechanisms” take over,
mainly the Polycomb group proteins (PcG) which are recruited to compensate and maintain
heterochromatic, silencing environment. In mouse ES cells, in which Suv39h1/h2 genes have
been knocked out this alternative mechanism is switched on and levels of H3K27me3 become
elevated (Martens et al. 2005). Similar situation has been observed in Dnmt TKO mESCs where
the loss of constitutive heterochromatin marks on pericentromeric repeats was accompanied
by the acquisition of factors belonged to Polycomb group, together with the enrichment of
H3K27me3 (Saksouk et al. 2014). In general, PcG are hallmarks of facultative heterochromatin
and are known to maintain cell fate by repressing hundreds of genes through the activity of
two main polycomb repressive complexes (PRC): PRC1 and PRC2. PRC2 contains the H3K27
methyltransferase EZH2 (also called KMT6A), as well as EED, SUZ12, RbAp46/48 (RBBP4/7),
and JARID2 (Jumonji/ARID domain-containing protein). The latter, together with Polycomb-
like family (Pcl) proteins, have been suggested to be responsible for the recruitment of PRC2
to target genes in mammalian cells. PRC1 contains the E3 ubiquitin ligases RING1A and B (RNF1

and 2) that mediate H2AK119Ub. Canonical PRC1 complexes also contain Cbx - proteins that
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recognize and bind H3K27me3 through their chromodomain, leading to coexistence of both
PRC2 and PRC1 on the same loci. Non-canonical PRC1 complexes contain Rybp (together with
additional proteins, such as L3mbtl2 or Kdm2b) rather than the Cbx proteins, thus, their
recruitment to target genes is mostly independent of H3K27me3 (Aloia, Di Stefano, and Di
Croce 2013). Lysine demethylase Kdm2b has been proposed as one of the factors that enable
binding of the non-canonical PRC1 to unmethylated DNA (Wu, Johansen, and Helin 2013).
Surprisingly, this PRC1 complex can also recruit PRC2 in the H2AK119Ub-dependent manner
which leads to the deposition of H3K27me3 mark on unmethylated promoters (Blackledge et
al. 2014). In addition, PRC1 and PRC2 complexes have been shown to associate and form
nuclear foci on their targets which stabilizes gene silencing and suggests another role for

Polycomb - in 3D chromatin organization (Cavalli 2015).

1.3.3. Histone variants

Specific histone variants determine the structure of distinct regions of
heterochromatin and play a role in their maintenance. For example, when centromere-specific
histone H3 variant CENP-A is not present, cells show severe defects in chromosome
segregation suggesting its relevance for the integrity and function of kinetochores. In addition
to CENP-A, in higher eukaryotes there are three other H3 variants: H3.1 and H3.2 which are
mainly expressed in S-phase and deposited by the CAF1 complex, and H3.3 expressed
throughout the cell cycle with replication-independent deposition by the HIRA and (Tagami et
al. 2004) DAXX/ATRX complexes (Lewis et al. 2010; Drané et al. 2010). HIRA is required for
localization of H3.3 to actively transcribed regions, while ATRX is essential for H3.3
incorporation at silent regions such as telomeres, and has been shown to play a role in
heterochromatin formation and chromosome segregation during mitosis and meiosis
(Rabindranath De La Fuente et al. 2004). DAXX is also present on repetitive regions and its
deletion leads to disruption of chromocenters, thus, it is thought to be involved in the
structural organization of the nucleus (Rapkin et al. 2015). The specific role of DAXX and ATRX
chaperons at pericentromeric regions, however, is unclear but it might be linked to
transcription of the locus as in Daxx -/- MEFs and in ATRX and H3.3 siRNA depleted cells levels
of major satellite transcripts are lower (Drané et al. 2010). ATRX/DAXX complex can also
replace the canonical H3.1/H3.2 with the H3.3 variant at specific classes of transposable

elements - class | and class Il ERVs. It has been previously shown that these TEs are silenced
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through H3K9me3 deposited by SETDB1 and its co-repressor complex containing KRAB-
associated protein 1 (KAP1) (Rowe et al. 2010; Karimi et al. 2011). Elsdsser and collegues
suggest a role for H3.3 in this process as well because H3K9me3 and KAP1 occupancy is
reduced at some class | and Il ERVs upon H3.3 deletion. Thus, the authors draw a link between
ERV-associated H3K9me3 and H3.3 deposition, and suggest that the recruitment of KAP1 and
H3.3 by DAXX is co-dependent and occurs upstream of the recruitment of SETDB1 (Elsasser et
al. 2015).

Exchange of another core histone - H2A - also takes part in the formation of
heterochromatin as H2A.Z has been demonstrated to be involved in the recruitment of HP1
at pericentromeric loci, and direct binding to the pericentric heterochromatin-binding protein
INCENP (Fan et al. 2004). These interactions facilitate folding of chromatin into high order
structures but also play a role in the chromosome segregation (Rangasamy, Greaves, and
Tremethick 2004). Although H2A.Z is present on constitutive heterochromatin in some
developmental stages, in general it is found on facultative heterochromatin i.e. the inactive X
chromosome, where it becomes monoubiquitylated by PRC1 (Sarcinella et al. 2007).
Interestingly, its occupancy has been also correlated with the lack of DNA methylation and
with H3K4me3/H3K27me3 loci which suggest that H2A.Z brings a dynamic instability to
chromatin structure increasing access to chromatin-modifiers. Another variant of H2A -
macroH2A is also implicated in heterochromatin regulation as it is mainly present at discrete
regions of facultative heterochromatin within the inactive X chromosome that alternate with

regions of constitutive heterochromatin (Henikoff and Smith 2015).

1.3.4. DNA binding factors

Heterochromatin function can be also affected by various DNA binding factors which
interact with chromatin remodelers and trigger changes in chromatin organization. One of the
examples comes from the experiments in mESC where in the absence of H3K9me3 or DNA
methylation, (dnSuv30h1/h2 or TKO) the levels of methylation-sensitive DNA binding protein
BEND3 arise. It leads to the recruitment of PRC2 via MBD3/NurD chromatin remodeler
complex and, only in the case of TKO, PRC1 components, presenting a mechanism which
facilitates silencing and operates on unmethylated loci (Saksouk et al. 2014). NoRC is another
chromatin remodeler which is known to establish repressive chromatin structure via

interaction with DNA binding proteins. The biggest subunit of NoRC - TIP5 - is recruited to
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distinct genome loci by specific chromatin-associated proteins, for example, to rDNA by TTF-
I, to centromeres by CENP-A and to telomeres by the shelterin complex, and then interacts
with HP1a and with histone-modifying enzymes to mediate higher-order chromatin structure.
Knockdown of NoRC leads to de-condensation of heterochromatin, abnormalities in mitotic
spindle assembly and impaired chromosome segregation (Postepska-Igielska et al. 2013). LSH
(lymphoid specific helicase) is another factor involved in the formation of normal
heterochromatin structure as it has been shown to maintain nucleosome density leading to
more compacted state of the chromatin. Moreover, it plays a specific role in acquisition of de
novo DNA methylation at transposable elements and pericentromeric repeats (Huang et al.
2004). Its ATP-binding site seems to be crucial for the stable association of Dnmt3 to DNA (Ren
et al. 2015) and upon its depletion cells display lower levels of DNA methylation and

upregulation of major satellites (Huang et al. 2004).

Recent discoveries in MEF cells have implicated a role for sequence-specific
transcription factors in heterochromatin formation/maintenance. These TFs have been shown
to use distinct binding sites as targets and their recruitment lead to heterochromatin silencing
most likely by RNA dependent pathways (Bulut-Karslioglu et al. 2012). For example Pax3 and
Pax9 transcription factors are components of mouse heterochromatin as they localize to DAPI
dense regions and can bind to HP1 and KAP1. Upon their depletion accumulation of major
satellite transcripts from both strands occurs, and reduction in H3K9me3 and H4K20me3 takes
place which, in consequence, leads to genome instability. The putative role of these
transcription factor binding sites might be to serve as a base for bidirectional transcription,
which is then silenced by heterochromatin formation (Bulut-Karslioglu et al. 2012). This is not
such a new concept as the establishment of higher-order chromatin structure at repetitive
elements has been already shown to depend on specific noncoding RNAs, including pRNA,
TERRA (Postepska-lgielska et al. 2013) and major satellite RNA (Almouzni and
Probst). Moreover, the intersection of the RNA-interference (RNAi) pathway and
heterochromatin formation has been well documented in Schizosaccharomyces pombe where
small interfering RNAs generated from flanking outer repeat of a centromere direct histone
H3 lysine 9 methyltransferase Clr4 to homologous loci which then recruit Swié (homologous
of HP1). H3K9me and Swib6 are required to establish CENP-A which further leads to spreading

of heterochromatin (Folco et al. 2008). Interestingly, siRNA seem to be important only for the
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recruitment of Clr4 as heterochromatin can be still formed without operating iRNA pathway

but with artificial tethering of Clr4 to the loci (Kagansky et al. 2009).

1.3.5. Small RNAs and RNAi pathway

Although RNA silencing pathways in mammals work mainly as a post-transcriptional
gene silencing (PTGS) mechanism, they can also alter chromatin structure and silence genes
at the transcriptional level (Morris et al. 2004). The core machinery includes small RNAs (sSRNA)
that are complementary to target genomic sequences, which form complexes with the
proteins from the Argonaute family (Ago). Depending on the biogenesis of SRNA and the
mechanism of silencing, 3 main pathways can be distinguished: RNA interference (siRNA),
microRNA (miRNA) and piRNA pathways. siRNA and miRNA require Dicer activity whereas
piRNA rely on Piwi proteins: Mili, Miwil, and Miwi2 (in mouse). Whereas piRNAs are known
to function in the male germline to maintain genomic integrity by epigenetic mechanisms
including de novo DNA methylation of transposable elements (Aravin et al. 2007), siRNAs and
miRNAs mainly mediate PTGS through degradation of mRNA and/or inhibition of mRNA
translation in the cytoplasm. Nevertheless, they have been also reported to silence
heterochromatin and enable acquisition of heterochromatin-specific chromatin modifications
such as H3K9me2/3, H3K27me3 or DNA methylation (Li 2014). Moreover, in mouse cells RNA
might have a structural role in heterochromatin, as cells treated with RNaseA lose
heterochromatic marks (Maison et al. 2002) and RNase treatment of chicken liver cells
revealed a role for RNA in the high-order chromatin structure and compaction (Rodriguez-
Campos and Azorin 2007). Another evidence coming from human cell lines supports the
hypothesis that RNA may have a general structural role in chromatin organization as RNase
treatment results in both loss of CENP-C and chromosomal passenger complex (CPC)
components from centromeres. This phenotype can be rescued by reintroduction of CENP-C,
INCEP and centromeric RNA (Wong et al. 2007). Moreover, loss of Dicer, the main player in
the production of siRNA and miRNA, leads to up-regulation of transcription from pericentric
heterochromatin and loss of HP1B and H3K9me2/3 from these regions (Kanellopoulou 2005).
All of these provide strong argument that RNA is required for silencing and structural integrity

of the pericentromeres.
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1.3.6. Nuclear organization

The three-dimensional organization of the genome and its importance for the normal
functioning of the cell and, in particular, for (hetero)chromatin regulation, attained more
attention in recent years. According to the definition by Nature nuclear organization refers
to “the spatial distribution of nuclear contents and components in a way that it reflects or
facilitates their activities”. Hence, specific regions of the genome tend to localize in the
particular nuclear compartments in order to be properly regulated because distinct regions of
the nucleus can regulate chromatin in a different way. One of the most striking examples come
from the nuclear periphery and nucleolus that, already in the 1950s, have been associated

with more dense chromatic regions, most likely heterochromatin.

The nuclear periphery can be separated into two main sub-compartments: nuclear
pores and nuclear lamina. Whilst localization to the nuclear pores has been suggested to be
correlated with transcriptional activation of genes, the nuclear lamina is most likely associated
with heterochromatin and linked to the repression of genes and repetitive sequences (Akhtar
and Gasser 2007). Recent advances in genome-wide high-throughput sequencing confirmed
these observation and led to the discovery of lamin-associated domains (LADs) which in
general are gene-poor and enriched for heterochromatic silencing marks such as H3K9me2
(Kind et al. 2013). Therefore, perinuclear localization appears to regulate chromatin function.
Nevertheless, one has to keep in mind that not all genes have the same ability to be modulated
by proximity to the nuclear envelope (Finlan et al. 2008) and detachment from the nuclear
lamina does not always lead to transcriptional activation as it happens at some regions during
ES cells differentiation (Kind et al. 2013). Moreover, even changes in chromatin condensation,
without entailing transcriptional activation, are enough to re-localize some genes from the
periphery towards the nuclear interior (Therizols et al. 2014). All of the above suggests that in
somatic cells, the nuclear periphery functions more as a non-permissive compartment where

unused regions are stored, rather than the actual main inhibitor of transcription.

LADs are not the only domains found to be associated with distinct nuclear
compartments as the existence of nucleolus-associated domains (NADs) containing repetitive
sequences i.e. centromeres, has been also documented (Németh et al. 2010). In general, the
nucleolus is an organelle present in most mammalian cells with the major function related to

the synthesis of ribosomal RNA and biogenesis of many ribonucleoprotein particles (RNPs).
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The nucleolus most likely plays additional role in the establishment of kinetochores and
heterochromatin structure as numerous studies have shown accumulation of many
centromere-related proteins within its structure i.e. CENP-C or INCENP (Gent and Dawe 2012).
Moreover, the alpha-satellite RNA seems to be required for the assembly of centromere-
associated nucleoprotein components at the nucleoli and kinetochores in human cells (Wong
et al. 2007). The presence of repressive chromatin marks on the NADs together with tethering
experiments which showed that proximity to nucleolus reduces gene expression, support the
notion that the nucleolus is an important nucleolar compartment involved in silencing and

heterochromatin maintenance (Matheson and Kaufman 2015).

Importantly, nuclear architecture is orchestrated by chromatin modifiers similarly to
other epigenetic mechanisms as they are all functionally related. Because regions that are in
close proximity to the nuclear lamina are irreversibly bound to its components, change in
chromatin state or lamina composition often leads to nuclear re-organization. Lamin proteins,
but also lamin-associated transmembrane proteins like Emerin or LBR, are the main structural
components of lamina that play a role in anchoring of the chromatin. LBR, for example, has
been shown to bind HP1 through H3K9me2/3 (Ye and Worman 1996) in Hela cells.
Experiments performed in C.elegans where the localization of repetitive gene arrays which
recapitulate endogenous heterochromatin behavior were monitored under genome-wide
siRNA screen, demonstrate that the peripheral localization of arrays depends also on H3K9
methylation (Towbin et al. 2012). Moreover, the depletion of H3K9 methylation in Prdm3 and
Prdm16 deficient mouse embryonic fibroblasts results in disintegration of pericentric
heterochromatin and the destabilization of the nuclear lamina (Pinheiro et al. 2012). Another
example comes from TKO cells where in the absence of DNA methylation the recruitment of
pericentromeric heterochromatin to the nuclear lamina is impaired, as shown by the loss of
binding of LBR (Lamin B Receptor), Lamin B1 and B2 to major satellites (Saksouk et al. 2014).
The loss of interaction with lamina proteins is sufficient to reorganize the position of major
satellites into large aggregates surrounding the nucleoli, which is strikingly similar to the
phenotype observed in the LBR/Lamin A/C double-deficient cells (Solovei et al. 2013).
Interestingly, the latter work shows that the LBR is the crucial tethering site in early stages of

mouse cell differentiation, whereas lamin A/C replaces or supplements its role in terminally
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differentiated cells. Mechanisms anchoring repetitive gene arrays to the lamina in C.elegans

embryos also display a switch in later developmental stages (Towbin et al. 2012).

1.4. Concluding remarks

The above-mentioned studies imply the multilayered regulation of heterochromatin,
with various epigenetic pathways shown to play a crucial role. Although heterochromatin
formation and maintenance in different organisms is a common theme, the molecular details
are difficult to pinpoint because of the complexity and redundancy of the pathways ensuring
heterochromatin robustness. Additionally, there is a difficulty in unravelling the biochemical
characteristics in vivo, and difficulty in combining in vitro results with in vivo events. Moreover,
most of the data derives from models in which heterochromatin is already established, like in
somatic cells which already reached their final epigenetic status, or ES cells that, although
undifferentiated, have already acquire many of the hallmarks of heterochromatin. As a
consequence, it is difficult to elucidate what is the order of events, and which factors are
necessary for the formation versus the maintenance of heterochromatin. However, during
early development, the epigenetic program has to be erased and reacquired in order to form
a new organism. This makes it an ideal time-frame to look into the mechanisms responsible
for de novo formation of heterochromatin and molecular pathways underlying its

establishment.

2. Characteristics of heterochromatin during mouse development

2.1. Mouse development at a glance

The life cycle of an organism is an extremely complex process, which starts with two
distinct identities — the oocyte and the sperm - that come together to form a zygote. Within
the subsequent 2 days, the zygote divides twice without changing its size and reaches the 8-
cell stage with 8 blastomeres of equal volume. Then, individual cells lose their distinctive
outlines and maximize intercellular contacts in a process called compaction. After one more
day, at the early 32-cell stage, fluid begins to accumulate between cells and creates a cavity —
the embryo reaches the blastocyst stage. At one end of the cavity lies a cluster of pluripotent

cells known as the inner cell mass (ICM) surrounded by a thin layer of cells that form the polar
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trophectoderm. On the opposite side, mural trophoblast cells close the blastocyst cavity (Fig.
5). The trophoblast cells or trophoectoderm (TE) will form the chorion, which is an embryonic
part of the placenta, whereas the ICM will give rise to an embryo and its associated yolk sac,
allantois, and amnion. These distinct cell types of blastocyst are demarcated by the expression
of key tissue-distinctive transcription factors i.e. Cdx2 limited to TE or Oct4 and Nanog
associated to the pluripotent ICM. By the 64-cell stage the TE and ICM are completely separate
layers becoming the first cell fate specification event in development. The first segregation of
ICM cells that happens afterwards gives rise to hypoblast (or primitive endoderm) and the

epiblast, thought to contain all the cells that will generate the actual embryo.

Fertilization Implantation

| Time >
Morula Blastocyst

Pramative
lnner cell mass endoderm | Epiblast

Oocyte

Polar body Cavity Trophectoderm

lnner Prumitove

Trophectoderm |  cell mass endoderm  Epiblast

Figure 5. Preimplantation development in mouse: from fertilization to implantation

Scheme depicting different stages of mouse preimplantation development with corresponding bright-field images.(Modified from
Wennekamp et al. 2013).

2.2. Formation of gametes
2.2.1. Primordial germ cells specification
Germ cells are highly specialized cells that reached the final step of differentiation after
many cell divisions and transcriptional, epigenetic and morphological changes. In the same
time, they are the only cell types that, in vivo, have the capacity to reset their identity through

reprogramming. The long process during which they are formed starts already at the early
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gastrulation stage (Fig. 6). Primordial germ cells (PGCs) are first specified in a response to bone
morphogenetic protein 4 (BMP4) from the extra-embryonic ectoderm, which induces
signaling pathway leading to expression of BLIMP1 (also known as PRDM1)(Vincent et al. 2005)
and PRDM14 (Yamaji et al. 2008). As a consequence, a group of ~40 cells with high levels of
alkaline phosphatase activity cluster and begin to shut down their somatic transcriptional
program. At ~E7.5 PGCs start their migration from the posterior end of the embryo through
the hindgut to the developing gonads. Once in gonads, PGCs continue dividing mitotically to
accumulate their number before facing the last division — meiosis — in which they reduce their

DNA content to 1n.

During migration and mitotic divisions PGCs undergo many changes in order to silence
their somatic program (Fig. 6). In early PGCs, for example, levels of DNA methylation (Popp et
al. 2010) and H3K9me?2 (Seki et al. 2007) decrease, whereas H3K4me2, H3K4me3 and H3K9
acetylation (H3K9ac) together with H3K27me3 accumulate (Seki et al. 2007). Also
transcription factors that are characteristics of pluripotent state, such as Sox2, OCT4, Nanog,
Stella, start to be expressed. In later PGCs ~11 days after fertilization, the second wave of DNA
methylation starts in which erasure of imprints begins (Popp et al. 2010)and further
reprogramming takes place: linker histone H1 is removed leading to more loose chromatin
configuration and enlargement of nuclei; chromocenters are lost; many repressive histone
modifications are removed i.e. H2A/H4 R3 methylation (Ancelin et al. 2006), or
heterochromatin specific H3K9me3 and H3K27me3; proteins associated with facultative
heterochromatin or constitutive heterochromatin like heterochromatin protein 1a (HP1la),
HP1B and HP1y, ATRX and CBX2 are redistributed and/or disappear (Hemberger, Dean, and
Reik 2009). In short words, the epigenome undergoes profound changes. Worth mentioning
is the fact that some of these changes are transient, and thought to serve a purpose on
facilitating global DNA demethylation. Indeed, soon after reprogramming happens at E12.5,
many chromatin marks are reversed i.e. heterochromatic H3K9me3 and H3K27me3 levels go

up together with re-clustering of chromocenters (Hajkova et al. 2008).
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Figure 6. A schematic representation of primordial germ cell formation in mice

A brief outline of germ cell development in mice is shown schematically. Key events associated with each stage of germ cell development are
also shown. (Modified from Saitou, Kagiwada & Kurimotu, 2012).

2.2.2. Formation of sex specific gametes

Male gametes

Following epigenetic reprogramming, remarkable differences are observed in the way
that male and female gametes are formed after the sex determination has started at ~“E12.5
(Fig. 7 & Fig. 8). In males, PGCs enter into mitotic arrest upon entry into the genital ridges, and
stay in the GO/G1 phase of the cell cycle for the remaining embryonic period (Western et al.
2008). Only around day 5 postpartum (P5), spermatogenesis begins and many of PGCs resume
active proliferation while others are recruited as spermatogonial stem cells (SSCs). Cells that
resume mitotic divisions proliferate rapidly until they become primary spermatocyte —
product of last mitotic division. They subsequently undergo meiosis |to produce two
haploid secondary spermatocytes, which will later divide once more into haploid spermatids

and start spermiogenesis in order to become fully mature spermatozoa (Rathke et al. 2014)

(Fig. 7).
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One of the most prominent changes during this time can be observed on the level of
de novo DNA methylation. Re-methylation initiates at E14.5 in prospermatogonia and, during
G0/G1 quiescence, male PGCs attain global DNA methylation. As a consequence, at birth, male
specific methylation pattern is fully established and does not change throughout concomitant
mitotic divisions but only when cells enter meiosis (Henckel et al. 2009). The importance of
this de novo methylation pattern in male gametes has been shown by many studies, i.e. knock-
outs of DNA methyltransferases (Bourc’his and Bestor 2004) or disruption of piRNA pathway
by knock-outs of PIWI proteins (Aravin et al. 2007), with both suggesting its role in imprinting
and meiosis (Sasaki and Matsui 2008). Other factors that seem to be crucial for proper meiosis
and sperm formation include the acquisition of some histone modifications (e.g. H3K9me2/3)
and an unusually high number of histone variants (e.g. TH2A, TH2B, TH3, H3.3A, H3.3B and
HT1) which are incorporated in the nucleosomes of spermatogonia and/or spermatocytes
(Boskovi¢ and Torres-Padilla 2013). Interestingly, the most dynamic process during
specification of male gametes, is the global change in the chromatin structure through histone
exchange. This transition starts in post-meiotic spermiogenesis and takes place during
elongation and condensation of spermatids. At that phase of maturation, DNA is stripped of
most of its nucleosomal packaging and becomes wrapped around so-called transition proteins
(TPs) which are thought to facilitate chromatin remodeling (Boskovi¢ and Torres-Padilla 2013;
Rathke et al. 2014). Moreover, the hyperacetylation of histone H4 takes place in elongating
spermatids, just prior to histone removal (Grimes and Henderson 1984; G W van der Heijden
et al. 2006), which, most likely, also induce histone displacement by creating more open
chromatin structure. Interestingly, transcription does not occur during the elongation process
of spermatid maturation, suggesting that core histone acetylation in these cells is not related
to gene expression but indeed functions as a signal for the eviction of histones (Boskovi¢ and
Torres-Padilla 2013). In late spermiogenesis TPs are exchanged for protamines - small, highly
basic proteins that bind DNA with high affinity and wrap it in a toroidal structure. This
transition is essential for the formation of proper spermatozoa as defects in the process can
lead to infertility. The incorporation of protamines into sperm chromatin induces global DNA
compaction which is believed to provide safe environment for the genome. Moreover, as a
consequence of histones-to-protamines exchange, most of the heterochromatin associated
histone modifications (i.e. H3K9 or H4K20) together with HP1, are not present in the fully

grown spermatozoa (G W van der Heijden et al. 2006). This leads to extremely rare
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phenomena where in in vivo system heterochromatin associated marks are not present, thus
have to be acquired de novo. However, an interesting twist is that mammalian sperm
chromatin retains some of the spermatid histones, i.e. H4K8ac or H4K12ac, and some of the
nucleosomal proteins, most likely at the constitutive heterochromatin (G W van der Heijden
et al. 2006). Because nuclear organization of the sperm genome is well defined, with the
telomeres positioned at the outer membrane and centromeric heterochromatin in the center
of the nucleus forming the chromocenter (Haaf and Ward 1995), the colocalization of the
remaining modified histones with chromocenter suggests that they may play a role in a

subsequent reorganization of the male genome.
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Figure 7. A schematic representation of male germ cell formation in mice

A brief outline of germ cell development in mice is shown schematically. Key events associated with each stage of germ cell development are
also shown. (Modified from Saitou, Kagiwada & Kurimotu, 2012).

Female gametes

In females, contrary to males, PGCs continue to proliferate until E13.5. Then, they
enter into the prophase | of meiotic division which arrests at the diplotene stage, until female
reaches puberty (Speed 1982). This prolonged arrest is maintained by the signaling from
somatic follicular cells which surround oocytes creating primordial follicle (Fig. 8). During the
storage, oocytes grow and by selectively regulating gene expression, accumulate organelles
and macromolecules indispensable for their further fate. In adult females, signal from follicle
stimulating hormone (FSH) recruits groups of primary follicles that start to grow and, in

consequence, become antral follicles containing fully grown oocytes. Then, upon hormonal

-29.-



stimulation from luteinizing hormone (LH), groups of fully grown oocytes called germinal
vesicles (GV) undergo germinal vesicle break down (GVBD) and complete first meiotic division
with concomitant extrusion of the first polar body. The GV oocytes undergo an additional
transition in their chromatin organization. Initially, fully grown oocytes contain a ‘Non
Surrounded Nucleolus’” (NSN) which is transcriptionally active and contains less condensed
chromatin displaying heterochromatic DAPI-rich regions in several clusters in the
nucleoplasm, similarly to somatic cells. At later stages of oogenesis, the so called Surrounded
Nucleolus (SN) oocytes form, which are transcriptionally inactive and contain more condensed
chromatin of which the majority is wrapped around the nucleolus forming a characteristic
“rim”. Interestingly, only SN oocytes are able to resume maturation whereas others remain
unresponsive to LH stimulation (Debey et al. 1993). As a consequence, only SN oocytes
undergo the maturation process involving haploidization which is completed upon arrest at
metaphase Il of meiosis. Termination of meiosis, however, awaits fertilization. Only after
fertilization with a haploid spermatozoon, oocytes can complete the second meiotic division,

extrudes the second polar body and give rise to a totipotent zygote.

As mentioned before, acquisition of such a potency is possible due to dramatic changes
and full reset of somatic program while PGCs are formed, but also afterwards. As a
continuation of the reprograming, in female germ cells, DNA methylation levels remain low
(at E16.5) which leads to i.e. further erasure of genomic imprinting and reactivation of the
inactive X chromosome. The initiation of DNA methylation, leading to female specific imprints,
begins in the growing oocytes after birth, and the de novo methylation process is complete by
the time oocytes are supposed to resume meiosis. Hence, in the fully grown oocyte
heterochromatic DNA is hypomethylated, however, some of the specific regions, like major
satellites or LINE-1 transposones, remain hypomethylated (Arand et al. 2015). Changes in
other epigenetic marks and associated proteins also take place but are not as profound as
those observed in the male gametes. For example, some histone modifications change rapidly
- histones H3 and H4 are generally acetylated at prophase | of meiosis, but they rapidly
become deacetylated at metaphase | by HDACs. On the other hand, levels of other histone
modifications stay stable like in case of H3K9me2 which remains dispersed throughout the
nucleus, or H3K9me3 that appears concentrated at condensed heterochromatic regions

(Meglicki, Zientarski, and Borsuk 2008). Also some heterochromatin associated proteins

-30-



display diverge patterns of expression i.e. HP1B protein is present in the primordial oocytes
and remains bound to heterochromatin regions of fully-grown oocytes disassociating soon
after GVBD. In contrast, HP1a can be detected for the first time in the oocytes at the beginning
of their growth phase and dissociates from the chromatin of fully grown oocytes during their
transition from NSN to SN type (Meglicki, Zientarski, and Borsuk 2008). Moreover, during
meiotic prophase | somatic histone H1 is replaced by an oocyte-specific variant HIFOO, which
in consequence leads to a less condensed state of chromatin (Hayakawa et al. 2014). Although
H1FOO is indispensable for GV oocyte and early embryogenesis (Furuya et al. 2007), soon after

the second cleavage canonical H1 is reacquired.
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Figure 8. A schematic representation of female germ cell formation in mice

A brief outline of germ cell development in mice is shown schematically. Key events associated with each stage of germ cell development are
also shown. (Modified from Saitou, Kagiwada & Kurimotu, 2012).

In conclusion, an oocyte arrested at metaphase Il and awaiting fertilization has very
distinct epigenetic landscape from a somatic cell with some of the heterochromatic features
being already erased (e.g. HP1a), and others still present on the chromatin (such as H4K20me3
and H3K9me3). Also gene expression pattern differs drastically because oocyte is not
transcriptionally active during the last phase of maturation, and it relies only on the factors
accumulated during its growth and maturation. As mentioned earlier, the sperm undergoes
even more drastic changes with its histones-to-protamines transition leading to extreme
compaction of DNA. Why all these changes are important, and how exactly they are regulated

has been under deep investigation for many years and still leaves many unanswered
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questions. What can be concluded, however, is the crucial role of epigenetic reprogramming
and global chromatin reorganization in both gametes for the formation of the “first cell of an
organism” — the zygote. This cell has to establish de novo its entire developmental program,
which includes heterochromatinization of some regions and activation of others. How does
the newly formed embryo distinguish these specific parts of a genome, acquires the correct
histone modifications and reorganizes nuclear architecture, has become one of the main
guestions in cell biology. In the next chapter, | will provide a more detailed description of our

current knowledge of these processes.

2.3. Preimplantation development

2.3.1. Most important events in preimplantation embryos

Development in mammals commences with the fertilization of an oocyte by a sperm,
which results in the formation of a zygote that after many divisions give rise to embryonic and
extra-embronic tissues (Fig. 5). This capacity is defined as a totipotency, in opposition to
pluripotency that leads to the formation of embryonic tissues only i.e. stem cells, or
multipotency which enables some differentiation but only according to already taken
pathway, for example in neurons. Until now, totipotency has been observed only in 1-cell
stage embryos and in each blastomere of 2-cell stage embryos, which after separation can
also form a mouse. How such a potency is retained in a zygote and what are the mechanisms
of its regulation, remain unknown, however, some of the molecular pathways and
events/chromatin changes happening during preimplantation development seem to be

indispensable for this process.

Epigenetic reprogramming of parental genomes is a crucial event which results in the
creation of a totipotent cell from two differentiated ones. Not surprisingly, if one keeps in
mind their morphology at the fertilization time point, maternal and paternal sets of chromatin
behave in a distinct way during reprogramming process, showing different chromatin
signatures, histone marks, and replication and transcription timings. One of the main reasons
lays in the fact that in sperm protamines have to be exchanged for histones which results in
a rapid decondensation of the paternal chromatin, whereas female chromatin does not have
to undergo such an extensive remodeling. Moreover, the maternal and paternal pronuclei
(PN) remain separate nuclear entities throughout the first cell cycle. Based on the
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morphological characteristics of the PN, zygotes can be classified into sub-stages from PNO to
PN5 (Fig. 9). Both male and female PN, however, contain nonfunctional nucleoli-like bodies
(NLBs) which become mature nucleoli only at the 4/8-cell stage. The function of the NLBs is
not known but they may play a role in the organization of pericentric heterochromatin as in
the zygote and early 2-cell stage embryos the pericentric repeats form rims surrounding NLBs,
and only at the late 2-cell stage they begin to cluster into chromocenter-like structures (A. V.

Probst and Almouzni 2008).

Importantly, the differences between male and female chromatin organization should
be resolved quite quickly to ensure correct chromosome segregation in the first cleavage, and
subsequent embryo formation. Thus, strong asymmetries present in zygote are still
maintained at some degree through the second division but are almost undetectable at later
stages. Moreover, embryonic genome activation (EGA) has to take place as the newly form
zygote can rely on the maternally provided factors only for a limited amount of time. The
major wave of transcription activation occurs at the 2-cell stage, but there is also a minor EGA
that starts already at the zygote stage (Schultz 2002). All of the above suggests not only how
rapidly the changes in early embryos occur but also how important they are for the proper
control of gene(ome) expression and global chromatin organization. In the subsequent
chapters the most important and dramatic events of reprogramming are discussed, in

particular in the context of heterochromatin formation.
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Figure 9. Schematic representation of pronuclear stages in the mouse embryo

Male and female chromatin are represented by dark and grey motifs, respectively. PN1, small pronuclei located at the periphery of the embryo.
PN2, pronuclei increased in size and began migration towards the center of the embryo. PN3, large pronuclei migrated towards the center.
PN4, large pronuclei were close to each other in the center of the embryo. PN5, large central pronuclei were apposed. (Modified from P.
Adenot et al., 1997).

-33-



2.3.2. DNA methylation

Upon fusion, gametes contain high level of DNA methylation which is gradually
removed after fertilization, reaching the lowest level in blastocyst stage (Messerschmidt,
Knowles, and Solter 2014). Interestingly, demethylation of the sperm and oocyte DNA follows
different kinetics as it occurs more rapidly in male than in female DNA (Fig. 10). For many years
it was thought that the maternal genome is progressively demethylated by dilution of 5mC
with each DNA replication, whereas the paternal genome undergoes rapid active DNA
demethylation via Tet3-mediated oxidation of 5-methyl-cytosine (5mC) to 5-hydroxymethyl-
cytosine (5hmC) (Wossidlo et al. 2011). Recent discoveries have shown, however, that active
and passive demethylation occur in both pronuclei (Wang et al. 2014) suggesting the existence
of multiple pathways that take part in this process. Moreover, although global, genome-wide
demethylation is observed after fertilization, its disruption, for example in the absence of Tet3,
produces only a subset of embryos displaying arrest (Gu et al. 2011), leading to confusing
interpretations of the role of demethylation. Moreover, worth mentioning is the fact that
erasure of DNA methylation is not global, like in PGCs, and is preserved in imprinting control
regions (ICRs), enabling parent-of-origin-specific gene expression in tissues at later
developmental time-points. Differentially methylated ICRs are protected against
demethylation by numerous factors i.e. Stella that binds to chromatin containing H3K9me2
(Nakamura et al. 2007), Dnmt1 which maintains methylation (Hirasawa et al. 2008), or Znf57
which acts through KRAB box-mediated interaction with KAP-1 (X. Li et al. 2008). In the case
of Stella, the developmental phenotype is also accompanied by impaired replication (Nakatani
et al. 2015). Thus, it seem that histone exchange through replication itself and/or additional
epigenetic changes also play a role in this process, although the mechanistic nature of their

role is less known.
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Figure 10. DNA methylation dynamics in preimplantation embryos

Distinct characteristics of maternal and paternal genomes impose an epigenetic asymmetry in the zygote. The maternal genome (red
pronucleus; red line) undergoes passive DNA demethylation throughout several rounds of DNA replication. The paternal genome (blue
pronucleus; blue lines) undergoes active demethylation before DNA replication in the zygote ensues. Concomitant with global loss of paternal

5mC, 5hmC (blue dotted line) and the further oxidation derivatives (5fC and 5caC; blue dashed line) are enriched. (Modified from
Messerschmidt, Knowles, and Solter 2014).

2.3.3. Histone variants

H3 variants

Shortly after gamete fusion, protamines are rapidly exchanged by maternally provided
histones that are assembled into nucleosomes. The variant H3.3, initially described as a
replacement variant to transcriptionally active loci, is the first and main type of H3 deposited
in the paternal genome most likely because its incorporation does not depend on DNA
replication (Torres-Padilla et al. 2006). Immunostaining of H3.1/H3.2, on the other hand, have
revealed that these variants are initially enriched exclusively in the maternal pronucleus but
not in the paternal (Godfried W. van der Heijden et al. 2005). Time-lapse analyses, however,
have shown that H3.1 is incorporated into both maternal and paternal pronucleus at around
the same time, but a few hours later than H3.3 (Santenard et al. 2010). Thus, H3.3 deposition,
which depends on the Hira chaperon, seems to be a crucial event in the formation of the
zygote. Although it has been shown that incorporation of H3.3 is not involved in protamine
removal, this histone variant is indispensable for pronucleus formation as nucleosomes do not
assemble at the paternal genome in maternal Hira mutant zygotes. Moreover, Hira-mediated

H3.3 is essential for DNA replication and rDNA transcription in both parental genomes (Lin et
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al. 2015) and plays a role in the formation of a functional nuclear envelope through ELYS-
mediated assembly of nuclear pore complex in male pronucleus (Inoue and Zhang 2014).
Additionally, it has been shown recently that H3.3 replacement facilitates epigenetic
reprogramming upon somatic cell nuclear transfer (SCNT) (Wen et al. 2014). Hence, H3.3 is a
crucial factor during reprogramming indispensable for chromatin organization and required

for reactivation of key pluripotency genes.

H2A variants

Deposition of the core histone H2A also occurs after fertilization together with
incorporation of its variants, which seem to be important for early development. For example,
absence of histone variant H2A.Z leads to developmental arrest at around implantation stage.
H2A.Z displays distinct pattern of incorporation with lowest levels in both pronuclei of the
zygote and in 2-cell stage embryos, and high abundancy from the 4-cell stage onwards
(Boskovic¢ et al. 2012). Although its presence on the constitutive heterochromatin has been
previously described together with the putative function it may play in later stages of
development in the establishment of facultative heterochromatin (Rangasamy et al. 2003; Fan
et al. 2004), in early embryos H2A.Z remains excluded from the DAPI rich regions and becomes
targeted to pericentromeric heterochromatin only upon differentiation of the blastocyst
(Rangasamy et al. 2003). Interestingly, H2A.Z may be acetylated, which contributes to the
overall destabilization of the nucleosome and presumably facilitates transcription (Ishibashi
et al. 2009). Its absence in the zygote and 2-cell stage embryos, when EGA occurs, is surprising
and suggests that regulation of embryonic transcription might be orchestrated by different
chromatin signatures to that in somatic cells. Another H2A variant - H2A.X — has been shown
to be involved in the formation of male gametes, as male mice lacking H2A X are not fertile
(Celeste et al. 2002). The physiological role of H2A.X is related to its uniqgue COOH-terminal
tail that contains a motif which can be phosphorylated. Phosphorylation of H2AX (yH2AX) is
induced by Double-Strand Breaks (DSBs) and recruits the repair factors to damaged DNA, thus,
YH2AX is normally present at the sites of recombination (Redon et al. 2002). Interestingly,
yYH2AX is abundant throughout pre-implantation development starting from the zygote stage
where it is enriched in the early paternal pronucleus plausibly in the Tet-dependent manner
(Wossidlo et al. 2010). The maternal pronucleus seems to be protected from its presence by

the activity of Stella and higher levels of DNA methylation (Nakatani et al. 2015), which is lost
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by the 4-cell stage. Nevertheless, the presence of yH2AX is probably independent of DNA
damage because another marker of DSB - tumour suppressor p53-binding protein 1 (TP53BP1)
- does not colocalize with these foci. Most likely, yH2AX reflects the fact that embryonic nuclei
constitute newly assembled chromatin that needs to achieve a proper nucleosomal
configuration (Ziegler-Birling et al. 2009). Whether yH2AX plays an important role in this

process remains formally unknow.

2.3.4. Pathways responsible for establishment of repressive and active histone marks

The two chromosome sets at the beginning of fertilization are strikingly different, not
only at the level of incorporated histone variants and DNA methylation state but also at the
accumulation of histone marks. Paternal genome is associated with hyperacetylation already
during decondensation, whereas maternal genome has more repressed pattern of histone
modifications. Moreover, newly incorporated histones are hyperacetylated and
hypomethylated. This implies that the resulting paternal genome is devoid of heterochromatic

marks which, in consequence, have to be acquired de novo.

H3K9me, H4K20me and HP1 proteins

One of the hallmarks of constitutive heterochromatin - H3K9me2/3 methylation — is
present only at the maternal constitutive heterochromatin in early zygotes most likely because
of the inheritance from the oocyte, whereas paternal PN is devoid of H3K9 methylation in the
early zygote. Very low levels of H3K9me2 start to be detectable at the late zygotes at around
PN5, which remain through the later stages. H3K9me3 asymmetry, however, is still detectable
at 2-cell stage but it disappears (Santenard et al. 2010; Santos et al. 2005; Godfried W. van der
Heijden et al. 2005; Puschendorf et al. 2008) once maternal chromatin loose the signal (Fig.
11A). The establishment of H3K9me3 relays on the activity of Suv39h1/h2 enzymes (Peters et
al. 2001) which are not present or detectable at very low levels in these early stages (A. Burton
et al. 2013; Puschendorf et al. 2008), hence, the plausible reason why this heterochromatic
mark is gone. Another H3K9 methylatransferases - SETDB1 - is expressed in zygotes and might
provide for the lack of Suv39h1/h2 in early development, however, these two enzymes have

been shown to operate on distinct regions (Dodge et al. 2004).

H4K20me3, which in somatic cells is placed in the same silencing pathway as the
Suv39h1/h2 enzymes, is inherited from the oocyte and stays present on the maternal
chromatin in zygotes, mostly enriched in the pericentric regions. After the first division it
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becomes undetectable until the blastocyst stage when it comes back (Wongtawan et al. 2011).
H4K20me1 follow different pattern of localization because it seems to stay stably present on
chromatin throughout early development, whereas H4K20me2 starts to be detectable only
from the 4-cell stage (Wongtawan et al. 2011) (Fig. 11B). Interestingly, HP1a which is involved
in the recruitment of Suv4-20h1/h2 enzymes to heterochromatin (Schotta et al. 2004), is not
present during early stages of development (Godfried W. van der Heijden et al. 2005). HP1p,
on the other hand, is loaded on the maternal chromatin already after fertilization, with a
stronger signal coming from constitutive heterochromatin regions. HP1pB is not present at the
early male PN and becomes detectable only later, around PN (Santos et al. 2005; Arney et al.
2002). In 2-cell stage embryos it stains the entire nucleus with the enrichments on the
pericentromeric regions (Santenard et al. 2010). Interestingly, HP1B acquisition on
constitutive heterochromatin in the female PN has been related to the presence of H3K9me3
as in Suv39h2™/= knock-out embryos this localization is lost (Puschendorf et al. 2008).
Moreover, its recruitment is also disrupted after the RNaseA treatment of early zygotes but
this time from pericentric regions of both pronuclei, which suggests a role of RNA-dependent
pathway in HP1B recruitment (Santenard et al. 2010). Indeed, in H3.3K27R embryos which
display higher levels of major satellite transcription and loss of HP1B from heterochromatic
regions, the latter can be rescued by microinjections of ds major satellites RNA (Santenard et
al. 2010). Unfortunately, the exact mechanisms of HP1p recruitment is still not know as in the
above mentioned experiment it is difficult to point out causality. Moreover, Polycomb group
proteins and pathways associated to them are also involved in setting up heterochromatin in

the early embryo.

H3K27me3 and Polycomb
In somatic and ES cells H3K27me3 is mostly related to facultative heterochromatin,
however, its abundance in the early embryo is not surprising regarding the lack of

III

“conventional” constitutive heterochromatin mentioned earlier. Present from the early stages
on the maternal PN, H3K27me3 is gradually acquired on the paternal one, to reach high levels
in 2 cell stage embryos (Fig. 11 C). Di-methylation of H3K27 follows a similar pattern of the
localization, whereas H3K27mel becomes enriched in the male PN much earlier and is
distributed more equally in both eu- and heterochromatin (Santenard et al. 2010; Puschendorf

et al. 2008; Santos et al. 2005; van der Heijden et al. 2005). Depletion of maternal and zygotic
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Ezh2 ( Ezh2™/%) results in embryos in which the maternal PN completely lacks H3K27me2 and
H3K27me3, whereas in paternal PN both marks are absent from pericentromeric regions,
which is otherwise the only accumulation that they display in wild type embryos (Puschendorf
et al. 2008). Nevertheless, Ezh2™/%* as well as Ezh2™*/% knock-out mice still progress through
preimplantation development and display only post-implantation embryonic lethality and
defects in gastrulation (Erhardt et al. 2003). Interestingly, also Ezh2™/Z embryos develop
normally to the blastocyst stage and arrest at the similar time-point as Ezh2™/%* and Ezh2™*/=
knock-out mice (Terranova et al. 2008). These phenotypes would suggest that H3K27me3 is
not crucial at the early stages, or that there are compensatory mechanisms in place. On the
other hand, experiments in which mutated H3.3K27R was expressed in zygotes show that
these embryos cannot develop properly and arrest before blastocyst stage. Moreover, HP1f3
recruitment to pericentric regions is perturbed and higher level of transcription from these
regions is observed together with impaired chromocenter formation (Santenard et al. 2010).
This implies that H3.3K27 play an important role in heterochromatin formation and its
presence is necessary for proper development. Recently, the BEND3 protein has been shown
to be involved in the PcG/H3K27me3 pathway by interacting with MBD3/NuRD and recruiting
PRC2 components to pericentric heterochromatin (Saksouk et al. 2014), which may act as a
rescue in Ezh2™/Z embryos. Interestingly, in early development, loading of the cannonical
PRC1 components to pericentromers — RING1B, Cbx2, Bm1 or Phc - is independent of Ezh2
and H3K27me3 because in Ezh2™/* embryos all of the above mentioned proteins are present
on the male PN. Thus, a model has been proposed in which PRC1 is responsible for the
silencing and heterochromatin formation on the male PN. Indeed, upon maternal depletion
of the enzymatic unit of the PRC1 complex - RING1B - major satellites are up-regulated from
paternal PN which supports above hypothesis. PRC1 recruitment relies probably on the AT-
hook domain of Cbx2 which can bind to major satellites in H3K27me3-dependent and -
independent manner, and subsequently leads to transcriptional silencing (Tardat et al. 2015).
In female PN, on the other hand, Suv3-9h1/h2 depended H3K9me3/HP1B establishment in
the oocyte has been suggested to be important for the maintenance of heterochromatin on
the pericentromers and their subsequent silencing. Moreover, together with DNA
methylation, they probably protect female PN from the PRC1 machinery (Puschendorf et al.

2008; Saksouk et al. 2014) as in Suv39h2™/z zygotes PRC1 complex starts to accumulate on
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the maternal genome. This may explain why no increase in major satellites has been

documented in these embryos and why they do not seem to display developmental arrest.
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Figure 11. Summary of the histone modifications occurring in germinal vesicle oocyte (GV) and on maternal and
paternal chromatin in the zygote

Membrane of the germinal vesicle (GV stage) or the pronucleus (PN stage) and the nucleolar-like bodies (NLBs) are shown as just one inner
circle for simplicity. Histone modifications associated with active transcription are colored in green, repressive in red and for those with no
clear distinct correlation in blue. The intensity of shading represents the relative intensity of the labelling throughout stages. Those marks that

are reported to localize to the perinucleolar (NLB) ring(s) are highlighted on the inner circle in the appropriate color. (Modified from Burton
and Torres-Padilla 2010).

Active marks

Although acquisition of repressive marks is extremely important for proper
heterochromatin formation and development, active marks are also engaged in the process
of reprogramming and may facilitate nucleus reorganization. As mentioned above, the
paternal genome is hyperacetylated at the lysines of histone 4 (e.g. H4K8ac or H4K12ac)
already at the pre-PN formation. The oocyte, on the other hand, does not contain high levels
of H4Kac, which only becomes detectable during early PN formation. H3K9 acetylation, on the
other hand, is catalyzed during early PN formation to both sets of chromatin, and remain
present and abundant in all stages of mouse preimplantation development (G W van der
Heijden et al. 2006; Boskovi¢ et al. 2012). The general assumption is that hyperacetylated state
of chromatin in early development is linked to more open chromatin necessary for genomes

reorganization and subsequent EGA.
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H3K4me3 — another hallmark of active chromatin is inherited by the female PN from
the oocyte, similarly to H3K4 mono- and di- methylation, and is present in the entire female
pronucleus (Lepikhov and Walter 2004). However, there is a dichotomy since the male
pronucleus does not have H3K4 methylation marks at the early stages of pronuclear formation
and acquire them later (BoSkovi¢ and Torres-Padilla 2013). As described earlier, H3.3
enrichment on the paternal genome is perhaps overriding the low levels of H3K4me3 and play
a role in activation of the genome (Torres-Padilla et al. 2006). Whilst H3K4me3 by 2-cell stage
become equally distributed on both sets of chromatin, H3K36me3 - mark of transcriptional
elongation — does not follow a similar pattern. H3K36me3 is enriched in early female PN, is
lost during PN formation and it is never detected on the male PN. At the 2 cell stage, almost
complete lack of that mark is observed, which gradually comes back from the 4-cell stage

onwards (Boskovi¢ et al. 2012).

2.3.5. Nuclear organization in preimplantation embryos

How the creation of functional nuclear compartments and chromatin organization in the
3D nuclear space is orchestrated during cell cycle progression and development, became one
of the key questions in developmental biology. Interestingly, in oocyte to 2-cell stage

transition one of the most striking examples of nuclear reorganization has been observed.

Already in oocyte rapid changes of pericentric and centric heterochromatin localization
can be observed that, in some cases, can be correlated with the presence of some histone
modifications. For example in NSN-type oocytes, the centromeric and pericentromeric
heterochromatin is mainly organized in clusters called chromocenters - with the typical
pattern of silencing posttranslational histone modifications - enriched in H4K20me3,
H3K9me3 and HP1B, and devoid of H3K4me3 and H4K5ac (Bonnet-Garnier et al. 2012;
Meglicki, Zientarski, and Borsuk 2008) - as described in somatic mouse cells (Bannister et al.,
2001). During the transition to SN-type oocytes, the pericentromeric regions start to condense
and expand to form an almost complete ring around NLBs. In parallel, some of the histone
marks previously present on these regions, such as H3K9me3 and H4K20me3, seem to follow
the repositioning of chromatin within the nucleus, as they can be still found on the rings in SN
oocytes. Interestingly, some modifications do not follow this pattern, like H3K27me3, which
is not associated with chromocenters in NSN oocytes but becomes present as spots around

NLBs in SN oocytes, or H3K4me3 and H4K5ac which co-stain with euchromatic regions in NSN
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oocyte but appear as a ring in SN oocytes (Bonnet-Garnier et al. 2012). Therefore, despite the
global chromatin compaction that occurs at the SN stage, pericentromeric sequences seem to
decondense around the NLB with both repressive and active histone modifications present on
them. Moreover, during the transition from NSN to SN, oocytes seem to acquire even higher
levels of global histone modifications and have higher expression of enzymes that catalyze

these modifications (Kageyama et al. 2007).

A similar situation can be observed in early preimplantation development where
pericentromeric repeats of both sets of chromatin are gathered around the NLBs forming ring-
like structures despite of an asymmetric organization of heterochromatic marks in the
maternal and paternal pronuclei described earlier. After the first division, this particular
configuration is still maintained, however, some of the pericentromeric regions start to
condense and cluster into structures reminding somatic-like chromocenters. This dramatic
reorganization continuous through the entire second cycle, and by the 4-cell stage no ring-like
structures are present (Fig. 12) (A. V. Probst and Almouzni 2008; Almouzni and Probst; Aguirre-
Lavin et al. 2012). The most striking observation is that a peak in major satellites transcription
has been detected only in late zygotes and 2-cell stage embryos (A. V. Probst and Almouzni
2008; A. V. Probst et al. 2010; Puschendorf et al. 2008), hence, silencing of these regions
occurs presumably at the same time as their reorganization. Because there is no strict
temporal correlation between the global acquisition or removal of any histone modification
analyzed and the expression of major satellites, it is possible that transcriptional
silencing/activity of pericentric regions occurs independently of changes of histone
modifications and that some other mechanisms play a role in that process. Other repeats also
display changes in the localization through the early stages of development, however, not so
rapid and dramatic. The localization of telomeres, for example, depends if they are distal from
centromere part of a chromosome or not (Fig. 3). The half which is in the proximity to the
centromere, is present around the NLBs and associated with pericentromeric signals, whereas
the other, distal half is located in the nucleoplasm, or close to the nuclear envelope (Aguirre-
Lavin et al. 2012). Tandem repetitive clusters of rDNA, on the other hand, are always
associated with pericentromeric domains, either at rings surrounding the NLBs, or as a few

foci at the nuclear periphery (Aguirre-Lavin et al. 2012). Nevertheless, their transcription
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pattern does not change during early development and starts already at the zygotic stage,

from those copies that are NLB-associated (Lin et al. 2015).

Worth noting is the emerging role of the NLB and its plausible importance for the nuclear
architecture and reprogramming events during early development. For example, when NLBs
are micro-surgically removed from the GV oocytes, the maturation process until methaphase
Il'is not disrupted. However, after subsequent fertilization, pronuclei do not form properly and
most embryos arrest at the 2-cell stage (S. Ogushi et al. 2008). The above results suggest that
zygotes inherit NLBs from the oocyte, and that this event is essential for embryonic
development. Moreover, zygotes display heterochromatin disorganization if NLBs are
removed. The global pattern of histone modifications (H3K9me3, H3K27me1/2/3, H3K4me3)
seems not to be affected (Sugako Ogushi and Saitou 2010), however, it is not clear whether
the enrichment of these marks at major satellites becomes disrupted or not. Interestingly,
developmental arrest can be rescued when NLBs are re-injected into MIl oocytes, and with a
much lower ratio, when re-injected into zygotes during PN formation. Hence, all this together
suggests that NLBs are important during PN formation, presumably for the correct

organization of pericentric heterochromatin, necessary for the subsequent divisions.

In summary, the picture of the nuclear organization in the mouse early embryo appears to
differ drastically from the one observed in the somatic and stem cells. Nevertheless, whether
nuclear organization plays a crucial role in reprogramming and totipotency remains an open

question.
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Figure 12. 3D reconstruction of the distribution of the pericentromeres and centromeres signals during early

Major/Minor

stages of mouse development

Single confocal sections of each preimplantation stage with pericentromeric (major satellite, red), centromeric (minor satellite, green), and
DNA (grey) labeling are presented here, as well as the corresponding 3D reconstructions. Scale bar represents 5um. (Modified from Aguirre-

Lavin et al. 2012).
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3. Heterochromatin during mouse development — specific regions and open
questions about their establishment

3.1. Pericentric repeats

The mammalian centromere is strictly required for accurate chromosome segregation
and its disruption may lead to chromosome missegregation and subsequently to aneuploidy
and cancer. Its main role is to maintain sister chromatid cohesion until anaphase and to
provide the assembly site for large protein complexes and crucial histone modifications which
are required for kinetochore assembly and organization (Westhorpe and Straight 2014). Thus,
it becomes a main task during the first embryonic divisions to properly establish and maintain
pericentric heterochromatin while extensive genome reprogramming is taking place. How this
occurs and what mechanisms are responsible for this formation, remains under extensive
investigation, however, based on the previously described pathways, some hypothesis can be

described.

For example, deposition of the histone variant H3.3 has been suggested as one of the
players involved in pericentric chromatin silencing because it localizes to the paternal
pericentric chromatin and might facilitate transcription from these regions, an event that is
specific to the stages immediately following fertilization. Moreover, the mutation of H3.3K27
— but not of H3.1K27 — leads to developmental arrest (Santenard et al. 2010), which also
supports a role for H3.3 in establishing heterochromatin at the pericentromere. Interestingly,
H3.3 deposition can be also mediated by ATRX/Daxx chaperon as mentioned before. Whether
similar mechanism takes place in embryos, is not clear, however, both factors are present in
early embryos and localize to pericentric repeats where they may play a role in
heterochromatin formation. Upon depletion of maternal ATRX, Daxx recruitement is impaired
and up-regulation of major satellites has been observed from maternal PN. This has been
linked with improper function of centromere and subsequent chromosome rearrangement

and instability (R. De La Fuente, Baumann, and Viveiros 2015).

Several studies have correlated transcriptional activation of pericentromeric satellites
with decondensation of heterochromatin. H3 and H4 acetylation, together with H3S10P might
be involved in that process, however, most likely the deposition/reposition of repressive
histone marks and associated proteins, is more crucial. In mouse embryos, pericentric regions
are marked by constitutive repressive marks — H3K9me3/HP1B - at the maternal PN, and
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facultative repressive machinery — H3K27me3 and Polycomb group proteins — on the paternal
one. Impairing PRC1 activity leads to the up-regulation of major satellites, similarly to the
mutation of H3K27 methylation site. The exact cause of that increase in expression is not clear
as there are many players that may contribute to that phenotype i.e. HP1p localization seems
to be lost from pericentric regions in RinglB -/- mutants (Puschendorf et al. 2008). Worth
mentioning is the fact that in the above described experiments the reappearing theme is
higher transcriptional signal coming from major satellites which, in many cases, seems to be
somehow correlated with the improper centromere function and chromosome instability.
Unusual levels of pericentromeric transcripts are detected in zygotes but also in the 2-cell
stage embryos, depending on the experimental design, and are thought to be derived either
from one of the pronuclei, or from both parental sets of chromatin. This suggests the function

of RNA-dependent mechanisms in the formation of heterochromatin at pericentromeres.

A burst of transcription from major satellite sequences at the 2-cell stage may, for
example, induce global remodeling and association of pericentric domains into the forming
chromocenters. In support of this idea, experiments in which LNA probes were injected into
zygotes to ‘block’ major satellite transcripts leads to arrested development at the 2-cell stage,
prior to chromocenter formation (A. V. Probst et al. 2010). Nevertheless, the cause of such
developmental failure and the exact role of the transcript remain unknown. Whether it is the
act of transcription per se creating more open chromatin environment or the RNA acting as a
structural component recruiting other players, remain among the speculations. On one hand,
the recruitment hypothesis is appealing because it is supported by the dsRNA rescue of HP1f
recruitment in embryos expressing H3K27R. A similar role could be also envisaged in stabilizing
the PRC1 complexes that accumulate at paternal pericentric domains in an Ezh2 and
H3K27me3 independent manner. Moreover, RNA-dependent silencing and heterochromatin
formation and spreading, has been already documented in cells, especially at the centromeric
regions. On the other hand, RING1B and H3K9me3 do not change their localizations upon
depletion of major satellite transcripts which is in contradiction with the above idea and would

suggest that the transcript does not play a structural role, at least not for these two factors.

Another hypothesis that can be put forward from the studies done so far, is the role of
nuclear organization and dramatic rearrangements that take place after fertilization which, as

mentioned before, are concomitant with the silencing events. Decondensation and
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subsequent  clustering  into  chromocenter may facilitate  acquisition  of
heterochromatic/silenced state and in consequence lead to establishment of somatic-like
heterochromatin on the pericentromers. The plausible role of the NLBs as the main
organizational compartments which enable proper heterochromatin formation seems to be
very likely. First of all, they have been shown to be necessary for the proper development of
the early embryo, which does not proceed upon their removal. Secondly, they have been
associated with heterochromatic regions in cells and suggested to play a structural role in the

kinetochore formation.

Last but not least, is the particular spatio-temporal organization of pericentric regions,
first around NLBs, and only afterwards in the late 2-cell stage into clusters, which is
concomitant with their silencing and might be linked with the acquisition of heterochromatin
marks. Whether silencing of pericentric regions is dependent upon their nuclear localization,

remains unknown, and thus became one of main interests during my Ph.D.

To sum up, the emerging picture from the above studies is that the transcriptional
regulation of major satellites transcripts underlines a unique regulatory mechanism at a
critical time window during development. What the exact time and casual relationship

between these events and how this process is regulated, is not yet known.

3.2. L1 transposable elements

Approximately half of the mammalian genome is composed of repetitive transposable
elements (TEs) which are grouped into two classes: retrotransposons and DNA transposons.
TEs are another example, after pericentric repeats, of a region that in differentiated cells is
normally described as heterochromatin and contains most of it hallmarks described in the
previous chapters. Reactivation of these elements is correlated with mutations, deletions and
genome instability given their ability to retrotranspose into new genomic regions and/or to
affect functionally the neighbouring genes. Therefore, understanding the mechanisms behind
the formation and maintenance of the heterochromatin on TEs has arisen as an important
topic in cell biology. Extensive studies in somatic and stem cells have revealed some of the
molecular mechanisms which tightly regulate and repress their transcriptional activity,

including DNA methylation, histone modifications and RNA pathways. However, it still remains
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unknown how L1 elements are regulated during the period of epigenetic reprogramming and
cell division occurring in development. Thus, as a second model to study heterochromatin, |
focused on L1 elements, a non-LTR class of retrotransposons. | have recently summarized the
main molecular and evolutionary features of L1 elements, as well as the general mechanisms

governing their silencing in differentiated and somatic cells in the review below (Publication

).
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Abstract Approximately half of the mammalian genome
is composed of repetitive elements, including LINE-1
(L1) elements. Because of their potential ability to trans-
pose and integrate into other regions of the genome, their
activation represents a threat to genome stability.
Molecular pathways have emerged to tightly regulate
and repress their transcriptional activity, including DNA
methylation, histone modifications, and RNA pathways.
It has become evident that Line-L1 elements are evolu-
tionary diverse and dedicated repression pathways have
been recently uncovered that discriminate between evo-
lutionary old and young elements, with RNA-directed
silencing mechanisms playing a prominent role. During
periods of epigenetic reprogramming in development,
specific classes of repetitive elements are upregulated,
presumably due to the loss of most heterochromatic
marks in this process. While we have learnt a lot on
the molecular mechanisms that regulate Line-L1 expres-
sion over the last years, it is still unclear whether reacti-
vation of Line-L1 after fertilization serves a functional
purpose or it is a simple side effect of reprogramming.
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The intrusive genome

In a genomic era when a more global overview on genomes is
possible, we can finally appreciate that only a small part of
mammalian DNA is composed of genes whereas most of it is
composed of different types of repetitive sequences that are
either organized into clusters, in blocks, or are interspersed,
among which transposable elements (TEs) are the most abun-
dant ones (Lander et al. 2001). TEs—or so called “selfish”
(Orgel and Crick 1980) or “junk” DNA (Ohno 1972)—have
been thought for many years to be just parasitic relics from a
long evolutionary past. Over billions of years, they accumu-
lated using self-propagation mechanisms based on the cellular
machinery and on the proteins that they encode. As a conse-
quence, in present times, TEs contribute to ~50 % of the total
content of mammalian genomes (Waterston et al. 2002).
Naturally, this raises the question of why nature permitted this
accumulation when it is thought that evolution tends to dis-
pose off unnecessary and harmful elements. Jeopardy coming
from TEs is based on their biology, as they can modify the
genome in a variety of ways, for example, through insertional
mutagenesis and/or chromosomal rearrangements; they can
also affect genome expression by modifying cellular transcrip-
tion acting as alternative promoters or enhancers, creating or
disrupting polyadenylation signals, or splicing sites (Han et al.
2004). Although it might be dangerous and can lead to various
diseases, this property of the TEs is also thought to be one of
the strongest drivers of genome evolution and an alternative
way of controlling gene expression, suggesting that “junk
DNA” may not be as selfish and useless after all. Of course,
one can argue that the majority of TEs are anyway truncated—
that is, they have lost part of their functional sequences due to
incomplete insertions in the host genome—and, additionally,
many different mechanisms exist that prevent their expression
and subsequent jumping. The latter is true in most cases.
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However, there are some circumstances when high levels of
various TEs transcripts are present in the cell, together with
the proteins that they encode. The germ line is a prime exam-
ple of this (Zamudio and Bourc’his 2010). Activation of TEs
is even more striking during pre-implantation development of
mouse embryos, when different classes of TEs are reactivated,
following different temporal kinetics and different strength in
their transcriptional activity (Fadloun et al. 2013; Peaston
et al. 2004). Although for most part, it is assumed that their
reactivation is a side effect of the large-scale epigenetic
reprogramming that the embryo undergoes after fertilization,
it is possible that the transcription of TEs at this time point
serves a functional purpose that is yet to be established.

Families and features

TEs in mammals are grouped into two classes: class II or
DNA transposons that show no current evidence of jumping
or being active and class I elements which all share common
mechanisms of transposition requiring reverse transcription of
an RNA intermediate (Fig. 1a). The latter ones can be further
divided into two main groups: long terminal repeat (LTR)
retrotransposons, which are primarily derived from endoge-
nous retroviruses (ERVs) and non-LTR retrotransposons that
do not contain terminal repeats. Long and short interspersed
nuclear elements (LINEs and SINEs) are the most abundant
non-LTRs, that along with ERV's comprise, respectively, 19, 8,
and 10 % of genomic DNA (Waterston et al. 2002). Although,
proportionally, retrotransposons represent a huge part of the
genome, only a small portion of these elements can still “jump
and paste” among which LINE-1 (L1) insertions seem to be
the most recent (Naas et al. 1998) and active ones in the mouse
genome (Akagi et al. 2008). The main reason why the major-
ity of TEs is thought to be in quiescence is because most
copies are truncated or inverted, and there is no evidence for
recent transposition events. Full L1 elements, on the other
hand, are still present in the mouse genome and from more
than approximately 100,000 L1 fragments around 3000 con-
tain an intact sequence (Goodier et al. 2001). Although esti-
mated copy number of L1 elements is known, the exact num-
ber of full-length copies or fragments remains unclear, as it is
very difficult to assess it experimentally and the number varies
depending on a calculation method. Nevertheless, regardless
of their number, full-length L1 elements are potentially capa-
ble of activation and retrotransposition. Interestingly, SINEs
and even some of truncated L1 are also known to be able to
invade the genome. However, they use transposition machin-
ery of intact LINE copies and require their transcription and
translation which points out the importance and additional
function of full-length L1 elements.

Full-length mouse L1 elements are ~7-kb length and share
common features: they have 5’ untranslated region, two open
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reading frames, and 3’ poly(A) tail (Fig. 1b). The 5’ untrans-
lated region (UTR) functions as a promoter and is composed
of monomers—repetitive sequences of ~200 bp organized in-
to tandem repeats that follow single-copy, non-monomeric
sequence (Goodier et al. 2001). The ORF1 codes for a nucleic
acid chaperone, ORF1p, which co-purifies with L1 RNA as a
ribonucleoprotein (RNP) complex (Martin and Bushman
2001) and is required for transposition, but its exact role in
this process is not well understood. Likewise, ORF2 encodes
for another protein, ORF2p, whose function seems to be better
established, as ORF2p contains endonuclease (EN) and re-
verse transcriptase (RT) activities and is mainly involved in
target primed reverse transcription (TPRT). TPRT is a specific
propagation mechanism used by all non-LTR elements where-
by an EN cleaves the putative target site on the genomic DNA
creating a 3'OH, which acts as a primer for reverse transcrip-
tion. Subsequently, cDNA is generated from the RNA tem-
plate and its first strand is incorporated within the genome
simultaneously. The process of incorporation of the second
strand is still largely unknown. LTR retrotransposons also
use reverse transcription and RNA for their accumulation in
the cell, but the exact process whereby this occurs is more
complex and, unlike non-LTR elements, requires virus-like
particles.

The above-mentioned characteristics are common to all full
L1 elements; however, their sequences are not identical, with
some copies displaying a strong deviation from the
“consensus” sequences. Furthermore, L1 elements also differ
in their transcriptional and retrotransposition activity, which
makes it challenging to find one clear way of dividing them
into groups, either functionally or based on their sequence
identity. Phylogenetic studies brought more insight into L1
diversity and their classification, revealing that these
retroelements have a very unusual pattern of expansion as they
seem to have evolved as a single lineage. In the mouse ge-
nome, one family of L1 is activated at a time, amplifies to
thousands of copies, and becomes integrated in the host ge-
nome to subsequently start to extinct as it becomes replaced
by a new lineage. As a consequence of this phenomenon,
older L1 elements accumulate more mutations and are more
divergent than young L1 (Adey et al. 1994). Prior to the avail-
ability of the complete mouse genome, detailed studies of L1
evolution were not possible. Therefore, the classification of
newly identified L1 into families or subfamilies and the cor-
responding lineages has not been straightforward. Members of
each family were put together based mainly on isolated criteria
where comparison of their sequences would reveal some sim-
ilarities, commonly represented by consensus blocks within
each element or family of elements. The 5'UTR regions
served perfectly for that purpose as monomers differ in their
number and sequence among L1 elements, and their promoter
activity is proportional to the number of monomers, as indi-
cated by reporter assays performed by DeBerardinis and
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Fig. 1 Overview of the genomic content of transposable elements in the
mouse genome and typical structure of Line-L1 elements. a Broad
classification of transposable elements. The main representatives of
each class are mentioned, and the number of full-length (FL) copies of
the most recent Line-L1 elements is indicated. b Schematic of one of the

Kazazian (DeBeradinis and Kazazian 1999). Earlier studies
revealed that there are at least three groups of monomers: A,
F, and V. The more ancient V type is not very copious, and it
lacks the 5' region, whereas A- and F-type promoters are
thought to be equally abundant, and both contain monomer
repeats of 208 and 206 bp, respectively (Padgett et al. 1988).
Further comparisons between different A, F, and V types iden-
tified more commonly conserved characteristics and led to a
discovery of complete V, A, and F families of L1 elements
with A and F monomers, respectively. In the mouse, V, A, and
F belong to the same lineage, but the three types were inserted
into the mouse genome during different time periods (Adey
et al. 1994). Comprehensive studies of ~20,500 L1 inserts
containing full RT sequence confirmed previous results and
strengthened a more thorough phylogenetic L1 classification,
revealing the existence of additional promoter types and fam-
ilies. Nevertheless, L1 elements that belong to the A and F
types were confirmed to be the youngest and most abundant
L1 elements in the murine genome (Sookdeo et al. 2013).
Retrotransposition assays have demonstrated that members
ofthe A and F types might be still active (Goodier et al. 2001),
although F types are more divergent and were therefore

most studied Line-L1 elements in the mouse, the L1spa, which belongs to
the Tf family. The different domains of a representative full-length L1
element are shown. ORF open reading frame, EN endonuclease, RT re-
verse transcriptase

originally thought to be “dead” (Mears and Hutchison
2001). A systematic screening of disease-related insertions
identified two recent insertions of L1 elements—L1,, and
L1o—Ileading to the discovery of new young families of
the F lineage: T¢ (Naas et al. 1998) and subsequently Gg
(Goodier et al. 2001). It was suggested that L1, and Llog
probably emerged from an ancient F family because their
monomers are similar to F-type promoters. This work also
indicated that the L1 of the F type is capable of causing new
insertions. Moreover, a reporter system together with
retrotransposition assays showed that members of both Ty
and Gy families are able to retrotranspose in cultured cells,
and their promoters have the ability to drive transcription
(Goodier et al. 2001; DeBeradinis and Kazazian 1999;
Hardies et al. 2000). Thus, some ~1000 full-length copies of
G and ~4500 full-length copies of 7f present in the mouse
genome may be still active (Sookdeo et al. 2013). Note, how-
ever, that there are disparate reports on the exact total number
of full-length L1 copies that differ largely based on the ap-
proach used to determine the number of elements.

L1 elements are abundant and, as their name indicates, can
be found interspersed almost anywhere in the mouse genome.

@ Springer



Chromosoma

However, some regions seem to be more prone for their pres-
ence. Interestingly, their distribution pattern across genomic
regions is similar between rodents and primates, even though
most insertions occurred after the divergence of both orders,
suggesting that common mechanisms shape or impact new
insertional events (Waterston et al. 2002; Lander et al. 2001).

In general, L1 tend to be more abundant within AT-rich and
gene-poor regions of the genome (Boyle et al. 1990). This
trend might be explained by a lower tolerance to keep L1
insertions in proximity to genes because of their potential
deleterious influence including deletions or insertions that
could affect regulatory regions of the sequence and structure
of the genes themselves. Thus, it seems that these latter events
have, in general, not been selected during evolution. When L1
insertions occur close to genes or even within them, the genes
in question are often lowly expressed (Han et al. 2004; Muotri
et al. 2005). However, L1 localization is also dependent on
their age, given that younger L1 elements have been found to
be located in closer proximity to genes than the old L1 ones
(Medstrand et al. 2002). Moreover, analysis of the most recent
insertions reveals that there are genomic regions containing
genes that are more likely to be the target of retrotransposition.
Whether location of these hotspots is related to the transcrip-
tional activity of these genomic regions remains unclear, as
actively transcribed genes are in an open chromatin configu-
ration, potentially making these sites “available” for new in-
sertions. Alternatively, the observations of recent L1 inser-
tions situated next to genes lend support to the hypothesis of
a potential role for L1 in inactivation of some genomic re-
gions. Together, all the above indicates that location of L1 is
not as random as expected and that in some regions, their
presence might be useful for a host, whereas in others, natural
selection eliminated them because of the potential danger that
they bring.

Regulation of L1 expression

Evolutionary-driven elimination of L1 elements from some
genomic regions and “tolerance” for their accumulation in
others are not the only means to constrain their activity.
Mammalian cells have developed many mechanisms that
serve this purpose, and therefore, the control of L1 activity
at different steps of their life cycle has been documented: from
transcription through translation and posttranslational modifi-
cations, up to the insertion event. Possibly, the strongest and
most significant mechanism of regulation relates to their chro-
matin structure, whereby L1 acquires a silent chromatin con-
figuration. The silencing signatures of these regions at the
chromatin level are strikingly similar and have particular fea-
tures that resemble constitutive heterochromatin domains, ei-
ther within euchromatin or within clusters that are embedded
close to heterochromatic regions. In most cases studied, the Tf
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family has been used as a model for L1, and therefore, what
we know on L1 regulation comes mostly from L1 Tf families.
However, with the advent of genome wide studies, especially
when studying chromatin features, some of the findings de-
scribed below also apply to other L1 families.

The main silencing signature present on most types of TEs is
DNA methylation (Meissner et al. 2008) which, historically
linked to transcriptional repression, has been suggested to have
evolved for a specific purpose of defending a host genome from
TE activation. LTR and L1 elements contain particularly high
levels of DNA methylation and hypermethylated canonical
promoters, a feature conserved between mice and humans
(Meissner et al. 2008; Lander et al. 2001). In mammals, this
signature is established primarily by the de novo DNA meth-
yltransferases (DNMTs) DNMT3A and DNMT3B—which
display highest activity in the germ line and in early embryo-
genesis—and is maintained by DNMTT in somatic tissues. For
example, loss of DNA methylation in mouse embryos deficient
for DNMT1 leads to activation of intracisternal A particle
(IAP)—a type of endogenous retrovirus (ERV)—in somatic
tissues (Walsh et al. 1998). Moreover, in mouse ES cells lack-
ing all three DNMTs, reactivation of both IAPs and L1 has
been reported (Matsui et al. 2010). IAPs and L1 are also
derepressed in perinatal testes of mice lacking DNA methyl-
transferase-like protein (DNMT3L), a cofactor essential for
DNMT3A-mediated methylation in primordial germ cells
(PGCs) (Bourc’his and Bestor 2004). Thus, DNA methylation
is thought to play an essential role in the silencing of
retrotransposons in mammalian cells. Nevertheless, as it is an
epigenetic signature, it is not always present on DNA, and there
are developmental time windows during which L1 elements are
not methylated or not fully methylated. The most prominent
differences are observed when genome undergoes global epi-
genetic reprogramming. The first wave of reprogramming takes
place during the formation of the PGCs when almost a com-
plete demethylation of the DNA occurs. Likewise, the second
reprogramming phase takes place after fertilization when the
newly formed zygote undergoes global DNA demethylation,
reaching the lowest point in the early blastocyst, and only then,
gradual remethylation occurs. Interestingly, transcriptional ac-
tivation of L1 and other TEs has been reported to occur at both
of these time periods (Peaston et al. 2004; Fadloun et al. 2013).
Moreover, retrotransposition events of L1 can occur during
embryogenesis and create somatic mosaics (Kano et al.
2009). Thus, germ cells and pre-implantation embryos are
two time windows in which retrotransposons have to be tightly
regulated, most likely independently of DNA methylation, to
guarantee protection from aberrant activation of mobile ele-
ments. Furthermore, they are a good model to study how L1
silencing is established and what are the mechanisms involved
in this process.

A major safeguard mechanism present in germ cells in-
volves small non-coding (nc) RNAs, which guide
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transcriptional and posttranscriptional silencing of TEs and act
in an RNAi-related pathway (Fig. 2). P element-induced
wimpy testis (Piwi)-interacting RNAs (piRNAs) are germ
cell-specific small ncRNA which are bound by the Piwi clade
of Argonaute proteins, and—in contrast to other groups of
small RNAs, i.e., small interfering RNAs (siRNAs) or
microRNAs (miRNAs)—their processing is Dicer-indepen-
dent. The piRNA pathway keeps TEs in check, at least in male
germ cells, as the knockout of either of the two Piwi mem-
bers—Mili or Miwi2—results in upregulation of L1 and other
TEs in testes (Aravin et al. 2007; Carmell et al. 2007). The
main function of piRNA pathway can be divided into two
main tasks: (i) the establishment of de novo L1 promoter
DNA methylation and acquisition of repressive histone marks
and (ii) the maintenance of L1 silencing during spermatogen-
esis when DNA methylation is not yet present. In regard to
transcriptional control of Lls, it has been proposed that de
novo DNA methylation of TEs in male germ cells is guided
by piRNAs (Aravin et al. 2008). Moreover, the loss of DNA
methylation on L1 and the sterility phenotypes observed in
Mili and Miwi2 mutants are strikingly similar to those ob-
served in the knockout of DNMT3L in mouse male germ cells
(Bourc’his and Bestor 2004) which enforces the above hy-
pothesis. Furthermore, more recent studies have shown that
piRNA and Piwi proteins are also involved in the establish-
ment of the repressive histone modification H3K9me3 at spe-
cific L1 families in the germ line. H3K9me3 is deposited
mostly on the promoter 5S'UTR of full-length young L1 ele-
ments, and the piRNA pathway targets these elements for
chromatin-mediated repression in a different manner than
the more ancient L1 (Pezic et al. 2014). Interestingly, another
repressive mark—H3K9me2—seems to act as an additional
mechanism in mitotic spermatogonia until early meiosis be-
cause when a functional piRNA pathway and L1 DNA meth-
ylation are disrupted experimentally, G9a-mediated
H3K9me?2 is sufficient to silence L1 elements (Di Giacomo

etal. 2014). The second function of piRNAs during spermato-
genesis is the maintenance of L1 silencing by posttranscrip-
tional gene silencing pathway (PTGS) that can directly cleave
L1 transcripts. Disruption of piRNA biogenesis in mice leads
to upregulation of L1 elements in testes and a spermatogenic
failure, which implies that PTGS is important during
reprogramming in the embryonic male germ line (deFazio
et al. 2011). Moreover, it has been shown that during adult
spermatogenesis, piRNA-mediated PTGS silences L1 in mei-
osis (Di Giacomo et al. 2013) and in spermiogenesis (Reuter
et al. 2011) where DNA methylation is probably insufficient
to maintain transcriptional silencing of L1. All of the above
suggests that not only the existence of multiple epigenetic
mechanisms involving mainly piRNAs but also other, addi-
tional factors are both important for sufficient silencing of L1
elements and proper function of male germ cells at different
stages of development and in adulthood.

On the other hand, in female germ cells, the situation dif-
fers drastically, as loss of Piwi proteins does not lead to any of
the above-mentioned phenotypes (Carmell et al. 2007). One
can hypothesize that, perhaps, another group of small RNAs
may take over from piRNAs and suppress TE activation at the
transcriptional or posttranscriptional level. Indeed, siRNA and
miRNA are two other clades of small RNAs present in female
germ cells and most of them correspond to transposons
(Watanabe et al. 2008) (Fig. 2). Both types are derived from
long dsRNA precursors which are processed by Dicer into
small RNAs and then loaded into Argonaute effector proteins.
The defining difference between miRNAs and siRNAs is an
additional processing step, whereby primary miRNAs are
converted into pre-miRNAs by the Microprocessor complex
(Drosha-DGCRS8 complex) and only subsequently become
modified through the Dicer-dependent pathway. However,
Dicer knockout in germ cells does not lead to upregulation
of L1 transcription; on the contrary, L1 expression is enhanced
specifically in PGCs (Hayashi et al. 2008). Moreover, L1

5mC Small RNAs Histone modifications/modifiers
Somatic cells + None described H3K9me3/H4K20me3/H3K27me3
Youngiii: Suv3-9h1/h2 dependent
ES cells + Dicer-siRNAs H3K9me3

Older L1: KAP-1
Young L1: Small RNA-dependent H3K9me3

Male germ cells PIWI-piRNAs
Older L1:

Female germ cells - ? ?
Preimplantation 5
embryos ’

Fig.2 Summary of the major RNA and chromatin signatures involved in
transcriptional silencing of Line-L1 in different cell types in the mouse.
While no small RNAs have yet been described in somatic cells, male
germ and ES cells have been found to contain different classes of small

RNAs that are involved in Line-L1 silencing. The main chromatin
modifier pathways associated to Line-L1 silencing are shown on the
right, and the associated levels of DNA methylation (5SmC) are also
indicated. 5mC 5 methyl cytosine
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expression in oocytes lacking Dicer is also not severely affect-
ed. On the other hand, RLTR 10 fragments are upregulated in
Dicer —/— oocytes and mouse transcript A (MTA) in Mili —/—
oocytes, implying that both piRNA and siRNA are active and
can suppress retrotransposons in mouse oocytes, but each
pathway has preferred targets (Watanabe et al. 2008). It is
noteworthy that oocytes display moderate to high levels of
L1 and other TE transcripts, suggesting that either the oocyte
has an increased tolerance for TE expression or that TE tran-
scripts carried through the oocyte might play a role in early
development. The mechanisms responsible for controlling L1
expression in female germ cells remain still unclear, but the
prolonged cell cycle characteristic of oocytes has been sug-
gested to act as a block against the full retrotransposition cycle
(Shi et al. 2007).

The situation in pre-implantation embryos differs greatly
from the one observed in mouse germ cells, as PIWI proteins
are not expressed therein (Aravin et al. 2008), and there is no
cell cycle arrest. Recent work has shown that this might vary
depending on the species, since unlike in the mouse, PIWI and
piRNAs are present in bovine two- and four-cell stage embry-
os (Roover et al. 2015). As experiments on embryos are chal-
lenging and have some limitations, hints of pathways poten-
tially involved in the acquisition of a silent chromatin config-
uration on L1 elements may come from the studies conducted
in ES cells. The role of ncRNAs in this process is very plau-
sible considering that an increasing number of types of small
RNAs have been reported in ES cells, i.e., endo-siRNAs,
miRNAs, and shRNAs, which differ in function and biogen-
esis. Indeed, small RNAs derived from L1 elements were
found in mES cells and have been shown to map mostly to
young L1 families (Chow et al. 2010; Ciaudo et al. 2013).
Their regulatory role on L1 activity is also likely because in
ES cells lacking Dicer or Ago2, young L1 families are upreg-
ulated and retrotransposition events occur more often (Ciaudo
et al. 2013) (Fig. 2). Worth mentioning is the fact that Dicer
and Ago2 mutant ES cells display severe defects in differen-
tiation both in vitro and in vivo, together with a failure in
epigenetic silencing of centromeric repeats (Kanellopoulou
et al. 2005). This can be explained by the broad function of
Dicer-dependent small RNAs but also indicates the complex-
ity of small RNA pathways and the difficulty in investigating
their exact role on L1. Studies conducted in somatic human
cells show, for example, the existence of bidirectional L1 tran-
scripts derived from the 5'UTR, which can be processed into
endogenous siRNAs (endo-siRNAs) and can potentially pre-
vent retrotransposition events. However, Dicer depletion does
not lead to massive upregulation of L1 elements in these cells
suggesting different biogenesis of these siRNAs or simply the
existence of alternative pathways preventing L1 transcription-
al upregulation (Yang and Kazazian 2006). To further inves-
tigate the role of small RNAs in the control of L1 elements and
to determine which type of small RNAs is mostly involved in
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L1 regulation, studies in DGCR8 —/— ES cells were conduct-
ed. Although most canonical miRNAs are depleted in these
cells due to improper function of the Microprocessor complex,
no increase in L1 copy number was observed (Ciaudo et al.
2013), in spite of the fact that expression of L1 is elevated
(Heras et al. 2013). These observations suggest that other
mechanisms, i.c., sSiRNAs or Microprocessor-independent
miRNAs, are involved in preventing the full life cycle of L1.
Therefore, the decrease in DNA methylation level rather than
miRNAs or non-functional Microprocessor can be speculated
as the direct cause of L1 transcriptional activation in DGCR8
—/— ES cells (Ciaudo et al. 2013). Some evidence supporting
the latter hypothesis comes from studies conducted in human
somatic cells where it has been shown that Microprocessor
can directly bind full L1 transcripts and cleave them at 5’
UTR regions, which may interfere with their ability to mobi-
lize. Interestingly, the S'UTR of the active mouse L1 ele-
ment—L1spa—has been suggested to be controlled in a sim-
ilar manner because in DGCR8 —/— mES cells, the expression
of luciferase reporter downstream of Llspa 5'UTR is in-
creased. Surprisingly, however, in Dicer —/— cells, the same
reporter construct does not show high luciferase activity
(Heras et al. 2013), implying that either endogenous mouse
L1 is controlled differently than transiently transfected plas-
mids or that the mechanisms regulating L1 transcriptional ac-
tivity are not entirely conserved between mouse and human.
Caution therefore should be taken when interpreting findings
across species, as findings in human cells cannot always be
accurately extrapolated on regulation of mouse L1.

The RNA-based mechanisms described above are good
candidates for keeping TE in check, and there is enough evi-
dence on their involvement in the regulation of L1 elements at
different levels. Nevertheless, unlike DNA methylation and
histone modifications, these pathways do not “lock™ chroma-
tin state, as most of them operate at the posttranscriptional
level. Some histone marks can generate a silent chromatin
signature, i.e., trimethylations of H3K9, H4K20, and
H3K27, which are well-known repressive marks and are
found on TEs (Martens et al. 2005). Studies carried out in
mouse ES cells have shown, however, that not all
retrotransposons have comparable levels of such histone
marks (Day et al. 2010) and that the molecular mechanisms
responsible for the addition and the removal of repressive
histone modifications can vary among different classes of
TEs. Constitutive heterochromatin marks and the correspond-
ing histone methyltransferases (HMT) have been studied most
extensively. In particular, H3K9me3, which is thought to be
involved in de novo DNA methylation and probably acts up-
stream of H4K20me3 in silencing TEs. Accordingly, deple-
tion of the HMTs SUV4-20H1 and SUV4-20H2—which
leads to loss of H4K20me3—does not lead to the upregulation
of TEs (Matsui et al. 2010) (Fig. 2). Depletion of H3K9-
specific HMTs, on the other hand, results in more complex
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effects that depend on the targeted enzymatic pathway and the
class of TEs. For example, lack of G9a in ES cells has no
effect on TE activation, even though DNA methylation is
reduced (Dong et al. 2008). Double knockout of SUV3-9H1
and SUV3-9H2 (dnSuv39h1/h2) induces a modest derepres-
sion of IAPs, but L1 is only mildly activated (Martens et al.
2005; Day et al. 2010). Interestingly, recent studies indicate
that L1-associated H3K9me3 mostly decorates the S'UTR of
young and full-length elements across different cell types in-
cluding ES, male germ cells, or differentiated cells (Bulut-
Karslioglu et al. 2014; Pezic et al. 2014). In ES cells,
H3K9me3 at young L1 was recently suggested to be depen-
dent on SUV39H1/H2 activity, because SUV39H1/H2 deple-
tion leads to increased transcription of these specific L1 ele-
ments exclusively (Bulut-Karslioglu et al. 2014). This implies
that Suv39-dependent H3K9me3 may play a role in silencing
young, full-length L1 whereas different, alternative pathways
are involved in the suppression of other L1. Indeed, depletion
of the HMT SETDBI or its interacting partner KRAB-
associated protein 1 (KAP-1) leads to massive derepression
of several classes of TEs such as ERV-L elements. However,
L1 upregulation in Setdbl—/— cells is rather weak (Matsui
et al. 2010), which might be potentially because DNA meth-
ylation is almost unchanged in Setdb/—/— and Kap 1—/— cells.
It will be important to revisit these analyses in the light of the
different specificities of various L1 elements toward different
repressive machineries, as in the original work from Matsui
and colleagues, no analysis to discriminate between distinct
classes of L1 was performed. Importantly, more recent studies
have shown that KAP-1 occupancy is not uniform across TEs;
instead, KAP-1 is present on ancient L1 both in human and
mouse ES cells. Accordingly, KAP-1 depletion leads to acti-
vation of these specific KAP-1-bound L1 elements only.
Younger, full-length elements, on the other hand, are upregu-
lated in cells lacking DNMTs (Castro-Diaz et al. 2014), which
implies that separate mechanisms are responsible for suppres-
sion of evolutionary distinct L1 in ES cells or at least for their
transcriptional repression (Fig. 2).

Naturally, the importance of DNA methylation and the
H3K9 methylation pathways in L1 repression is not
questioned; however, they are seemingly not the only players.
Indeed, in the absence of constitutive heterochromatin marks,
facultative heterochromatin can ‘take over” (Peters et al.
2003). This “back-up” mechanism, namely the enrichment
for H3K27me3, occurs on L1 and other TEs upon deletion
of both SUV39 enzymes (Martens et al. 2005). Distinct en-
richment patterns of H3K27me3 and H3K9me3/H4K20me3
have been shown for different groups of LTRs: while the ERV
TAP contains high trimethylation levels of H3K9 and H4K20
on average, another ERV class, ERV-L is mostly enriched
with H3K27me3 (Day et al. 2010). Depletion of the
Polycomb group proteins (PcG), RING1B and EED, leads to
reactivation of both ERVs (Leeb et al. 2010), implying that not

only H3K9 pathways but also H3K27me3 and/or PcG pro-
teins play a role in ERV silencing. However, there is no evi-
dence linking L1 regulation with Polycomb function.

A remarkable conclusion from the above studies is that
regulation of L1 and TEs, in general, can be very redundant,
as independent repression pathways seem to converge and to
functionally compensate each other. Worth mentioning is the
fact that no activation of TEs has been observed when knock-
out experiments of SETDB1 (Matsui et al. 2010) or
SUV39H1/H2 (Bulut-Karslioglu et al. 2014) were performed
on MEF cells or differentiated ES cells in which DNA meth-
ylation is already fully established. This suggests not only that
different mechanisms are responsible for silencing distinct
groups of TEs but also that their strength and action depend
on cell potency and on chromatin state. Indeed, this is why
studies conducted in ES cells, while bringing important new
insights into the regulation of TEs, cannot be directly extrap-
olated to retrotransposon regulation during early develop-
ment. For example, the above suggested role of H3K9me3
in the initial repression of L1 elements is not very likely to
take place in pre-implantation embryos because, after fertili-
zation, the paternal genome is devoid of H3K9me3, and the
maternal chromatin progressively looses H3K9me3 with al-
most no signal observed in four-cell and eight-cell stage em-
bryos (Liu et al. 2004). Moreover, recent ChIP analysis have
revealed that the amount of H3K9me3 which is present on L1
during this time period does not seem to change, but their
transcriptional activity does, sharply decreasing from the
two-cell to the eight-cell stage (Fadloun et al. 2013) (Fig. 3).
DNA methylation is also not likely to account for this tran-
scriptional repression because L1 undergoes DNA demethyl-
ation after fertilization. Although younger L1 elements are
demethylated more drastically than ancient elements in the
zygote, all analyzed L1 families reach minimal values at blas-
tocyst stage and, only after that, DNA methylation levels in-
crease (Smith et al. 2012) (Fig. 3). Furthermore, removal of
Tet3, which takes part in the active demethylation of DNA in
zygotes via oxidation of 5SmC to ShmC, does not lead to
changes in L1 transcription (Inoue et al. 2012). Thus, the
temporal pattern of L1 transcriptional activation and subse-
quent silencing cannot be explained through changes in
DNA methylation or in H3K9me3 after fertilization and prior
to implantation, implying that additional pathways are in-
volved in the process.

Similarly to germ cells and mouse ES cells, RNAi and
small RNAs have been proposed to take part in the regulation
of TEs in pre-implantation embryos. Indeed, siRNAs,
miRNAs, and proteins involved in their processing are present
in early mouse embryos. Nevertheless, it is not clear whether
the RNAi machinery acts as a protecting mechanism against
TE activation and/or mobilization. Inhibition of Dicer by in-
jection of mDicer siRNA into zygotes results in an increased
abundance of TAP and MuERV-L transcripts in eight-cell stage
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Fig.3 Temporal dynamics of Line-L1 expression during embryogenesis
and correlation with global levels of DNA methylation and H3K9me3. At
the fop, a schematic representation of embryogenesis, starting with
fertilization of an oocyte by the sperm and up to the formation of the
PGCs, is shown. The middle graph shows global levels of Line-L1
elements throughout this period. Note that while, in some cases, the

embryos, which may support that hypothesis, but pre-
implantation development is not altered (Svoboda et al.
2004). Perhaps, maternal Dicer provides sufficient stores to
support development of these embryos to some extent as
Dicer null mice die only after implantation (Bernstein et al.
2003). Moreover, it is difficult to address the role of Dicer
and small RNAs in TE regulation because of their additional
roles in regulating other cellular processes and important devel-
opmental events. For example, Dicer and miRNAs inherited in
the oocyte are crucial for the earliest stages of embryonic de-
velopment, as fertilized oocytes lacking maternal Dicer cannot
complete the first cell cycle and display defects in mitotic spin-
dle formation (Tang et al. 2007). That is why, phenotypic de-
fects in Dicer —/— experiments are explained mostly from fail-
ure in processing endogenous miRNA and not necessarily
linked with TE regulation. Notwithstanding, the involvement
of RNAs in the regulation of L1 expression has been addressed
in a more targeted approach in which a 17-nt-long single-
stranded RNA targeting the L1 ORF1 region was injected into
zygotes. Surprisingly, this caused increased L1 transcription in
two-cell stage embryos, suggesting that transcriptional regula-
tion of L1 is indeed under control of RNA, but the exact mech-
anism remains unknown (Fadloun et al. 2013).
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subtypes of Line-L1s expressed have been defined, this has not been
addressed in all the stages shown, and therefore, the graph refers to
levels of Line-L1 transcription in general. The bottom graph shows
global levels of DNA methylation (SmC) and H3K9me3 during the
corresponding stages of development

Concluding remarks: a role in early development?

It is clear that the period that follows fertilization in mammals
represents a great window of opportunity for L1 to be activat-
ed, given the chromatin context in the embryo during that
time. A current challenge in the field is to determine whether
L1 reactivation is just a threatening “side effect” of the open
chromatin structure entailing epigenetic reprogramming or
whether it has a role in development.

Indeed, a number of hypotheses are plausible; for example,
L1 transcripts could serve as scaffolds of chromatin proteins
or for the formation of RNPs. Additionally, perhaps, one of the
most appealing hypotheses is that L1 helps in nucleating het-
erochromatin formation. A precedent for this is the suggested
role of L1 during inactivation of the X chromosome (XCI) in
females. In placental mammals, the nc Xist gene is transcribed
from the X, and the resulting Xist RNA can coat randomly one
chromosome, in cis, to initiate silencing of the majority of its
genes, leading to XCI. However, Xist is not abundant and the
mechanisms behind spreading and subsequent silencing of the
complete chromosome remain unclear. According to the
Lyon’s hypothesis, L1 elements are the boosters which facil-
itate spreading of heterochromatin along the entire
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chromosome, eventually leading to the repression of all genes
(Lyon 1998, 2000). The X contains almost twice as many L1
copies as the mouse autosomes (Waterston et al. 2002; Boyle
et al. 1990), and full, young elements are more abundant on
the X than on other chromosomes (Abrusan et al. 2008), ob-
servations which support Lyon’s idea. Also, more recent find-
ings have shown that silent L1 together with Xist RNA takes
part in the formation of a silence compartment on the X chro-
mosome (Chow et al. 2010). The link between L1 enrichment
and its function in spreading RNA and silencing can be also
appreciated from an evolutionary argument because the time
of increase in L1 copy number on the X correlates with the
emergence of random X inactivation in eutherian (Mikkelsen
etal. 2007). The known enrichment of full L1 in the proximity
of randomly, monoallelically expressed genes also supports
the idea that they can have a role in inactivation of one copy
of a gene or even a whole chromosome (Allen et al. 2003).
How exactly the induction and/or spreading of a silent state
works remains unclear; however, there are at least two plausi-
ble ways. The first one depends on L1 genomic sequences,
which could act as “attractors” for heterochromatinization
factors which subsequently spread on neighboring regions as
in the above-mentioned case of Xist coating. Moreover, it has
been suggested that repressive marks, i.e., H3K9me3 and
H4K20me3, can spread from repeats onto proximal unique
sequences (Mikkelsen et al. 2007). Although heterochromatin
spreading induced by LTRs has been observed, it remains
questionable if the same situation occurs with L1 (Rebollo
et al. 2014). The second possible way of triggering silencing
by L1 may require their transcriptional activity, with tran-
scripts serving as substrates to produce, i.e., small RNAs.
XCI can be again a good example, as it was shown that during
ES cell differentiation, young, full-length L1 elements are
transcribed from regions of inactive X that might be prone to
escape inactivation and facilitate the local spreading of silenc-
ing via not well-defined siRNA pathways (Chow et al. 2010).
This may explain the presence of RNAs derived from L1 in
some periods of development and might suggest their role in
global chromatin reorganization and heterochromatin forma-
tion in the early embryos.

Interestingly, the above-mentioned siRNA pathway in-
cludes not only transcripts from L1 but also transcripts from
the gene being targeted for silencing, and in this case, the
transcriptional activity in question is thought to be driven by
the proximal antisense promoter of L1 (Chow et al. 2010).
This implies additional function for L1s as alternative pro-
moters that may work in both sense and antisense direction.
Thus, during development, L1 might help directing embryon-
ic genome activation (EGA) by providing strong promoters to
host genes. Indeed, chimeric transcripts that originate from L1
have been detected in mouse embryos (Peaston et al. 2004; Li
et al. 2014). It is also possible that by maintaining a high
transcriptional activity, L1 might help promoting an open

chromatin packaging of the early embryo to facilitate epige-
netic reprogramming and EGA. Evidence in support of this
hypothesis comes from experiments in which L1 transcripts
have been shown to act as scaffolds that bind euchromatic
DNA. After their removal, condensation of chromatin occurs,
suggesting the importance of L1 transcripts in keeping a more
open chromatin configuration (Hall et al. 2014). An open
chromatin state is one of the hallmarks of early embryogenesis
and has been associated to totipotency (Boskovic et al. 2014),
which would explain the reason for keeping high transcription
of L1 elements after fertilization and their subsequent silenc-
ing. Moreover, recent discoveries have suggested that L1 ele-
ments could potentially play a role in gene regulation in early
embryogenesis, as significant associations were found for the
genes with intragenic L1 elements and their downregulation
from two-cell stage to morula in in silico analyses (Ngamphiw
et al. 2014).

While we have learnt a great deal of information about their
structural organization, their evolution, and the mechanisms
that lead to their silencing, we still do not know whether acti-
vation of L1 during the periods of epigenetic reprogramming
has a functional purpose and many questions remain open.
These questions are currently the subject of intense investiga-
tion and promise to provide important findings in the years to
follow.
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Il. Main questions and objectives

All of the above, led us to formulate several questions in regard to heterochromatin
formation during early mouse development. The main, and probably most broad one, is how
exactly heterochromatin is assembled, specified and reprogrammed after fertilization. As it is
impossible to answer such a general question, | have focused on two different genomic regions
that served as model for heterochromatin — pericentric repeats and L1 transposons. These
regions are defined by very different characteristics in terms of function, localization,
expression, yet both are examples of constitutive heterochromatin, which is established on
these elements during development. Thus, during my Ph.D, | aimed to uncover the
mechanisms that lead to their silencing and the distinct role they may play during the process

of development and cell division.

Part | — Pericentric repeats
The first main objective of my work was to investigate whether the spatial nuclear

localization of pericentric chromatin within nucleus is important for their silencing. To address

it, | asked more specific questions listed below:

e What is the actual spatial organization and the exact transcription pattern of major
satellites in zygote and 2-cell stage embryos?

e What is the chronology of the repressive mark acquisition and reorganization of
pericentric repeats?

e Does the localization of major satellite around the NLBs play a role in developmental
progression?

e |s the particular organization of pericentric regions in the nucleus important for their
silencing?

¢ What might be the epigenetic pathway/mechanism involved in their repression?

Part Il — L1 transposable elements

The second main objective of my studies was to determine the importance and plausible

function of L1 elements during preimplantation development, with a particular focus on the
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best characterized Tf family member L1spa. To investigate this, | asked the following specific

questions:

e What is the exact pattern of L1spa expression during development with regard to its
distinct regions; i.e. whether Tf, Orfl, Orf2 regions are expressed at the same time of
development from the same loci?

e |sthe silencing of L1s necessary for early development and cell proliferation?

e What is the role that the transcription of L1 plays, if any, during pre-implantation
development, and how does it affect development?

e How are L1 regulated in preimplantation embryos?

-51-



l1l. Results & Discussions

Part | - Pericentric repeats

1.1. Summary of Publication 2

Pericentric and centric heterochromatin is composed of major and minor satellite
repeats, respectively, which have specific spatio-temporal organization during early
development. In the zygote, despite asymmetric organization of heterochromatic marks in
pronuclei, pericentric repeats of both sets of chromatin behave in a similar manner and cluster
around nucleolar-like bodies (NLBs) forming ring-like structures. After the first division
chromocenters’ organization is progressively restored and by 4-cell stage no ring-like
structures are present. Silencing of these regions occurs presumably at the same time because
peak of transcription has been detected only in late zygotes and 2-cell stage embryos.
Moreover, previous work in the Torres-Padilla lab has suggested that there must be a link
between specific localization of pericentric repeats and their silencing as in the embryos
expressing H3.3K27R in which chromocenter formation is disrupted, transcription of major
satellites is increased and HP1pB is mislocalized. Hence, the main objective of this work is to
investigate whether the spatial localization of pericentric chromatin is important for their
silencing. To address this question, | performed experiments in which the natural localization
of pericentromeric regions during early development was altered experimentally. More
precisely, pericentric DNA was mislocalized from NLBs towards the nuclear membrane.
Injections of early zygotes with mRNA coding Zinc-finger specific for major satellites and fused
with Emerin enabled this manipulation. As a consequence, by use of RNA-FISH technique |
could observe higher transcription from these regions present in 2-cell stage embryos and also
a change in some of heterochromatin marks i.e. H3K27me3. In addition, embryos with
perturbed ring-like pericentromeric heterochromatin localization displayed lagging
chromosomes and developmental arrest. Thus, the data that | generated during these
experiments indicate that the specific spatial organization of pericentric domains is essential

for their silencing and subsequent proper chromatin organization.
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Mammalian development begins with fertilization of an
oocyte by the sperm followed by genome-wide epigenetic
reprogramming. This involves de novo establishment of
chromatin domains, including the formation of peri-
centric heterochromatin. We dissected the spatiotempo-
ral kinetics of the first acquisition of heterochromatic
signatures of pericentromeric chromatin and found that
the heterochromatic marks follow a temporal order that
depends on a specific nuclear localization. We addressed
whether nuclear localization of pericentric chromatin is
required for silencing by tethering it to the nuclear pe-
riphery and show that this results in defective silencing
and impaired development. Our results indicate that
reprogramming of pericentromeric heterochromatin is
functionally linked to its nuclear localization.
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In mammals, fertilization of an oocyte by the sperm is
followed by epigenetic reprogramming, which involves
de novo acquisition of chromatin signatures in the two
parental genomes, but the molecular determinants un-
derlying such reprogramming are not fully understood. In
particular, the formation of heterochromatin de novo is
thought to be essential to ensure the subsequent organi-
zation of the embryonic epigenome and embryonic de-
velopment (Probst and Almouzni 2011; Fadloun et al.
2013; Nestorov et al. 2013).

In the zygote, remodeling of the paternal chromatin is
particularly extensive, since it is subject to a nearly
genome-wide replacement of protamines by maternally
supplied histones. A few hours after fertilization, the peri-
centromeric chromatin must acquire a highly compact
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chromatin organization for the first time to allow sub-
sequent kinetochore loading and progression through the
first mitosis. The pericentromere domain is formed by
tandem repeats of major and minor satellite repeats,
which constitute the pericentric and centric chromatin,
respectively. In the embryo, the initial silencing of
pericentromeric chromatin requires the Lys27 of the
histone variant H3.3 and is accompanied by progressive
acquisition of H3K27 methylation and tethering of HP13
in a mechanism that involves a burst of transcription
from the major satellite (MajSat) repeats in the zygote, in
analogy to heterochromatin formation in Schizosaccharo-
myces pombe (Grewal and Elgin 2007; Puschendorf et al.
2008; Probst et al. 2010; Santenard et al. 2010). This
heterochromatinization in mammals, however, seems to
be “atypical,” since it is independent of H3K9me3 and
H4K20me3, which are absent from the paternal chroma-
tin (Arney et al. 2002; Kourmouli et al. 2004; Santos et al.
2005). In agreement, the expression of an H3.3K27R mutant
disturbs heterochromatin silencing at the pericentromeres,
while expression of an H3.3K9R mutant has no discern-
ible effect in development (Santenard et al. 2010).

Pericentromeric heterochromatin is typically visual-
ized as DAPILrich regions in mouse somatic cells in
interphase, which are referred to as chromocenters. These
form upon clustering of pericentromeric domains from
several chromosomes. In the embryo, however, the peri-
centromeric chromatin does not form chromocenters
until the late two-cell/early four-cell stage transition
(Martin et al. 2006a; Probst et al. 2007; Aguirre-Lavin
et al. 2012). Instead, the mammalian embryo displays a
distinctive nuclear organization with a radial arrange-
ment of the chromosome territories with centromeres
attached to the nucleoli precursors. The pericentromeric
chromatin envelops these precursors, which are referred
to as nucleolar-like bodies (NLBs), forming a characteris-
tic ring-like structure.

It is increasingly clear that nuclear organization pro-
vides a landmark for gene regulation (Akhtar and Gasser
2007; Kumaran et al. 2008). Although a number of studies
have documented changes in the nuclear localization of
pericentromeric chromatin after fertilization that corre-
late with reprogramming efficiency upon somatic cell
nuclear transfer (Martin et al. 2006b), a functional role for
this process in heterochromatin establishment and/or
maintenance has not been addressed, and it is not known
whether the spatial organization of the genome can
regulate reprogramming. Here, we addressed the tempo-
ral dynamics of the acquisition of heterochromatic sig-
natures of the pericentric chromatin in relation to their
position in the nuclear three-dimensional (3D) space. We
found that the pericentric repeats reach their localization
around the nucleoli precursors in the zygote prior to the
acquisition of their embryonic heterochromatic signa-
tures (H3K27mel, H3K27me3, and HP1B), suggesting
that their spatial configuration is essential for heterochro-
matic silencing. We tested this hypothesis by artificially
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tethering pericentromeric chromatin to the nuclear pe-
riphery using a designed zinc finger (ZF) fused to emerin,
an integral component of the nuclear envelope. Our results
show that the spatial localization of the pericentromeric
heterochromatin is essential for its silencing and the
reprogramming of embryonic chromatin after fertilization.

To address whether nuclear positioning of pericen-
tromeric chromatin is required for heterochromatin
establishment and subsequent silencing, we aimed to
manipulate the localization of the MajSat in the nucleus.
For this, we designed an approach that would lead to
tethering of the pericentromeric chromatin to the nuclear

Results and Discussion

We first addressed the temporal dynamics of the nuclear
positioning of pericentromeric chromatin in relation to

the acquisition of heterochromatic signatures
on the MajSats after fertilization. DNA-FISH
was incompatible with the analysis of histone
modifications and HP1B, since we noted that
the immunostaining profile of several histone
modifications and HP1B was perturbed after
DNA-FISH as compared with immunostaining
alone, presumably due to the denaturing con-
ditions required for FISH with probes other
than oligonucleotides (data not shown). Thus,
to locate the pericentromeric chromatin in the
embryo, we employed a GFP-tagged polydactyl
ZF that recognizes specifically the MajSat se-
quences (see also below) (Lindhout et al. 2007).
Importantly, the ZF-GFP showed the same
pattern of localization of pericentromeric re-
peats as that obtained upon DNA-FISH with
a MajSat probe, with a progressive deconden-
sation from the center of the male pronucleus
toward an organization into rings surrounding
the NLBs, in agreement with previous reports
(Fig. 1A,B; Martin et al. 2006a; Probst et al.
2007). The female pronucleus also showed the
expected pattern of reorganization around the
NLBs (Fig. 1A,B). A complete ring-like organi-
zation was clearly visible in early two-cell
stage embryos (Fig. 1A,B).

While the female chromatin inherits H3K27
methylation from oogenesis, H3K27me3 is un-
detectable on the paternal pronucleus imme-
diately after fertilization (Santos et al. 2005;
Puschendorf et al. 2008; Santenard et al. 2010).
Pericentromeric regions become localized in
rings around the NLBs by the mid-zygotic stage,
as judged from the ZF-GFP signal in pro-
nuclear stage 2-3 (PN2-3) zygotes, without
detectable levels of H3K27me3 (Fig. 1C). Re-
markably, pericentromeric chromatin acquires
H3K27me3 after this stage, and H3K27me3 is
clearly and sharply detected around the NLBs at
late pronuclear stages, colocalizing with the ZF-
GFP signal (Fig. 1C). H3K27mel and HP1B
showed a more dispersed localization pattern
in zygotes, but the enrichment of both of these
heterochromatic marks with pericentromeric
chromatin was only detected at the latest pro-
nuclear stages, after they reach their ring-like
destination around the NLBs (Fig. 1D,E). Thus,
pericentromeric chromatin becomes localized
in sharp rings around NLBs prior to the acqui-
sition of a detectable heterochromatic signature,
suggesting that this specific nuclear localization
might be a prerequisite for silencing.
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periphery by fusing the above-described ZF to emerin,
a constituent of the nuclear membrane (for review, see
Bengtsson and Wilson 2004). The targeting fusion protein
ZF-Eme is expected to associate with the MajSats via the
ZF interaction and with the nuclear lamina via the emerin.
We chose the nuclear periphery owing to its known
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Figure 1. Pericentromeric chromatin localizes around the nucleoli prior to the

acquisition of heterochromatic signatures. (A) DNA-FISH for major and minor
satellite repeats. Representative zygotes immediately after fertilization (early,
PNO-1) and at subsequent stages (mid and late) and early two-cell stage embryos
are shown. Full projections of confocal sections of the male and female pronuclei are
shown. (Left) A schematic representation of a mouse chromosome with centromeric
regions and the probes color code. (PNO) pronuclear stage 0; (PN1) pronuclear stage 1,
etc. Bar, 2 um. (B) Temporal dynamics of the localization of pericentromeric
chromatin using ZF design. mRNA coding a ZF targeting MajSats fused to GFP (ZF-
GFP) was microinjected at fertilization, and embryos were analyzed at the indicated
times. Shown are maximal projections of confocal Z-series as in A. Note that the ZF-
GFP pattern recapitulates faithfully the pattern obtained by DNA-FISH (yellow label
in A). Bar, 2 pm. (C) Localization of MajSats around the NLBs precedes acquisition of
heterochromatic H3K27 methylation signatures on the paternal chromatin. Immu-
nostaining of ZF-GFP-expressing embryos with an H3K27me3 antibody in early (PNO-
1), mid (PN2-3), and late (PN4-5) zygotes. Shown are representative single confocal
sections of the male pronucleus with the H3K27me3, the GFP, and the DAPI channel
in grayscale and the corresponding merge images. Arrows point to places of
accumulation of MajSat repeats at the NLBs and the initial absence of H3K27me3
followed by strong accumulation of H3K27me3 in late zygotes. (D) Immunostaining
analysis as in C but with an H3K27mel antibody. Note that the sharp signal of
H3K27mel colocalizing with the ZF-GFP occurs only after ZF-GFP signal concen-
trates around the NLBs (arrows) in late (PN5) zygotes. (E) Accumulation of HP18 on
the pericentromeric chromatin occurs after their relocation around the NLBs at later
zygotic stages. Analysis as in C and D with an HP1g antibody.
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potential role in gene regulation and because it is the
only other nuclear space that has been clearly identified
in the embryo. Because chromatin immunoprecipitation
(ChIP) analysis cannot be performed in the embryo, we
used transiently transfected NIH3T3 as an additional
control to verify binding of the ZF to the MajSats. The
ZF-GFP fusion bound specifically to MajSat repetitive
sequences—but not to SINE Bl or IAP elements—as
demonstrated by ChIP analysis (Supplemental Fig. 1A).
We then validated the ZF-Eme construct along with two
negative controls—the ZF-GFP construct and a construct
expressing emerin alone (HA-Eme)—in NIH3T3 cells.
We confirmed by immunostaining that all three con-
structs were expressed in NIH3T3 cells. The ZF-GFP and
HA-Eme controls localized to DAPI-rich regions and
the nuclear periphery, respectively, as expected (Supple-
mental Fig. 1B). In contrast to the ZF-GFP construct, the
ZF-Eme construct localized to the nuclear periphery (Sup-
plemental Fig. 1B). Importantly, the ZF-Eme retained the
specific ability to bind to MajSat sequences, in contrast
to the emerin alone, which did not bind to the MajSat or
any of the other repetitive sequences analyzed by ChIP
(Supplemental Fig. 1C).

To address whether fusing the ZF to emerin results in
efficient tethering of pericentromeric chromatin to the
nuclear periphery, we performed 3D DNA-FISH with
a MajSat probe in embryos expressing ZF-Eme. We
microinjected mRNA for ZF-GFP or ZF-Eme immedi-
ately after fertilization and analyzed embryos at the two-
cell stage. While the ZF-GFP protein localized as
expected around the NLBs and in the one to two chro-
mocenters that are not associated to the NLBs (Probst
et al. 2007), the ZF-Eme construct localized to the nuclear
periphery in both nuclei of two-cell stage embryos (Fig.
2A). The localization pattern of the pericentromeric
chromatin was severely affected in most ZF-Eme embryos
and showed a spotty pattern with patches throughout the
nuclear membrane rather than the ring and chromocen-
ter configuration typically observed in two-cell stage
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control embryos (Fig. 2B; Supplemental Movies 1-3).
Analysis of combined DNA-FISH for MajSat and immu-
nostaining for endogenous Lamin B through single Z
confocal sections revealed that pericentromeric chroma-
tin is largely colocalized with Lamin B in ZF-Eme
embryos (Fig. 2C), consistent with the localization of
the ZF-Eme construct on the nuclear periphery at this
time point (Fig. 2A). While in control embryos, MajSats
can be found both around the NLBs and close to the
Lamin B domain (Fig. 2C), in ZF-Eme embryos, the pro-
portion of MajSat signal not associated with the nuclear
periphery is minimal (Fig. 2C). Importantly, the tethering
of MajSats to the nuclear periphery was time-sensitive,
since expression of the same ZF-Eme construct at the late
two-cell stage did not lead to a significant displacement of
the MajSats toward the nuclear periphery at the four-cell
stage compared with controls (data not shown). Thus, our
ZF-Eme approach in zygotes leads to the efficient tether-
ing of the pericentromeric chromatin to the nuclear
periphery.

We next asked whether altering the localization of
pericentromeric chromatin results in defective hetero-
chromatic silencing. In the zygote, transcription from the
MajSats occurs primarily from the male pronucleus, and
these transcripts are believed to be necessary for the
subsequent silencing and organization into a somatic-like
chromocenter configuration, which occurs progressively
from the late two-cell stage (Puschendorf et al. 2008;
Probst et al. 2010; Santenard et al. 2010). We therefore
analyzed embryos by RNA-FISH with a MajSat probe to
detect nascent transcription of pericentromeric chroma-
tin in two-cell stage embryos. Noninjected and ZF-GFP
control embryos display a few transcription foci, as ex-
pected (Fig. 3A). In contrast, the ZF-Eme embryos displayed
a significantly increased RNA-FISH signal, suggesting
that the pericentromeric chromatin is transcribed more
actively in ZF-Eme embryos as compared with controls
(Fig. 3A). Quantification of both the number of MajSat
transcription sites (Fig. 3B) and the volume of their trans-

cripts (Fig. 3C) revealed that ZF-Eme embryos
have a significantly higher transcriptional
output of pericentromeric repeats, suggest-
ing that repositioning of pericentromeric
chromatin to the nuclear periphery leads
! to defective heterochromatin silencing. More-
| over, displacing pericentromeric chromatin
to the nuclear periphery also resulted in
| impaired chromocenter formation (Supple-

Plot profiles

MajSal FISH

e mental Fig. 2).

Next, we asked whether recruitment of
pericentromeric chromatin to the nuclear
periphery affects developmental progres-
= = = sion. For this, we injected zygotes as before
with ZF-GFP or HA-Eme mRNA as controls

Figure 2. Expression of ZF-Eme results in efficient tethering of pericentromeric
chromatin to the nuclear periphery in the early embryo. (A) Immunostaining of two-
cell stage embryos microinjected with mRNA for ZF-GFP and ZF-Eme using GFP
acquisition or an HA antibody as indicated. Dotted lines delineate the cell membrane.
Representative single confocal sections are shown. Bar, 2 pm. (B) Expression of ZF-Eme
in embryos results in displacement of pericentromeric chromatin at the nuclear
periphery. Embryos microinjected with the indicated mRNA were processed for 3D
DNA-FISH with a MajSat probe (green); DNA was stained with DAPI (blue). Full Z-series
projections are shown; serial confocal sections are shown in Supplemental Movies 1-3.
Bar, 2 pm. (C) Representative single confocal sections of immuno-DNA-FISH with a
Lamin B antibody and a MajSat probe of two-cell stage embryos expressing the indicated
proteins. The RGB profiles of the corresponding single confocal sections are shown at
the right. Bar, 2 pm.

and ZF-Eme mRNA. For the two latter con-
structs, mRNA for GFP was coinjected as a
positive control for microinjection. Em-
bryos expressing HA-Eme and ZF-GFP de-
veloped at a similar rate and ratios compared
with the noninjected control embryos, with
between 83% and 88% embryos forming
blastocysts, which are the routine values ob-
tained in this type of manipulation (Fig. 3D;
Supplemental Fig. 3A). In contrast, expres-
sion of ZF-Eme resulted in a significantly
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Figure 3. Tethering pericentromeric chromatin to the nuclear
periphery impairs silencing and developmental progression. (A)
RNA-FISH to reveal nascent MajSat transcripts (yellow) in embryos
expressing the indicated mRNAs. Representative nuclei at the two-
cell stage are shown. The dotted line demarcates the nuclear
membrane. Bar, 5 pm. (B) Quantification of the number of MajSat
transcription sites as determined by RNA-FISH. Noninjected (ni)
embryos or embryos expressing ZF-GFP or ZF-Eme were analyzed at
the two-cell stage. Embryos were grouped according to the number
of transcription sites per nucleus as indicated at the right (zero sites,
between one and five sites, between six and 10 sites, etc.). The
percentage of embryos belonging to each category was plotted for
each expression construct. (C) Box plot of the quantification of the
total volume of MajSats transcribed in noninjected (ni) embryos or
embryos expressing ZF-GFP or ZF-Eme. (D) Analysis of develop-
mental progression of noninjected embryos or embryos expressing
HA-Eme, ZF-GFP, or ZF-Eme. Zygotes were microinjected with the
indicated mRNAs. The number of embryos reaching the blastocyst
stage for each group was scored after 3 d of development. n indicates
the total number of embryos analyzed per group.

reduced rate of developmental progression, with only
51% of the embryos reaching the blastocyst stage (P =
0.000001, Kruskal-Wallis test) (Fig. 3D). The remaining
49% stopped development between the two- and eight-
cell stages, similarly to embryos with defective hetero-
chromatin silencing (Probst et al. 2010; Santenard et al.
2010). Importantly, the 51 % of the embryos that did reach
the blastocyst stage displayed delayed development.
We also addressed whether embryos expressing ZF-Eme
display division errors such as lagging chromatin. In line
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with our earlier findings of defective heterochromatin
formation (Santenard et al. 2010), we observed a high
incidence of lagging chromatin in ZF-Eme-expressing
embryos (21% compared with 6%, 3%, and 7% for
noninjected, ZF-GFP, and HA-Eme, respectively) (Supple-
mental Fig. 3B). Thus, targeting of endogenous pericen-
tromeric chromatin to the nuclear periphery after fertil-
ization impairs developmental progression. Whether this
developmental phenotype is solely due to a silencing
defect of pericentromeric chromatin and/or subsequent
defects on kinetochore loading and progression to mitosis
remains to be determined.

To address whether tethering the pericentromeric
chromatin to the nuclear periphery alters gene expres-
sion, we analyzed individual embryos expressing ZF-Eme
using a microfluidics Biomark approach, which is a robust
and quantitative approach amenable to gene expression
analysis from low cell number (Supplemental Fig. 4, Guo
et al. 2010). We focused specifically on genes that (1) play
a role in early development, (2) are activated zygotically
between the two-cell and four-cell stages, or (3) are in
close proximity to the centromere. The genes analyzed
include housekeeping genes, cell cycle-related genes,
transcription factors, chromatin modifiers, signaling pro-
teins, developmentally important genes, and genes lo-
cated at the proximity of the centromere on four different
chromosomes (9, 18, 19, and X) (Supplemental Table 1).
For the latter group of genes, we performed an in silico
search or analyzed genes previously known to be centro-
mere-proximal by cytogenetics: Suv39h1, Suv420hl,
Yap1, Gataé, and Rock1. We analyzed levels of expression
of all 41 genes simultaneously in 10 biological replicates
and three technical replicates. We found no significant
changes in gene expression among the noninjected em-
bryos, embryos expressing ZF-GFP, and embryos express-
ing ZF-Eme (Supplemental Figs. 4, 5).

Finally, we asked whether tethering the MajSats to the
nuclear periphery leads to a defective accumulation of
heterochromatic marks, which could potentially explain
their increased transcriptional activity. For this, we an-
alyzed H3K27me3 and Ringlb in embryos expressing
ZF-Eme (Puschendorf et al. 2008; Santenard et al. 2010).
Immunostaining revealed that most ZF-Eme embryos
display abnormal localization of Ringlb compared with
controls (Fig. 4A; Supplemental Fig. 6). We determined
the colocalization of MajSats with H3K27me3 and Ringlb
in 3D using DNA-FISH and immunostaining followed by
3D reconstruction (Fig. 4A,B). Quantification of the colo-
calized volume of H3K27me3/Ring 1b within the MajSats
revealed a decreased accumulation of the two heterochro-
matic marks on MajSats in ZF-Eme embryos compared
with the controls (Fig. 4C). These data suggest that tether-
ing the MajSats to the nuclear periphery after fertilization
impairs the efficient recruitment of these silencing marks
to pericentromeric chromatin.

The defect in heterochromatin formation that we re-
port suggests that embryonic nuclear organization is a
key factor of epigenetic reprogramming and that the
distinctive organization of embryonic nuclei has a regula-
tory role. The observations that efficiency of cloning
upon nuclear transfer is associated with the acquisition
of an NLB-like organization (Martin et al. 2006b) further
highlight the uniqueness of such reorganization and point
toward a necessary step of reprogramming heterochro-
matin to restore totipotency.
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Figure 4. Tethering of pericentromeric chromatin to the nuclear
periphery results in decreased accumulation of H3K27me3 and
Ringlb. (A,B) Representative confocal images of immuno-DNA-
FISH of early two-cell noninjected, ZF-GFP, and ZF-Eme embryos
stained for H3K27me3 (A) and Ringlb (B). DNA-FISH signal for
MajSats is in yellow, and dotted lines delineate the nuclear mem-
brane. Shown is a single confocal section from Z-series acquisitions
of representative nuclei (n = 26 embryos for noninjected; n = 19
embryos for ZF-GFP; n = 20 embryos for ZF-Eme). Note that for
these experiments, DNA-FISH was performed with oligonucleotide
probes. (C) Quantification of the volume of MajSats co-occupied by
H3K27me3 and Ringlb (in percentage). Whisker plots show the
median and the minimum-maximum ranges. (n.s.) Not significant;
(**) P <0.05 (ANOVA, Turkey’s multiple comparison).

In contrast to the nuclear organization pattern typi-
cally found in somatic cells, whereby the most gene-rich
chromosomes locate in the center and gene-poor regions
are located close to the nuclear periphery (Boyle et al.
2001), studies in bovine embryos revealed that there is no
correlation between gene density of chromosome territo-
ries and radial positioning prior to the major wave of
embryonic genome activation (Koehler et al. 2009). In
human cells, relocalization of transgenes to the nuclear
periphery alters gene expression (Finlan et al. 2008), but

Establishment of heterochromatin in mammals

in differentiated cells, the nuclear periphery is believed to
be a repressive environment, perhaps through the main-
tenance of a hypoacetylated chromatin. Our results in-
dicate that the nuclear organization in the early embryo
seems to be functionally different from that in differen-
tiated cells.

It remains to be established whether the global dynam-
ics of other chromatin regions within the nuclear space
and those of the embryonic chromatin in general further
differ from that of somatic cells and whether specific
histone modifications would play a role in such region-
alization. Our data suggest that the temporal order of
events that follow fertilization and the localization of
heterochromatin in the 3D nuclear space are tightly
regulated and function in parallel to ensure heterochro-
matic silencing and subsequent development. This
adds nuclear reorganization to the molecular cascade
of events that dictate establishment of heterochroma-
tin in mammals.

Materials and methods

Embryo collection

For microinjection, zygotes were obtained from superovulated F1 females
and microinjected at 17 h post-hCG with in vitro transcribed HA-Eme,
ZF-GFP, or Eme-ZF mRNA. Embryos were cultured in KSOM and mon-
itored regularly until fixing for immunostaining, RNA, or DNA-FISH.

FISH

DNA and RNA-FISH were performed with a MajSat probe covering a
full repeat (234p) as described (Miyanari and Torres-Padilla 2012), with
minor modifications. Embryos were analyzed in drops to preserve 3D
information.

Immunostaining

Embryos were fixed ~36-37 h post-hCG as described (Torres-Padilla et al.
2006). Primary antibodies were anti-H3K27mel (Millipore), anti-H3K27me3
(Millipore), anti-HP1B (IGBMC]J, anti-Lamin B1 (Abcam), anti-HA (Roche),
and anti-RING1b (MBL1).
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Supplementary Figure S1

Specific binding of the Zn to pericentromeric chromatin is preserved after fusion with Emerin.

A. ChIP analysis in NIH3T3 cells transiently transfected with the ZF-GFP construct on the indicated
genomic sequences. Note that no binding above background levels was detected with the Flag antibody on
Sine B2 and IAPs, which were used as negative controls. A Flag immunoprecipitation in non-transfected
cells was also included as negative control. A representative experiment of two biological replicates
performed in three technical replicates is shown. *P < 0.05.

B. Immunostaining analysis of NIH3T3 cells expressing the HA-Eme, ZF-GFP and ZF-Eme constructs.
NIH3T3 cells were transiently transfected with the indicated constructs and analyzed by immunostaining
with an HA antibody or through direct GFP visualization as indicated. Shown are single confocal sections of
representative nuclei of >30 cells analyzed for each construct. The tags and domains present in each
construct are depicted schematically.

C. Functional binding of the ZF to major satellites upon fusion to Emerin. NIH3T3 cells were transiently
transfected with either the ZF-Eme or the HA-Eme construct and analyzed by ChIP using an HA antibody.
Note that the emerin alone does not bind to major satellite repeats. A representative experiment of two
biological replicates performed in three technical replicates is shown. *P < 0.05.
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Supplementary Figure S2. Impaired chromocenter formation upon
expression of ZF-Emerin. Embryos were microinjected as in Figure 4 and
analyzed by DNA-FISH with a minor satellite probe to detect individual
chromocenters at the late 2-cell stage. Chromocenters were counted in
single nuclei. Note that the ZF-Eme embryos have a reduced number of
chromocenters.



noninjected

Briahtfield Brightfield

HA-Emerin

GFP

k)
Q2
b=
<
9

=
om

ZF-GFP
GFP

Briahtfield

ZF-Emerin

Supplementary Figure S3.

Analysis of developmental progression of non-injected embryos or embryos
expressing HA-Eme, ZF-GFP or ZF-Eme.

A. Zygotes were microinjected with the indicated mRNAs and monitored daily for
developmental progression. Representative brightfield and GFP fluorescence micrographs
are shown. Note that co-injection of GFP mRNA was used as a positive control for
injection in the HA-Eme and the ZF-Eme groups. Scale bar is 50 wm. The total number of
embryos analyzed for each group is shown in Figure 3D.

B. Embryos expressing ZF-Eme show a high incidence of chromatin lagging.
Representative 2-cell stage embryo expressing ZF-Eme and stained with DAPI. A single
confocal section is shown. The dotted line delineates the cell membrane and arrows point
to lagging chromatin.
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Supplementary Figure S4

Gene expression analysis of non-injected, ZF-GFP and ZF-Eme embryos.

Embryos were microinjected as in Figure 3 and cultured till the early 2-cell stage. Expression levels of the
indicated 42 genes was analyzed in single embryos simultaneously using the Biomark Fluidigm system. Each
dot is the median of the absolute Ct value of a single embryo obtained from three technical replicates plotted
along the y axis. Ten individual embryos were analyzed per experimental group, which are color coded as
indicated on the top. A baseline of Ct=28 was used to obtain an absolute expression level. ANOVA analysis
revealed no significant difference in gene expression between the three groups of embryos, excepting for
Sox2 and Cyclin DI (p<0.05), but the subsequent post-hoc tests indicated that these differences were not
significant in the paired comparison with the ZF-GFP controls.
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Supplementary Figure S5

PCA analysis based on gene expression profiles of non-injected, ZF-GFP and ZF-Eme
embryos.

PCA analysis reveals that there is no clustering between the three groups, indicating that there are
no global differences in gene expression. Embryos were microinjected as in Figure 3, cultured till
the early 2-cell stage and principal component projection of individual cells based upon
expression profiles of all 42 analyzed genes was performed. The baseline of Ct=28 was used and
the resulting values were normalized to the internal Gapdh control by subtracting the
corresponding expressing value for each embryo. Each dot represents a single embryo from the
non-injected (ni), ZF-GFP or ZF-Eme groups according to the color code indicated.
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Supplementary Figure S6

Embryos expressing ZF-Eme display an altered pattern of localization of Ringlb.

Embryos were microinjected as in Figure 3, cultured till the early 2-cell stage, fixed and analyzed
by immunostaining with a Ringlb antibody. Shown is the proportion of 2-cell stage embryos
showing a normal or abnormal Ringlb localization (qualitatively), where normal refers to the
typical ring-like distribution of Ring1b with enrichment around the NLBs and abnormal refers to
a Ringlb pattern that is rather dispersed, of lower intensity and a lack of enrichment around the
NLBs (for representative images refer to Figure 4A).



Supplementary Table 1. List of genes analyzed in the Biomark Fluidigm array.

Gene Symbol

MLL2
EZH2
Suzl2
Eed
Bmi-1
Ringla
Ring1b Rnf2
Suv4-20H1
Suv39H1
Dnmt1
Dnmt3a
Dnmt3b
Dnmt3I
KDMG6A
Pou5f1
Nanog
Sox2
Gata4
Fgf4
Cdx2
Gatab
Bmp4
Fgfr2
Dppal
Tead4
kif4
pard3
apkcA
cafl
cldné
beta-catenin
hoxb1
hoxb4
hoxb9
yap1
lats2
brg1
rock1

rb

cyclin D1
gapdh

ABI Gene Expression Assay

ID

Mm02600438_m1
Mm00468464_m1
MmO01304152_m1
MmO00469651_m1
MmO03053308_g1

Mm01278940_m1
Mm00803321_m1
MmO00523065_m1
MmO00468952_m1
MmO00599763_m1
MmO00432881_m1
Mm01240113_m1
MmO00457635_m1
MmO00801998_m1
Mm03053917_g1

Mm02019550_s1

Mm03053810_s1

MmO00484689_m1
MmO00438917_m1
Mm01212280_m1
MmO00802636_m1
Mm00432087_m1
Mm01269930_m1
MmO00626454_m1
Mm01189836_m1
MmO00516104_m1
Mm00473929_m1
MmO00435769_m1
MmO00511230_m1
MmO00490040_s1

MmO00483039_m1
Mm00515118_g1

MmO00657964_m1
Mm01700220_m1
MmO01143263_m1
MmO00497217_m1
Mm01151948_m1
MmO00485745_m1
MmO00485586_m1
MmO00432359_m1
Mm99999915_g1

Comment

Histone methyltransferase for Histone H3K4

Enhancer of Zest homolog 2, Polycomb Repressive Complex 2
Suppressor of Zeste 12 homolog, Polycomb Repressive Complex 2
Embryonic Ectoderm development, Polycomb Repressive Complex 2
Polycomb ring finger oncogene, Polycomb Repressive Complex 1
Histone H2A ubiquitylation, Polycome Repressive Complex 1
Histone H2A ubiquitylation, Polycome Repressive Complex 1
Centromere proximal location, chr 19

Centromere proximal location, chr X

Maintenance DNA methyltransferase

De novo DNA methyltransferase

De novo DNA methyltransferase

De novo DNA methylation, cofactor

Utx, H3K27me2/me3 demethylase

Oct4, transcription factors

Transcription factor, zygotically expressed, pluripotency
Transcription factor, ICM maintenance, essential for early development
Transcription factor, specification of primitive endoderm
Signalling molecule

Transcription factor, trophectoderm differenciation
Transcription factor, centromere proximal location, chr 18

TGF signalling, lineage specification

Proliferation and differentiation, signalling

Developmental pluripotency associated 1, zygotically expressed
Hippo pathway (transcription enhancer factor)

Transcription factor, pluripotency

Partitioning defective 3, cell polarity

Atypical PKC, cell polarity

Chromatin assembly

Claudin 6, tigh junction

Signalling, polarity, axis specification, proliferation

Homeobox b1, transcription factor

Homeobox b4, transcription factor

Homeobox b9, transcription factor

Centromere proximal location, chr 9

Large tumor suppressor 2 kinase, cell division, Hippo pathway
ATPase subunit, remodelling complex, required for zygotic genome activation
Signalling kinase, Centromere proximal location, chr 18

Cell cycle, cell proliferation

Cell cycle

Housekeeping, internal control



Supplemental Materials and Methods

Embryo collection, culture and microinjection

For microinjection, females F1 (C57BL/6 x CBA/H) were superovulated by I.P. injection of
7.5 international units (IU) pregnant mare’s serum gonadotropin (PMSG) followed 46-52h
later by I.P injection of 7.5 international units (IU) of human chorionic gonadotropin (hCG)
and then crossed with F1 males. Zygotes were collected at the fertilization cone stage about
17h after hCG injection and then microinjected with 1-2pl of 400 ng/ul of in vitro transcribed
and capped HA-Eme, ZF-GFP or Eme-ZF mRNA. The emerin constructs spanning N-
terminal 256 aminoacids from murine emerin was generated by PCR and fused to the ZF
derived from the ZF-GFP construct or cloned directly into the destination vector pRN3P; the
ZF-GFP has been described elsewhere (Lindhout et al. 2007). All cDNAs were cloned into
the pRN3P plasmid for in vitro transcription with identical 5° and 3’UTRs. mRNAs were
transcribed in vitro from the pRN3P plasmid with the mMESSAGE mMACHINE Kit
(Ambion). After microinjection embryos were cultured in drops of KSOM media under

mineral oil at 37°C under 5% CO» and their development was monitored at regular intervals.

Embryos were then either cultured until the blastocyst stage (E3.5) or fixed 36-37h post hCG
and processed for immunostaing, DNA-FISH or RNA-FISH. For all other experiments,

embryos derived from natural matings were used.

Immunostaining

Mouse embryos were fixed approximately 36-37h post hCG as described in (Torres-Padilla et
al. 2006). The zona pellucida was removed with acid Tyrode solution (Sigma), followed by
three washes in PBS and fixation at 37°C to ensure preservation of nuclear architecture. After
permeabilization with 0.5% Triton, embryos were washed three times in PBST, blocked and
incubated with the primary antibodies (anti-H3K27mel (Upstate-Millipore) 1:250; anti-
H3K27me3 (Upstate-Millipore) 1:250; anti-HP1 (IGBMC) 1:500; anti-Lamin B1 (Abcam)
1:150; anti-HA (Roche) 1:250); Ringlb (MBL1) 1:200, in 3% BSA 0.1% Tween in PBS.
After overnight incubation at 4°C embryos were washed twice in PBS, blocked for 1h and
incubated for 2h at RT with the corresponding secondary antibodies in 3% BSA in PBS-T.
After washing, embryos were mounted in Vectashield (Vector Laboratories) containing 4'-6-
Diamidino-2-phenylindole (DAPI) for visualizing DNA. Confocal microscopy was performed
using a 63x oil objective in a Leica TC SP5 inverted microscope. Z-sections were taken every

1 um. Visualization of the ZF-GFP was done through direct GFP acquisition.



DNA-FISH

Zygotes were microinjected and cultured for around 36h post-hCG after which their zona
pellucida was removed with acidic Tyrod’s solution (Sigma) and embryos were fixed in 4%
paraformaldehyde (PFA) with 0.05% TritonX-100 and 1mg/ml polyvinyl pyrrolidone (PVP)
in PBS for 20min at RT. After three washes in PBS, embryos were transferred to
permeabilization solution containing 0.5% TritonX-100, 0.02% RNAse A and 1mg/ml PVP in
PBS and incubated at 37 °C for 1h. Subsequently, embryos were washed three times in PBS
and incubated for 2min in 0.1% HCI with 0.7% TritonX-100 and 1mg/ml PVP in water. After
washing with PBS three times, embryos were pre-hybridized in 1ul drops of hybridization
buffer covered with mineral oil on a 35-mm glass bottom dish at 37 °C overnight. The
hybridization buffer consisted of 50% formamide, 10% dextran sulphate, 2xSSC, 1 mg/ml
polyvinyl pyrrolidone (PVP), 0.05% Triton X-100, 0.5 mg/ml BSA and 50ng of fluorescent
probe. Major and minor satellite full-length repeat sequences were used as probes that were
firstly cloned to pGEM plasmid and then labeled by PCR reaction with self-made ATTO 647
dATP for major satellites and TAMRA dATPs for minor satellites. Labeled PCR products
were then purified with a QIAquick PCR Purification Kit (QIAGEN) and mixed with
hybridization buffer. After overnight incubation embryos were kept for 10min at 82 °C and
then 1h at 37 °C after which embryos were transferred to a drop of hybridization mix and
incubated overnight at 37 °C in humid atmosphere. After hybridization and three washes with
2xSSC, 0.05% Triton-100 and Img/ml PVP in PBS at 50°C for 10 min, embryos were then
subjected to a gradient series (20%, 40%, 60%, 80%, 100%) of VECTASHIELD containing
DAPI.

Immuno- DNA-FISH

With the exception of the immuno-DNA-FISH with lamin B1, where DNA-FISH was
performed prior to immunostaining, in all the other experiments immunostaining was
performed first. Immunostaining was performed as described above with an additional post-
fixation step after the last wash in PBS. Embryos were then fixed for 45 min, washed three
times in PBS and permeabilized for 1h at 37 °C in 0.5% TritonX-100, 0.02% RNAse and
Img/ml PVP in PBS and subsequent DNA-FISH pre-hybridization and washes were
performed as above. For the experiments where H3K27me3 and Ringlb co-localization with
MajSat was analyzed, oligonucleotide probes were used instead of full-length probes because

we noted that otherwise the DNA-FISH procedure with full length probes alters the outcome
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of immunostaining (see Results & Discussion). Here, pre-hybridization, hybridization and
washes were performed as described above except that instead of full-length MajSat probe, 1
mM short oligonucleotides labeled with Cy5 ([CYS5]ttttctcgecatattccaggtc) were used as
probes and hybridization mix was prepared with 25% formamide instead of 50%. In all our
DNA-FISH experiments there is no amplification step, but probes are directly observed since
they are labeled with fluorophores (Cy5 in this case as indicated). To establish the percentage
of volume of H3K27me3 and Ringlb colocalized with MajSat we used the Coloc module of
Imaris (Bitplane) to quantify the number of voxels in the green and red channels (H3K27me3

and Ringlb, respectively) that localized within the MajSat.

RNA-FISH

RNA FISH and subsequent confocal acquisition were performed as described (Miyanari and
Torres-Padilla 2012; Fadloun et al. 2013) and incubation with Cot-1 was omitted. Note that
using these RNA-FISH conditions, transcripts analyzed are sensitive to oi-amanitin treatment
and to RNAse A treatment (Fadloun et al. 2013 and data not shown). Zygotes were
microinjected with mRNA, cultured for 36 h post-hCG and then processed for RNA FISH.
The Major Satellite probe consisted of the full-length repeat region (234bp) that was labeled
with Cy5 and observed directly, without amplification step, allowing for direct quantitation of
both signal intensity and volume. Images were acquired on a TCS SP5 confocal microscope
with a 63x glycerol immersion objective lens and Z-sections were taken every 1 um. Embryos
were placed in drops for acquisition to preserve 3D. For quantification of the number of
transcription sites (TS), images were analyzed with Leica LAF AFlite manually through
identification and labelling of each TS throughout all Z-stack. The number of TS per nucleus
was determined and five separate experiments were performed. For determining the total
volume of transcription output, the IMARIS Bitplane software was used where RNA-FISH
signal enabled to build 3D surfaces separately for each nucleus. Three independent
experiments were conducted and the same thresholds based on area and intensity were used to

reconstruct 3D MajSat transcripts surfaces.

Transfection of NIH3T3 cells and Chromatin immunoprecipitation
For transfection, the mouse PZF:GFP plasmid previously reported was used for the “ZF-GFP”
group. The ZF-Eme and Eme-HA plasmids were constructed using the pEGFP-N2



(Clonetech) backbone and replacing the entire GFP coding region with the Eme-ZF-HA or the
Eme-HA inserts from the pRN3P plasmids used for mRNA transcription described above,
respectively. We calculated the transfection efficiency by FACS analysis (by complementing
with the pEGFP-N2 vector where appropriate), that was consistent between the different
experimental groups within each experiment. For ChIP, NIH3T3 cells were transfected with
the corresponding plasmids and crosslinked for 10 min in 1% formaldehyde in PBS at RT.
After washing, scrapping and collection, nuclear pellets were sonicated using a Bioruptor
(Diagenode) at maximum intensity with ON/OFF cycles of 30 seconds for 10 minutes. ChIP
was performed with equal amounts of DNA-chromatin and chromatin was systematically
verified on agarose gel electrophoresis. The equivalent of 25 ug of DNA was used per IP.
After washing and elution, samples were incubated in 5 ul of Proteinase K at 20 mg/ml to
reverse crosslinking and subjected to phenol/chloroform extraction. PCRs were performed in
technical replicates using a Roche Lightcycler as described before (Gazdag et al. 2009) and a

representative of at least two biological replicates is shown.

Gene expression analysis using Fluidigm Biomark

Ten individual 2-cell stage embryos from each of the groups analyzed (non-injected, ZF-GFP
or ZF-Eme-injected) were washed in PBS at 37 hours post-hCG and flash frozen in liquid
nitrogen in 5 ul 2x reaction buffer (CellsDirect™ One-Step qRT-PCR kit, Invitrogen).
TagMan® Gene Expression Assays (20x Applied Biosystems), previously tested using ES
cell cDNA for amplification efficiency, were pooled to a final concentration of 0.2x for each
of the 43 assays. To each of the single-cell samples in 2x reaction buffer was added 2.5 ul
0.2x assay pool, 0.5 ul RT/Taq enzyme (CellsDirect qRT-PCR kit, Invitrogen) and 2.3 ul of
water. Cell lysis and sequence-specific reverse transcription were performed at 50°C for 20
minutes. The reverse transcriptase was inactivated by heating to 95°C for 2 minutes.
Sequence-specific pre-amplification was performed by denaturing at 95°C for 15 seconds,
then annealing and amplification at 60°C for 4 minutes for 18 cycles. The resulting cDNA
was diluted 5-fold before analysis with Universal PCR Master Mix and TagMan® Gene
Expression Assays (Applied Biosystems) in 48:48 Dynamic Arrays on a Biomark™ System
(Fluidigm). Ct values were calculated from the system’s software (Biomark™ Real-time PCR
analysis, Fluidigm). All Raw Ct values were normalized to the assumed detection Ct level of
28 following recommendation from Fluidigm technical support as in Guo et al (2010) and

Burton et al (Cell Reports, in press). The list of genes analyzed is depicted in Supplementary



Table 1. All analyses were performed using R with previously established pipelines as
described before to generate the dot plot with absolute Ct values and PCA graphical
visualization (Guo et al. 2010)(Burton et al., in press). Statistical analyses were performed
using ANOVA followed by post-hoc pairwise t-test to assess significant differences in gene

expression among the three groups of embryos analyzed.
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1.3. Discussion

The general conclusion that can be drawn based on the obtained data, is that nuclear
organization is important for the initial formation of heterochromatin on major satellites.
Indeed, when their localization is disrupted experimentally, up-regulation of major satellite
transcripts is detected, which is accompanied by lower levels of RinglB and H3K27me3 at

these regions.

One of the main questions is, thus, how these phenotypes lead to the developmental
arrest. One possibility is that developmental arrests arises as a result of general problems with
heterochromatin establishment on major satellites. It is known that in somatic cells pericentric
chromatin displays the typical characteristics of heterochromatic regions: presence of
repressive marks, silenced state, clustering into chromocenters, late replication. These
features are important to enable pericentric regions to serve their main purpose as a platform
for kinetochore assembly. Thus, the hypothesis is that during early development pericentric
regions have to acquire repressive marks, become silenced, and physically cluster in order to
function properly. Most of these characteristics are affected in Em-ZF embryos which suggests
that perturbed heterochromatin formation may indeed lead to improper function of
kinetochore, potentially explaining the developmental arrest. Results of this part of my Ph.D
support this hypothesis, as seen from the presence of increased lagging chromatin in Em-ZF
embryos, and provide evidence that nuclear organization is one of the main players in the
formation of heterochromatin. In the subsequent chapter | will discuss these ideas in more
details providing possible explanations of the phenotypes and how this might be linked with
nuclear organization. Moreover, | aim to describe some of the plausible scenarios of how the
events leading to heterochromatin formation are orchestrated and what theirimportance and

temporal dynamics are during early stages of development

The presence of major satellite sequences around the NLBs is important for the acquisition
of repressive marks, as our data shows that H3K27me3 becomes enriched on major satellites
only after they cluster around NLB. Moreover, this mark is decreased on pericentric regions
when they are pulled towards the membrane. It is, thus, possible that more open structure of
major satellites, when they are spread on the surface of the NLBs, facilitates acquisition of
histone modifications and chromatin modifiers. Although, upon removal of the NLBs, global

changes of histone modifications have not been observed (S. Ogushi et al. 2008), it was never
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assessed if the levels of H3K9me3 or H3K27me3, which should be associated with major
satellites, decreased upon such manipulations. It might be worth testing this experimentally
to investigate the above hypothesis on NLB function. Lower level of enzymatic unit of PRC1 -
RinglB - in Em-ZF embryos is in support of the idea that the particular localization of major
satellites around NLBs plays a role in changes in their chromatin state. Nevertheless, decrease
in H3K27me3 and Ringl1B is not enough to explain the developmental arrest of Em-ZF embryos
because Ezh2™/% and Ring1B ™/Z embryos (Terranova et al. 2008) seem to develop properly
until blastocyst stage, at least until some extent. It is possible, thus, that other pathways
involved in the repression of major satellites, which might compensate Ezh2™/% and Ring1B™
/= phenotypes, might be affected in Em-ZF embryos. For example, binding of BEND3, which is
able to recruit PRC2 and PRC1 to pericentromeric regions (Saksouk et al. 2014), or maternally
provided Ringla (Posfai et al. 2012). It has been shown recently that a portion of paternal
major satellites remains DNA-methylated until the 2-cell stage (Arand et al. 2015). The
function of this methylation is not known but it might be associated with heterochromatin
formation on these regions, as lack of methylation in PGCs leads to improper pericentric
chromatin organization (Messerschmidt, Knowles, and Solter 2014). Thus, a change in DNA
methylation levels may contribute to the phenotype of Em-ZF embryos, if delocalization of
pericentric regions from NLBs made them more prone to active demethylation, which remains
to be addressed. A crucial role of the NLBs in controlling the state of the major satellite
chromatin by acquisition of repressive marks and facilitating chromatin remodeling is also
supported by the experiments in which removal of NLBs led to loss of Daxx and up-regulation
of major satellites in 2-cell stage embryos (Fulka and Langerova 2014). Although we did not
verify the presence and localization of Daxx in Em-ZF embryos, it is likely that Daxx localization
was affected. Moreover, in the absence of NLBs, improper decondensation of paternal
chromatin has been observed, phenotype which can be rescued by injections of
nucleophosmin 2 (Nmp2) — component of NLBs (Inoue et al. 2011). Thus, the NLBs seem to
play an important role in the chromatin remodeling after fertilization which is crucial for

proper silencing of major satellites.

Another reason why nuclear localization of major satellites around NLBs might be
important, concerns the regulation of their transcription. For example, in mES cells Pax3 and

Pax9 transcription factors can drive strand specific transcription from pericentric regions,
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which is involved in heterochromatin formation, and their depletion leads to up-regulation of
major satellite transcripts (Bulut-Karslioglu et al. 2012). The association of transcription
factors with major satellites in 1-cell and 2-cell stage embryos has never been assessed but it
is possible that binding of transcription factors to major satellites could be affected in Em-ZF
embryos and the transcriptional balance between both strands is changed. As the reverse
strand is known to play a role during pre-implantation development, but not the forward, and
its depletion leads to embryonic arrest (Casanova et al. 2013), it will be important to
determine which strand is affected in Em-ZF embryos. Another possibility is that the parent-
specific transcription is changed in Em-ZF embryos. Because it has been shown that paternal
sets of chromatin transcribes mainly forward transcripts and maternal chromatin transcribes
mainly reverse strands (Casanova et al. 2013), this would also lead to the disruption of the
global transcriptional pattern of major satellites. Moreover, developmental arrest together
with the up-regulation of major satellites from maternal PN has been documented in ATRX
mutant embryos (R. De La Fuente, Baumann, and Viveiros 2015) but the up-regulation of
major satellites in RinglB ™/ embryos (Puschendorf et al. 2008) has no effect on early
development, implying that parent-specific transcripts may have different influence on
developmental progression. We did not analyze whether the higher levels of major satellites
transcripts in Em-ZF are of paternal or maternal origin, but both scenarios are plausible.
Because in the absence of NLBs it is the paternal chromatin that displays decreased
transcription (Fulka and Langerova 2014), it is possible that the up-regulation observed in Em-
ZF embryos is from the maternal part of the genome. On the other hand, RinglB has been
used as a marker of paternal chromatin in several studies (A. V. Probst et al. 2010; Casanova
et al. 2013; Puschendorf et al. 2008) suggesting that it preferentially binds to paternal set of
chromatin at zygote and 2-cell stage. Thus, its loss in Em-ZF might cause the up-regulation of

paternal major satellites, as shown in Ring1B deficient embryos (Puschendorf et al. 2008).

Several studies suggest that major satellite transcripts or transcription per se are involved
in the early events of development (A. V. Probst et al. 2010; Casanova et al. 2013). Disruption
of this function by pulling pericentric regions towards the membrane might be a cause of the
arrest of Em-ZF embryos. However, it is not clear what the exact function of these transcripts
is and whether and how they can affect chromatin and development. One of the possible

scenarios is through RNAI related pathways which may play a role in heterochromatinization
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as it is known for yeast (Grewal and Elgin 2007) and vertebrate cells (Fukagawa et al. 2004;
Kanellopoulou 2005). The main arguments supporting such a hypothesis is that disruption of
RNAi pathway by Dicer mutation in mES cells leads to accumulation of major satellite
transcripts, abnormal mitotic cells and defects in the acquisition of heterochromatic marks
(Kanellopoulou 2005), situation strikingly similar to the one observed in Em-ZF embryos.
Moreover, rescue experiments by dsRNA in H3.3K27R mutant embryos (Santenard et al. 2010)
are also along these lines. On the other hand, the potential presence of small RNAs of the size
of 19-21 nt, typical of the RNAi pathway, was never reported, and depletion of only reverse
but not forward strand cause developmental arrest (Casanova et al. 2013), suggesting that
major satellite transcripts have some other function than RNAI, during this time. For example,
it is well documented that an ‘RNA component’ is necessary for binding of some factors to
pericentric regions (Maison et al. 2002), and the existence of long-non coding transcripts from
major satellites, which can interact with SUMOylated HP1alpha, has been reported (Maison
et al. 2011). These IncRNA might, thus, be involved in the formation of a proper
heterochromatin structure on pericentromers during preimplantation development serving
as a scaffolding or recruiting platform. Because the dsRNA injections mentioned above that
rescued the developmental phenotype of the H3.3K27R embryos, were done with the full-
length repeat of major satellite (Santenard et al. 2010), it is possible that one of the strands

was responsible for the re-deposition of HP1 in the H3.3K27R embryos.

As discussed in the above paragraphs, removal of major satellites from around NLBs has
many putative consequences on the global regulation of pericentromeric regions, which can
be the cause of the arrest of Em-ZF embryos. The most likely hypothesis is, however, that the
described deregulation of the formation of the heterochromatin on major satellites affects
kinetochore assembly, which leads to abnormal mitosis and arrest. Em-ZF embryos show
disruption of the chromocenter formation or clustering and lagging chromosomes, which
supports indeed the above idea. Previous studies have already shown that upon NLB removal,
the centromeric heterochromatin is disorganized together with a delay in mitosis (Sugako
Ogushi and Saitou 2010). Moreover, similar mitotic defects including cleavage delay and
subsequent arrest at 2-cell stage, were observed in Nmp2 -/- embryos lacking NLBs (Burns et
al. 2003). Thus, the presence of the pericentric regions around NLBs seems to be related to

kinetochore function and cell division. How exactly localization of major satellites around NLBs
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and kinetochore assembly are linked, remains an open question. It has been already shown
that centromere transcripts are important for mitotic kinetochore function during mitosis. The
evidence of centromere RNA association with CENP-C and non-enzymatic partners of the CPC
(Wong et al. 2007; Erhardt et al. 2008) suggests that this RNA could act as a molecular scaffold
in the recruitment and organization of key centromere proteins. Thus, the pericentric RNA
could function to recruit centromere/kinetochore proteins, and to stabilize the overall
kinetochore structure during the G2/M-phase of the first divisions when normal organization
of pericentromers is still not present. A change in the level of transcripts could potentially
affect the structural integrity of the kinetochore, which in turn could further disturb the spatial
regulation of CPC, including Aurora B and/or other mitotic checkpoint signaling protein

activities at the kinetochore—microtubule interface and led to developmental delay and arrest.

Although the localization of major satellites around NLBs arises as a crucial regulator of
heterochromatin formation in preimplantation embryos and its disruption seems to be a
cause of developmental failure, it is worth mentioning that the functionality of the nuclear
periphery might be also involved in that arrest. Because in the performed experiments major
satellites were pulled towards the nuclear membrane, it is possible that this nuclear
compartment imposes a change in the chromatin state of pericentromeres. Gene expression
analysis after the delocalization towards the nuclear membrane revealed no significant
changes in the expression of the regions in proximity to major satellites. It is possible,
however, that single copy genes are regulated in a different manner than repeats, which
would explain the up-regulation of major satellites with no change in expression of
neighbouring genes. To answer this issue, it will be important to address whether the nuclear
periphery itself is a compartment permissive for transcriptional activity in the early embryo in
general, or whether this is a specificity of major satellites. More thorough experiments need
to be performed including relocalization of other repetitive regions and single copy gene
towards the membrane, or even pulling specific regions towards the NLB and monitoring

levels of their expression.

In conclusion, the work | presented in this part shed a light on the mechanisms responsible
for the formation of heterochromatin of pericentric regions during development and revealed

that nuclear organization is a crucial factor in this process.
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Part Il - L1 transposable elements

2.1. L1 biology during early mouse development

2.1.1. Description of the transcription pattern of Lispa elements from fertilization until
morula stage
Previous work in the Torres-Padilla lab revealed the particular pattern of nascent L1
transcription in preimplantation embryos, with a peak in expression at the 2-cell stage and
decrease at 8-cell stage (Fadloun et al. 2013). To verify if | can observe the same up- and down-
regulation, | performed RNA-FISH experiments in which nascent transcripts of L1 were
visualized by the use of Tf member L1spa-specific probes (Fig. 13A). | confirmed that there is
low transcription at zygotic stage, up-regulation at 2-cell and subsequent down-regulation at

8-cell stage (Fig. 13B).

Then, | asked the question whether the visualized transcripts are mostly full-length or
maybe distinct parts of the L1 element produce their own, shorter transcripts, and whether
this may change during the 2- to 8-cell stage transition. As the RNA-FISH was performed with
probes specific for three distinct regions: Tf monomers, Orfl, and Orf2, | could visualize each
of them separately (Fig. 13A). Experiments revealed that, indeed, some of the transcripts are
most likely full length as the signal from Tf, Orfl, and Orf2 probes colocalized (Fig 13B).
However, most of the RNA-FISH signal derives from Orfl and Orf2, with the slight bias towards
Orf2, suggesting that there are sites of Orf2 transcription independent of Tf or Orfl
expression. This is not surprising considering the existence of truncated versions of L1 within
the genome. Interestingly, all three regions followed a similar pattern of decrease in their
expression during developmental time, suggesting that full and short transcripts are not
specific just to one developmental stage. To study in more detail the transcription of the
monomer, RT-qPCR was performed and expression levels of three different L1 families: Tf, Af,
and Gf, were compared between 2- and 8-cell stage embryos. The specificity of the PCR
reaction was verified by sequencing the amplified products. Because primers were specific for
monomer repeats only, | assumed that they targeted full length-elements mostly, not the
truncated version. The presence of the transcripts derived from all three families was
confirmed, together with the down-regulation from 2- to 8-cell stage for the Tf family (Fig.

130).
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2.1.2. Protein expression

Next, | asked the question if the observed nascent transcription is also represented at the
protein level. As it is known that L1 contains two open reading frames which encode: Orflp
from the first and endonuclease (EN) and reverse transcriptase (RT) from the second, | decided
to visualize Orflp as there is no available mouse antibody specific for L1-EN or L1-RT.
Immunostaining revealed that Orflp is abundant during preimplantation mouse development
and it localizes within cytoplasm in what resembles ribonucleoprotein particles (RNPs) (Fig.
13D) described in mES cells. The highest signal for Orf1p was observed in 2-cell stage embryos
with a gradual decrease by the 8-cell concomitant with lower number of RNPs. Nevertheless,
to properly assess the levels of Orflp expression | am in the process of collecting embryos for
Western blot, as quantification of the fluorescent intensity of a rather broad signal from the

cytoplasm is often inconclusive.

All the above experiments indicate that L1 elements are highly transcribed and expressed
at 2-cell stage embryos with a down-regulation at both transcriptional and, most likely,
translational level when development progresses. Previous experiments in which L1 activity
was depleted by morpholino injections into zygotes, suggested that L1 transcripts indeed play
an important role as these embryos arrest before blastocyst formation (Beraldi et al. 2006).
What is the function of this activity is still unclear. Also, whether this phenotype is due to
translational repression, transcript degradation, or to a potential function of L1s on the
chromatin in cis, has not been addressed. Moreover, whether the observed decrease in L1
transcriptional activity in development is important for developmental progression has never
been addressed experimentally. Likewise, whether the expression of L1 elements during this
short time window plays any role for the proper development, heterochromatin formation,
global genome activation, cell fate, or gene expression, remains unknown. To address this
guestions, | have decided to use an experimental approach to directly manipulate the
expression of L1 in early embryos. The approach | undertook is based on the Transcription
Activator—like Effectors (TALEs) from Xanthomonas sp. which are site-specific DNA-binding
proteins (Zhang et al. 2011). More precisely, | aimed to target L1 elements with specific TALEs
fused with the VP64 activating domain (Sadowski et al. 1988) and analyzed the consequences

that their activation may have on embryo development.

-60 -



2.2. Establishment of tools and experimental conditions

2.2.1. TALEs design and verification in human and mouse cells

TALEs are natural bacterial effector proteins used by Xanthomonas sp. to modulate gene
transcription in host plants to facilitate bacterial colonization. The central region of the protein
contains highly conserved tandem repeats (monomers) which are necessary for DNA binding
and recognition. Thanks to their repeat variable di-residues (RDV) which are at the 12t and
13t sites, each monomer can bind to the specific nucleotide within target DNA. Thus, each
RDV-containing repeat targets one nucleotide and the linear sequence of monomersin a TALE
specifies the target DNA sequence in the 5’ to 3’ orientation. As a consequence, TALEs can be
designed in a way that they can be specific for almost any target site within a genome (Sanjana
et al. 2012). During my Ph.D, | took an advantage of this feature and decided to use TALEs
approach to modulate L1 expression. First, based on the RNA-Cage data available in the lab
(Fadloun et al. 2013) and guidelines from the TAL effector Nucleotide Targeter (TALE-NT) 2.0
website (https://tale-nt.cac.cornell.edu/about), | chose regions within the L1 element that
would be the best candidates for the targeting (Fig. 14B). As 5" monomers are known to play
a promoter role, they were a first obvious choice. Moreover, the most conserved regions
within Orf1 and Orf2, which aligned in the proximity to TSS from the CAGE analysis, where also
taken into consideration. The list of TALEs and their respective target sequence was then
checked for the number of target sites within a mouse genome using the Galaxy platform tools
to assess the specificity for L1 elements binding in silico (Fig. 14A). Only TALEs that passed that
in silico screen were constructed using a modified Golden Gate cloning system described in
(Miyanari 2014). To verify if the remaining nine TALEs indeed had high affinity to their target
sites, luciferase assays were performed (Fig. 14C). Each TALE was fused with VP64 activator
and then co-transfected with Firefly reporter plasmids containing the target sequences of
TALEs and minimal CMV promoter (Miyanari 2014). All the transfections were performed in
human HEK293T to avoid off-target effects and TALEs binding to the host genome.
Comparison of luciferase expression between cells expressing TALEs containing activating
domains and controls without VP64 domain revealed that eight out of nine designs enabled
up-regulation of Firefly expression, thus, presented satisfying binding affinity to their targets.
Next, the localization and expression of the constructs was assessed in mouse ES cells by
immunostaining with FLAG antibody specifically recognizing FLAG-tag presented on the 3’ of

TALEs constructs. Images revealing the expression and localization of TALEs proteins (Fig. 14E)
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were compared globally with the nuclear localization of L1 visualized by DNA-FISH with an
L1spa probe (Fig. 14D). All constructs were found to be expressed efficiently, however, only
four out of eight TALEs showed clear nuclear localization. Others were present also within the
nucleolus, which in our experience is a sign of either too high expression or not proper binding
to genomic targets. Thus, TALEs Tf1, Orf1.1, Orf1.3, and Orf2.4, were used for the subsequent

experiments in the mouse embryos.

2.2.2. Establishment of experimental conditions for TALE expression in mouse embryos

The main aim of the experimental design was to up-regulate or prolong the high activity
from L1 elements during early stages of development, specifically beyond the 2-cell stage, by
use of TALE effectors fused with VP64 activating domain. To reach that point, however,
conditions for the expression of all TALE constructs in mouse embryos had to be established,
to ensure that TALE proteins were properly expressed and localized at the specific stages of
development. Moreover, | had to verify that microinjection of these DNA-binding proteins into
the embryo per se had no global effect on developmental progression. In addition, | aimed to
optimize conditions to obtain the maximum transcriptional effect possible and target as many
L1 elements as possible. Thus, | spent a significant amount of my Ph.D establishing the most
suitable experimental design. As a first step, four TALEs sequences were cloned into pRN3P
vectors commonly used for the in vitro transcription to produce mRNA for mouse embryo
microinjections. Two separate backbone vectors were used — one containing VP64 domain,
and the other one with multi-cloning site instead, as a negative control. Thus, | could make
mMRNA for each of the four TALEs in two flavors: TALE-VP64 and TALE-Ctrl. For the following
experiments only TALE-Ctrls vectors were used as | intended to test that conditions for these
experiments are not detrimental for developmental progression prior to addressing the

scientific question (Fig. 15).

Firstly, | was interested in addressing what is the best stage of development to start TALEs
expression in a way that the protein would be efficiently expressed and localize in the nucleus.
Because the aim of the project was to look into the expression of L1 elements after the peak
in transcription at 2-cell stage, two time-points of microinjections were tested - at 1-cell stage
and at 2-cell stage - after which | performed immunostainings with HA antibody recognizing
HA-tag on the 5’ of the pRN3P vector. These experiments revealed that all four tested TALEs

were present in the 4-cell stage embryos after microinjection into the zygotes or 2-cell stage
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embryos, however, strong signal at the 8-cell stage was observed only after microinjections
into 2-cell stage embryos (Fig. 15A&B). Next, | intended to see if embryos expressing DNA-
binding protein — TALE — which targets specific regions of L1 element, progress through early
development properly. To address this, | again performed microinjections into 1-cell and 2-
cell stage embryos, but this time testing two mRNA concentrations and scoring for proper
blastocyst formation after four days of culture (Fig. 15C). The use of single target site for TALE
binding (TALE Orfl.1 or Orf2.4) gave satisfactory results with most embryos reaching
blastocyst stage regardless of the injection time and mRNA concentration. Because | wanted
to manipulate both ORF1 and ORF2 at the same time and to increase the number of target
sites, | decided to validate developmental progression when more than one TALE was
expressed. Thus, the combinations of two TALEs (Orf1.1 and Orf2.4) or three TALEs (Tf1, Orf1.3
and Orf2.4) were used. The first variant seemed to have no undesired effect on development
as most embryos reached the blastocyst stage when injected at the 2-cell stage with 200 ng/ul
of MRNA of each TALEs. The second group, however, did not develop properly when injected
at the zygote stage but proceeded through development normally with the 2-cell stage
injections of 200 ng/ul MRNA. Based on these observations, the combination of two or three
MRNA TALEs at the concentration of 200 ng/ul each and microinjected into blastomeres of 2-
cell embryos, was chosen for further experimental conditions. As the number of target sites
was much higher in the second variant, a mixture of TALEs binding to Tf1, Orf1.3 and Orf2.4
was given priority in subsequent experiments. Nevertheless, before addressing the main
guestion of the project, the last step of validation was performed in which localization of three
TALEs proteins was compared with the nuclear localization of L1 genomic sequences visualized
by DNA-FISH (Fig. 15D&E). To be able to look into the TALEs DNA-bound fraction only and to
exclude the free proteins present in the nucleoplasm, pre-extraction prior to fixation was done
(Hajkova et al. 2010). Indeed, lower intensity of the signal from TALEs proteins was observed
in the chromatin-bound fraction that in the total fraction (Fig. 15E) but they both localized in
the nucleus and presented similar pattern to the one observed with DNA-FISH probes (Fig.
15D). Interestingly, TALEs localization within a nucleus seemed to be more similar to the
monomers than ORF2 regions which may suggest that not all L1 elements were targeted.
However, it is likely that a single event of TALE binding to its target cannot be visualized by the
immunostaining and only several TALEs together can be easily identified in the images, hence,

repetitive monomer regions appear more visible. Regardless, these experiments suggest that

-63 -



the global distribution of TALEs in 2-cell embryos resembles that of the endogenous L1s as

determined by DNA-FISH.

2.3. Role of the repression of L1 elements during preimplantation development of mouse

embryos

2.3.1. Artificial tethering of the L1 TALE-VP64 activators and their effect on the level of L1
transcript at 4- and 8-cell stage mouse embryos

To address the main objective of my Ph.D | used the TALE-VP64 constructs described above
and assessed their ability to up-regulate L1 elements in the mouse embryos. Based on the
established conditions (Fig 15), the combination of three TALE-VP64 was microinjected into 2-
cell stage embryos in order to prolong L1 expression. Additionally, three control groups were
used - non-injected embryos, embryos injected with mRNA coding for GFP, and embryos
injected with mRNA coding for TALE-Ctrl (Fig. 16A). Each of these controls serves a different
purpose: non-injected embryos give the overall information about every set of isolated
embryos together with the culture conditions of the experiment; GFP embryos are a control
of the microinjection conditions and are of high importance because microinjection tends to
lead to the slight developmental delay (~2-4h) which has no consequence on proper
development but may be crucial when transcription data is compared; TALE-Ctrl embryos are
the main control for the TALEs binding and their influence on the targeted regions, thus,
providing necessary information if any conclusion based on the VP64 activity wants to be

drawn.

After microinjections the effect of the TALE-VP64 on the levels of transcription was
analyzed in late 4-cell stage (Fig. 16) and mid 8-cell stage (Fig. 17) embryos (~64h and ~72h
after hCG). First, to visualize nascent transcripts from L1 elements, RNA-FISH was performed
in 4-cell stage embryos (Fig. 16B) with the probes that | described above (Fig. 13A). All three
control groups showed moderate level of L1 expression with the highest signal coming from
the probe binding to Orf2 and lowest from Tf, as shown before (Fig. 13B). TALE-VP64 injected
embryos, on the other hand, displayed higher levels of signal from all three probes in
comparison with controls. The unspecific binding of RNA-FISH probes to i.e. DNA, was ruled
out by performing similar RNA-FISH experiments on the RNaseA treated embryos (Fig 16B).
No signal from the FISH probes was observed, suggesting that signal derived from the FISH

procedure reflect RNA transcripts. Then, the FISH signal was quantified for Tf, Orfl and Orf2
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separately, normalized to the nuclear volume, and plotted for each of the microinjected group
(Fig 16C). Because, as explained above, the microinjection procedure generates a slight
developmental delay, we expected overall L1 transcripts from non-injected embryos to be
lower than in both injected controls. Therefore, GFP and TALE-Ctrl were chosen as more
appropriate controls for the analysis of expression levels. Quantifications revealed an up-
regulation of L1 element in TALE-VP64 group in comparison to controls and regardless of the
probe used. Next, to verify the effect of TALE-VP64 injection on the level of L1 transcripts, RT-
gPCR was performed with Tagman probes specific for three L1 families, the most conserved
part of the Orf2 region, and Gapdh, as a negative control (Fig. 16D). Expression analysis
showed that Tf family which was the main target of three used TALE designs, was indeed up-
regulated. Similarly, transcripts containing a conserved stretch of the Orf2 region, were more
highly expressed in TALE-VP64 than in controls. Although Gf monomers, which share more
similarities with Tf than Af, also seemed to be slightly up-regulated, they expression is in
general much lower at this stages (Fig. 13C) which may explain such a small difference
between the control groups. Af monomers, on the other hand, which are highly transcribed
throughout the entire early development (Fig. 13C), are also affected by the TALE-VP64
injections. Lack of the difference between experimental and non-injected group in case of Af
and Gf might be explained again by the slight delay of microinjected embryos but also by the
fact that they were not the main target of the three used TALEs. Moreover, there was high
variability across the control groups for the Af analyses, suggesting that rather than a specific
effect of our TALE manipulation, changes observed for this family are a result of biological
variability. Thus, in conclusion our experimental approach using TALE-VP64 positively

regulates L1 transcription in 4-cell stage embryos.

To verify if the up-regulation of L1 elements can be prolonged beyond the 4-cell stage,
RNA-FISH experiments were performed in 8-cell stage embryos (Fig. 17). Similar patterns of
expression to previously shown 4-cell stage embryos, were observed with higher signal
coming from the probes targeting Tf, Orf1 and Orf2 regions of L1 transcripts (Fig. 17B). Image
analysis also revealed that TALE-VP64 injected embryos displayed up-regulation of L1 with the
clear difference at the Tf and Orf2 regions and less pronounced at the Orfl region (Fig. 17C).
Thus, the effect of the TALE-VP64 targeting on the up-regulation of L1 transcription is

sustained at the 8-cell stage, albeit to a lesser extent than in 4-cell stage embryos. Thus, these
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experimental conditions allowed us to address the consequences for the sustained activation

of L1s on early development.

2.3.2. The consequences of the L1 activation on the preimplantation development of
mouse embryos

Because the RNA-FISH data (Fig. 16 & Fig. 17) showed that TALE-VP64 injection in 2-cell
stage embryos led to the up-regulation of L1 transcription, the next step was to test the effect
of that manipulation on mouse development. To address it, three TALE-VP64 proteins were
expressed in mouse embryos from the 2-cell stage and embryos were cultured for three
additional days after which blastocyst ratio was scored. Similarly to previous experiments,
three control groups were used (Fig. 18A). The percentage of embryos which reached the
blastocyst stage within the three control groups showed no difference (as compared by Z test
for the distribution) varying between 80 % and 90 % (Fig. 18B). Interestingly, only 50 % of
TALE-VP64 injected embryos developed timely and formed blastocysts (Fig. 18B&C), which
indicates that the up-regulation of L1 elements has a detrimental effect for developmental
progression. To monitor in more detail the phenotype of TALE-VP64 embryos, all four groups
were fixed at E4 and stained with an antibody for Cdx2, a transcription factor which is a marker
of trophoectoderm (Fig. 18D). The control blastocysts showed normal morphology with
correct pattern of Cdx2 expression in trophectoderm cells, whereas TALE-VP64 arrested
embryos had various defects including lower cell number, absence of blastocaelic cavity, or
unequal divisions between blastomeres. Albeit lower, Cdx2 expression was observed in most

of them, suggesting that they do initiate the expression of lineage specific markers.

Next, to address whether the above described developmental arrest is not due to the
specificity of this particular TALE-VP64 combination but, indeed, results from L1 up-regulation,
similar experiments were performed with the second combination of TALEs mixture (Fig. 15C).
A combination of two TALE-VP64 constructs (Orfl1.1 and Orf2.4) was expressed in mouse
embryos from 2-cell stage using non-injected and TALE-Ctrl (Orfl.1 and Orf2.4) injected
embryos as controls (Fig. 19A). First, transcription levels were assessed at 4- and 8-cell stage
embryos by quantification of images acquired after RNA-FISH was done with the probe specific
for the entire L1spa element (Fig. 19B). Up-regulation of L1 was observed in both stages, with
a clear difference in comparison to controls at the 4-cell, and smaller but reproducible

difference at the 8-cell stage (only when compared with TALE-Ctrl group). Next, experiments
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to assess developmental progression were performed (Fig. 19C&D) which revealed that most
of the TALE-VP64 embryos arrested before reaching blastocyst stage whereas both controls
progressed normally through development. Altogether, these data suggest that the up-
regulation of L1 elements by TALE-VP64 binding leads to developmental arrest before the

blastocyst formation.

2.3.3. Dissecting the plausible cause of the developmental arrest

To address potential endogenous molecular mechanisms engaged in the prolongation of
the L1 expression at TALE-VP64, | decided to check the level of H3K4me3 which has been
previously associated with L1 elements during preimplantation development (Fadloun et al.
2013). | reasoned that this active mark might be abundant on L1 for a longer time than in
endogenous situation which, as a consequence, may lead to higher expression of L1 or even
spread on neighbouring genes that might result in global higher levels of H3K4me3. Images of
4- and 8-cell embryos stained for H3K4me3 showed no difference in the abundance of
H3K4me3 between TALE-VP64 and control embryos globally (Fig. 20A&B), suggesting that L1
upregulation might not be linked to higher levels of H3K4me3. This implies that either putative
changes in H3K4me3 on L1s is not pronounced enough to be visualized by immunostaining or
that some other active mark may accompany up regulation of L1s, i.e. H3K36me3. | am
currently in the process of addressing whether alternative histone modifications are changed

upon TALE-VP64 expression.

Next, because L1 elements are translated in early mouse embryos with high expression of
Orflp (Fig. 13D), | asked the question if the up-regulation of L1 leads to change in their proteins
level. Immunostaining with the Orflp antibody revealed that embryos injected with TALE-
VP64 at 2-cell stage and fixed at either 4- or 8-cell stage display higher expression from Orflp
(Fig. 20A&C). However, one has to keep in mind that the localization of Orflp is cytoplasmic,
thus, the quantification of its total amount based on images is not very accurate. Therefore,

ideally, Orflp levels should also be analyzed by western blot.

Nevertheless, based on the intensity of the signal from Orflp antibody, we conclude that
the protein levels are higher in TALE-VP64 embryos. Although we do not have an antibody to
test this, the observations that Orflp translation is increased suggests that also the two other
L1 proteins — RT and EN - might be expressed in higher degree, potentially leading to the

increase of double strand breaks. To answer this, | analyzed the levels of yH2A.X, a well-known
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marker of DSBs, and verified its presence in the nuclei of TALE-VP64 injected embryos and two
controls (Fig. 20A&D). Immunostaining of 4- and 8-cell stage embryos did not reveal any
pronounced difference in the yH2A.X abundance between the three groups suggesting that
either DSBs do not occur more often or that EN is not expressed at the higher level when L1s
are up-regulated. On the other hand, yH2A.X is very abundant during this time-point of
development, which is not always correlated with DSBs (Ziegler-Birling et al. 2009), thus, the
developmental arrest might be still a result of higher genome instability caused by L1

overexpression

To address whether higher L1 expression might result in higher genome stability | aimed
to verify hypothesis that up-regulation of L1 and higher expression of Orflp, which is required
for the retrotransposition (S. L. Martin 2006), leads to increased number of “jumping” events
and this is the cause of the developmental arrest. Previous reports showed that
azidothymidine (AZT or Zidovudine) is a nucleoside analog inhibitor of RT which can block
retrotransposition of L1 elements in vitro and in vivo (Dai, Huang, and Boeke 2011; Malki et
al. 2014). Although it has been reported that AZT treatment in high concentration has lethal
effect on mouse embryo development and affect pre-implantation stages, experiments when
2-cell embryos were exposed to low-concentration (1 uM) AZT indicate that these embryos
could proceed to the blastocyst stage (Toltzis, Mourton, and Magnuson 1993). Thus, | first
verified if the presence of 1 uM AZT in the culture media has an effect on mouse pre-
implantation development (Fig. 21A). Embryos cultured in the AZT-free medium from 1-cell or
late 2-cell stage reached the blastocyst stage in an expected ratio, whereas embryos exposed
to 1 uM AZT from the zygotic stage arrested before blastocyst formation. Interestingly, 2-cell
stage embryos cultured under similar conditions of 1 uM AZT exposure, did not display a delay
in development. Hence, | concluded that low concentrations of the RT inhibitor AZT had no
morphological effect of preimplantation embryo development when applied from the late 2-
cell stage. Next, | used this information to test if developmental arrest of TALE-VP64 injected
embryos can be rescued by inhibiting L1-RT activity, thus, blocking potential
retrotransposition (Fig. 21B). Non-injected embryos cultured in AZT-free conditions or with
the addition of 1 uM AZT from the late 2-cell stage, developed normally, similarly to TALE-Ctrl
injected embryos (Fig. 21C&D) whereas a significant percent of TALE-VP64 embryos arrested

before reaching blastocyst stage as observed in previous experiments (Fig. 18B). This suggests
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that the developmental phenotype elicited upon L1 upregulation using TALE-VP64, is not due

to higher activity of RT or retrotransposition.

2.4. Figures

List of figures — Part Il

Figure 13. Expression of L1 elements in preimplantation embryos
Figure 14. Verification of TALE constructs
Figure 15. Establishment of experimental conditions for TALE expression in mouse embryos

Figure 16. L1 transcription at 4-cell stage embryos — comparison between control and TALE-

VP64 injected mouse embryos

Figure 17. L1 transcription at 8-cell stage embryos — comparison between control and TALE-

VP64 injected mouse embryos

Figure 18. Embryonic development - comparison between control and TALE-VP64 injected
mouse embryos
Figure 19. L1 transcription at 8-cell stage embryos — comparison between control and TALE-
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Figure 13. Expression of L1 elements in preimplantation embryos

A) Graphical representation of L1spa element and RNA-FISH probes visualizing transcripts from different regions; B) Images of RNA-FISH
detecting L1 transcripts in zygote, 2-cell stage and 8-cell stage embryos; n=1 experiment, 5 embryos/group; C) Relative expression of
three different families of L1 elements compared between mES cells, 2-cell and 8-cell stage embryos determined by RT-qPCR using
Tagman probes; Plotted are Ct values normalized to 8-actine levels and transformed into linear scale; D) Immunostaining representing
Orf1 protein during early mouse development
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Figure 14. Verification of TALE constructs

A) Summary of in silico analysis of target sites of TALE designs; B) Graphical representation of binding regions of TALE-L1 constructs
into the body of L1 element; C) Luciferase assay performed in 293T cells testing binding affinity of TALE-L1 constructs to their target
sites; Relative expression of Firefly luciferase normalized to expression of Renilla luciferase plotted at the Y axis; n=3 (biological
replicates); D) DNA-FISH visualizing different repetitive regions in mES cells; Maximal projection presented; E) Expression of TALE-Flag-
L1 constructs in mES cells targeting different regions of LINE-1 elements according to Table A; anti-Flag antibody represents localization
and expression of 7 different TALE-L1 constructs, TALE-major satellites represents positive control, mock represents negative control;
Maximal projection presented;
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Figure 15. Establishment of experimental conditions for TALE expression in mouse embryos

A) Graphical representation of experimental design: zygotes or 2-cell stage embryos were injected with 100 ng/ul or 200 ng/ul of each of
four TALE-Ctrl mRNA and then stained using an anti-HA antibody to verify expression and localization at different stages (Table B) or
cultured for five days (Table C) to monitor development; B) Summary of conditions tested to assess proper expression and nuclear
localization of TALE-Ctrl mRNASs after microinjections; C) Summary of conditions used to determine injection time and mRNA concentration
for proper embryonic development; D) DNA-FISH performed to detect nuclear localization of Tf monomers and ORF2 regions of LINE-1
elements in 2-cell stage embryo shown as maximal projection of single nucleus; E) Immunostaining of an HA-tag visualizing TALE-Ctrl
localization after microinjections of mRNA coding for TALEs binding to Tf1, 1.3 and 2.4 (100 ng/ul of each): total fraction vs chromatin
bound fraction after TritonX-100 (TX-100) extraction
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Figure 16. L1 transcription at 4-cell stage embryos — comparison between control and TALE-VP64 injected

mouse embryos

A) Graphical representation of experimental approach — three groups of 2-cell stage embryos were injected with the same amount of
total RNA (200 ng/ul of each of three TALE constructs) and cultured until late 4-cell stage; B) Representative images of RNA-FISH of 4-
cell stage embryos — non-injected group (Ni), GFP injected, TALE-Ctrl injected, TALE-VP64 injected, and non-injected treated with RNaseA
prior to RNA-FISH procedure; Region-specific RNA-FISH probes labeled with different fluorophores are presented in the first three
columns, merge images and enlarged single nuclei are presented in the last two columns; C) Quantification of the fluorescent intensity
of RNA-FISH probes visualizing transcripts from specific regions (Tf monomers, Orf1, Orf2) in control groups of embryos (GFP, TALE-Ctrl)
and experimental group (TALE-VP64); Total intensity normalized to the nuclear volume plotted for each group of embryos; Horizontal
line represents mean value, vertical lines represent standard deviation, each dot represents single nucleus; Shown is one representative
experiment out of three independent repeats; D) Analysis of the expression of L1 elements belonging to Tf, Af, Gf families and global L1
expression (Orf2) among four groups of embryos; GAPDH presented as a control; Ct values are normalized to the baseline of 38 and
inverted into the linear scale; n=1 experiment (5 embryos per group);

Scale bars — 10 microns; * p<0.05, ** p<0.01, *** p<0.001
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Figure 17. L1 transcription at 8-cell stage embryos — comparison between control and TALE-VP64 injected

mouse embryos

A) Graphical representation of experimental approach — three groups of 2-cell stage embryos were injected with the same amount of
total RNA (200 ng/ul of each of three TALE constructs) and cultured until early 8-cell stage; B) Representative images of RNA-FISH of 8-
cell stage embryos — non-injected group (Ni), GFP injected, TALE-Ctrl injected, TALE-VP64 injected, and non-injected treated with RNaseA
prior to the RNA-FISH procedure; C) Quantification of the fluorescent intensity of RNA-FISH probes visualizing transcripts from specific
regions (Tf monomers, Orfl, Orf2) in control groups of embryos (GFP, TALE-Ctrl) and experimental group (TALE-VP64); Total intensity
normalized to the nuclear volume plotted for each group of embryos; Horizontal line represents mean value, vertical lines represent
standard deviation, each dot represents single nucleus; Shown is one representative experiment out of three independent repeats;

Scale bars — 10 microns; * p<0.05, ** p<0.01, *** p<0.001
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Figure 18. Embryonic development - comparison between control and TALE-VP64 injected mouse embryos

A) Graphical representation of an experimental procedure - three groups of 2-cell stage embryos were injected with the same amount
of total RNA (200 ng/ul of each of three TALE constructs) and cultured for five days; B) Developmental progression after 4 days of culture
of non-injected embryos (Ni), control groups of embryos injected with mRNA GFP (GFP) and mRNA TALE-Ctrl, and embryos injected with
TALE-VP64; Table presents p values of a Z test comparing distributions between groups, no significance between controls observed; C)
Images of embryos after 4 days of culture representing one of five independent experiments; D) 3D reconstruction of control embryo
and arrested embryos after 4 days of culture showing representative phenotypes;

Scale bars — 20 microns; * p<0.05, ** p<0.01, *** p<0.001
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Figure 19. L1 transcription at 8-cell stage embryos — comparison between control and TALE-VP64 injected

mouse embryos

A) Graphical representation of experimental approach — three groups of 2-cell stage embryos were injected with the same amount of total
RNA (200 ng/ul of two TALE constructs targeting Orf1 and Orf2 regions of L1 elements) and cultured until late 4-cell stage or early 8-cell
stage; B) Quantification of the fluorescent intensity of RNA-FISH probes visualizing transcripts from L1spa element in control groups of
embryos (Ni—non-injected, TALE-Ctrl) and experimental group (TALE-VP64); Total intensity per nucleus plotted for each group of embryos;
Horizontal line represents mean value, each dot represents single nucleus; Shown is one representative experiment out of three
independent repeats; C) Developmental progression after 4 days of culture of non-injected embryos (Ni), control group of embryos injected
with mRNA TALE-Ctrl, and embryos injected with TALE-VP64,; D) Images of embryos after 4 days of culture representing one of three
independent experiments;

Scale bars — 10 microns; * p<0.05, ** p<0.01, *** p<0.001
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Figure 20. Expression of H3K4me3, Orflp and yH2A.X in 4-cell and 8-cell stage embryos after microinjections
A) Graphical representation of an experimental design: non-injected (Ni), TALE-Ctrl, and TALE-VP64 microinjected embryos (200 ng/ul of
each of three TALEs) were fixed at 4-cell and 8-cell stage and stained with B) anti-H3K4me3 antibody C) anti-Orflp antibody D) anti-yH2A.X

antibody;

Scale bars — 10 microns;
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Figure 21. Effect of the RT inhibitor AZT on embryos development

A) Table representing developmental progression of embryos cultured with or without 1 uM AZT from 1-cell or 2-cell stage; B) Graphical
representation of experimental design: 2-cell stage embryos were injected with either control TALE-Ctrl of TALE-VP64 (200 ng/ul of each
of three TALE constructs) and cultured in the presence of 1 uM RT inhibitor AZT, non-injected embryos cultured as a control with or
without AZT; C) Comparison of developmental progression of non-injected embryos, injected with TALE-Ctrl, or TALE-VP64 mRNA, after
four days of culture in 1 uM AZT , non-injected embryos cultured in standard medium presented as a developmental control; Table
presents p values of a Z test comparing distributions between groups, no significance between controls observed except from p=0,046
for Ni no AZT vs Ni; D) Images of embryos after 4 days of culture in 1 uM AZT representing one of two independent experiments;

*** p<0.001

-79-



2.5. Materials & Methods

Embryo collection and culture
Embryos were collected from ~6 week-old F1(C57BL/6J x CBA/H) superovulated

females crossed with F1 males. Embryos were collected at the following times after human
chorionic gonadotrophin injection: the 2-cell stage (46 h), 4-cell stage (54 h), 8-cell stage (72h),
16-cell stage (80 h), 32-cell stage (90 h), early blastocyst stage (98 h) and late blastocyst stage
(124 h). All experiments were performed in accordance with the current legislation in France

and the approval of the Regional Ethics Committee (ComEth’s).

ES-cell culture
Mouse ES-cell lines, E14, were cultured in DMEM with GlutaMAX (Invitrogen)

containing 15% FCS, LIF, 1 mM sodium pyruvate, penicillin/streptomycin and 0.1 mM 2-
mercaptoethanol. The treatment of ES cells with inhibitors was performed using 3 uM
CHIR99021 (a GSK3p inhibitor), 1 uM PD0325901 (a MEK inhibitor), 5 uM PD173074 (an FGF
receptor tyrosine kinase activity inhibitor) and 3 uM PD184352 (a MEK inhibitor).

TALE construction
TALEs design, construction and luciferase assays were performed according to the

instructions provided at (Miyanari 2014).

Immunostaining
Embryos or ES cells were fixed with 4% paraformaldehyde in PBS for 20 min at room

temperature. After washing with PBS, embryos were permeabilized with 0.5% Triton X-100 in
PBS for 10 min and then incubated in blocking solution (0.2% BSA in PBS) for at least 1h.
Primary antibodies were anti-Orflp (gift from Dr D. O’Carroll), anti-Flag (Wako), anti-HA
(Milipore 07-442), anti-H3K4me3 (Abcam 1012), anti- yH2A.X (Millipore 05-636). After over-
night (4°C) incubation in blocking solution containing primary antibodies, cells or embryos
were washed three times with 0.01% Triton X-100 in PBS for 5 min each and then incubated
in blocking solution containing corresponding secondary antibodies. After washing with PBS,
mounting was done in VECTASHIELD (Vector Labs). Images were collected on a TCS SP8
confocal microscope (Leica) using a 63x oil objective. Z-sections were taken every 0.3 um.

Image analysis was performed using the software Imagel) and Imaris (Bitplane).
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Whole mount RNA-FISH and DNA-FISH
RNA FISH and DNA-FISH were performed as described (Miyanari and Torres-Padilla

2012), except that incubation with Cot-1 was omitted. LINE-1 probes consisted of the full-
length Tf element, Tf monomer fragment, Orfl coding region, or Orf2 coding region from
L1spa conserved sequence (Naas et al., 1998) cloned into pBluescript (Chow et al., 2010) and

major satellite probe was as described (Myianari et al, 2012).

RT-gPCR
TagMan® Gene Expression Assays (Applied Biosystems) and Tagman custom design

assays (TIB MolBiol) were pooled to a final concentration of 0.2x for each of the 5 assays. Cell
lysis and sequence-specific reverse transcription were performed at 50°C for 20 minutes,
followed by sequence-specific pre-amplification as describe (A. Burton et al. 2013). The
resulting cDNA was diluted 5-fold before analysis with Universal PCR Master Mix and TagMan®

Gene Expression Assays (Applied Biosystems) in light cycler 480 (Roche).

AZT administration
To inhibit L1 reverse transcriptase during preimplantation development embryos were

cultured in standard KSOM medium with addition of 1 uM AZT (Sigma Aldrich, Cat#. A2169).
The route and doses of AZT used in this study were based on previous reports (Toltzis et al.

1993; Dai et al. 2011; Malki et al. 2014)
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2.6. Discussion

The main conclusion that can be drawn from the experiments on L1 elements
described earlier is that the tethering of an artificial activator to L1 elements in mouse
embryos leads to their up-regulation and subsequent developmental arrest. How these events
are linked, remains unknown, however, understanding why L1 up-regulation causes
developmental arrest may help us to dissect the function of L1 elements during early stages
of development and the mechanisms that control their activity. There are several plausible
explanations of how higher levels of L1 transcription may affect developmental progression
and each of them indicates a slightly different role for the L1 elements during this period. In
this part, | aim to discuss these hypotheses and propose some experiments that may help us

distinguish the relevance of the ideas that | put forward.

Genome instability is not a cause of developmental arrest of embryos displaying L1 up-regulation
Firstly, and probably the simplest explanation of the developmental phenotype is that

the higher ratio of retrotransposition events led to genome instability and arrest. It has been
shown that integration of L1 elements into the genome can occur during early stages of
development, prior to the blastocyst stage (Kano et al. 2009). Thus, a similar situation might
arise in embryos overexpressing L1, facilitated by their higher RNA levels and protein
abundance. However, experiments in which RT activity was blocked by the nucleoside analog
inhibitor AZT, showed that the TALE-VP64 arrest was not rescued. This result likely rules out
retrotransposition events as a cause for the developmental arrest because functional RT is
indispensable for L1 retrotransposition. Moreover, levels of yH2A.X - a marker of DSBs and
genome instability - did not seem to be increased in 4- or 8-cell stage embryos, suggesting that
developmental problems are not related to increased genome instability caused by potential
retrotransposition events. Our failure to detect Orflp in the nuclei of TALE-VP64 embryos also
supports this interpretation. Additionally, it has not been established whether de novo
insertions can actually happen at such an early stage of development because in the only
previously described retrotransposition assays performed in early embryos (Kano et al. 2009),
the authors verified the presence of the L1 insertion cassette in blastocysts, but not earlier.
They also suggest that it is the carry over L1-RNA from gametes that contribute mostly to the
observed retrotransposition events in blastocyst, whereas it is known that the levels of the
embryonic L1 transcription are very high before blastocyst formation (Fadloun et al. 2013). It

is, thus likely that embryos have a mechanisms that inhibit the jeopardy of transposons at the
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time when their expression is the highest. One of such mechanisms might be through post
translational regulation of Orflp by phosphorylation, which has been shown to be important
for the transposition of L1 elements in human cells without affecting nuclease acids chaperon
activity of the protein (Cook, Jones, and Furano 2015). Nevertheless, no proof for existence of
this kind of mechanism has been reported in a mouse model so far.

Plausible deleterious effect of overexpression of L1-derived proteins on mouse preimplantation

embryos
Another explanation of developmental arrest might be related to higher levels of

expression of L1 proteins that we observed in TALE-VP64 embryos, at least for Orlp. L1
elements comprise two open reading frames encoding Orfl protein and
endonuclease/reverse transcriptase which are thought to be transcribed as bicistronic RNA
and translated sequentially through an unconventional mechanism (Alisch et al. 2006). The
three proteins are indispensable for retrotransposition, however, it has been suggested that
they may play additional roles. Excessive level of L1 proteins in the cell, may elicit toxicity or

adverse effects in cell division.

Despite the crucial role of Orflp in retrotransposition (S. L. Martin 2006), the exact
function of this protein is not known, and it may therefore play additional, not-yet identified
roles during development. For example, recent work showed that ORF1p is associated with
SMAD4 - a core factor of the TGF-B signal pathway- which upon TGF-B/pathway activation
translocates from the cytoplasm to the nucleus and can regulate gene expression or even
trigger apoptosis (Zhu et al. 2013). In oocytes depleted for Orflp by injections of dsRNA,
Smad4 displayed a different pattern of localization and lower levels of Cyclin B and Cdc2 were
detected (Luo et al. 2015), suggesting that Orflp-Smad4 interaction may operate during
development. Hence, it is possible that overexpression of Orflp in TALE-VP64 embryos leads
to dysregulation of Smad4 pathway and, in consequence, affects gene expression. Orflp has
been also shown to be involved in the chromosome dynamics in mouse oocytes where its
overexpression leads to oocytes with abnormal chromosome alignment and spindle
organization, and subsequent meiotic arrest (Luo et al. 2015). The exact role of the protein in
that process is not known but authors speculate that it might be related to the higher ration
of retrotransposition events as they observed accumulation of yH2A X foci. It is possible that
TALE-VP64 embryos have abnormal mitosis which leads to the arrest, however, it would not
be due to genome instability as discussed earlier. Moreover, | did not observe signs of lagging
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chromosomes or micronuclei, thus, the interplay between Orflp and Smad4, or another

function of ORF1p is more likely to be involved.

Additionally to Orflp, changes in L1 RT activity might be involved in the developmental
phenotype of TALE-VP64 embryos as RTs are thought to play an important role in
preimplantation development and embryos lacking RT activity, as measured by
pharmacological inhibition of RT, depletion of L1 transcripts by morpholino, and anti-RT
antibodies injections, show developmental arrest (Pittoggi et al. 2003; Beraldi et al. 2006).
Interestingly, exposure of the L1 up-regulated embryos and control embryos to the RT
inhibitor — AZT — had no effect on the ratio of blastocyst after 4 days of culture. Several
explanations are plausible in regard to this experiment and one of them is a simple conclusion
that RT is not involved in the TALE-VP64 embryos arrest. This would also mean that RT plays
no crucial role during this time of development, or at least that the short exposure to low
levels of the inhibitor from 2-cell stage do not interfere with blastocyst formation. As shown
before, AZT is deleterious for embryos in high dosages but also low levels, even though AZT
does not block divisions completely, affect the number of cells within blastocyst (Toltzis,
Mourton, and Magnuson 1993). Although | have not quantified the number of cells in AZT
treated embryos, if the RT had rescued TALE-VP64 arrest but then had caused the RT-
deficiency related phenotype, these embryos should have still reached blastocyst, similarly to
the controls, which was the case. Noteworthy, control zygotes incubated in the medium
containing AZT inhibitor displayed severe developmental defects concomitantly with the
previous reports (Toltzis, Mourton, and Magnuson 1993) implying that the AZT treatment that
we used here is efficient. This also indicates that the levels of RT activity are necessary for
development from the zygote stage, but not from the 2-cell stage onwards. The most likely
scenario is that, even if L1-upregulation led to higher expression of RT, the RT activity does
not contribute to the developmental arrest observed. A cautionary note, however, must be
raised, which is that RT inhibitors may have distinct effects on mouse embryos which are not
exclusively related to the function of L1 RT. Anti-RT antibody injection, however, seem to be
more specific. It will be interesting to use anti-RT antibody injections at low concentrations on

the TALE-VP64 embryos to ask whether by lowering levels of RT their development is rescued.

Recent discovery of the OrfO protein encoded as an antisense transcript from human

LINE-1 (Denli et al. 2015) might be also in relevance for the mouse L1. It has been already
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reported that mouse L1 contains antisense promoter (J. Li et al. 2014) which drives
transcription leading to the formation of chimeric transcripts. Although the existence of
additional open reading frames in the mouse has not been documented, it remains possible
that they are present and contain undiscovered L1 protein of unknown function.

Higher levels of L1 transcription and transcripts may affect numerous mechanism during early embryo

formation
The way in which L1 could affect events in early embryogenesis, and how, potentially,

their up-regulation causes developmental arrest might be also related to the L1 transcripts.
Some of the plausible functions were already discussed in the final chapter of the Review, and
include: L1 IncRNA functioning as a scaffold for the recruitment of chromatin-regulating
factors i.e. spreading of silencing (Chow et al. 2010); L1-derived small RNAs playing a role in
heterochromatin formation on L1 elements but also spreading on the neighbouring regions;
L1 transcripts and abundant transcription promoting an open chromatin packaging (Hall et al.
2014) of the early embryo to facilitate epigenetic reprogramming and EGA; last but not least,
L1 serving as alternative promoters driving expression of the host genes (J. Li et al. 2014;
Peaston et al. 2004). All of these may be affected when the artificial activators are brought to

the endogenous sequences of L1 elements.

If the scaffold hypothesis is correct, long sense and anti-sense RNAs derived from L1
might bind to genomic regions and recruit yet-to-be defined silencing factors. Antisense
transcripts from L1 have been already linked to the changes in gene expression by chromatin
modifications, like recruitment of H3K9me3 or H4K20me3 in ES cells (Cruickshanks et al.
2013). Thus, a similar situation may occur in the mouse embryos where in the excess of the
transcripts, or with the transcription from elements that should have been already repressed,
binding of L1 RNA might lead to the silencing of i.e. some of the developmentally important
genes. To address this question, analysis of gene expression, together with more detailed
overview on L1 transcription i.e. which strand of L1 is up-regulated or if the effect is strand

specific, can be performed.

L1 transcripts might be involved in dysregulation of the global gene expression but also
may disable appropriate control of their own repression by i.e. small RNA pathways. Several
reports have already shown that L1 transcripts give rise to piRNAs (Aravin et al. 2007; Pezic

et al. 2014), siRNAs and microRNAs (Ciaudo et al. 2013; Heras et al. 2013), which control L1
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activity at transcriptional and post-transcriptional levels (Pezic et al. 2014; Ciaudo et al. 2013;
Chow et al. 2010; DiGiacomo et al. 2013). Moreover, existence of such RNAs has been
documented during early development where they are believed to down-regulate levels of L1
RNA (Ohnishi et al. 2009). It is likely that this small RNAs act in an endogenous situation to
diminish L1 from 2- to 8-cell stage via depletion of L1 transcripts or establishment silencing
environment on the genome. Thus, in case of TALE-VP64 embryos, the balance between levels
of the transcripts necessary for the proper L1 functioning and regulation, might be affected
with i.e. one strand being more transcribed than the other. This may lead to dysregulation of
L1 as it has been shown for L1 derived short antisense RNA injected into zygotes which
modulated L1 transcription at 2-cell stage (Fadloun et al. 2013). However, there is no
experimental evidence that unambiguously shows that small RNAs pathways indeed operate
in preimplantation embryos and play a role in the control of L1 elements. The result of a rescue

of the TAL-VP64 phenotype with injections of dsRNA might shed a light on this event.

Although L1-dependent regulation of gene expression through silencing and
heterochromatin spreading is an interesting concept, another explanation of the arrest of
TALE-VP64 embryos is also possible. L1 elements are known to encode strong antisense
promoters which drive a production of chimeric transcripts (Peaston et al. 2004; J. Li et al.
2014). Because in our current study, we targeted ~10.000 elements from which some of them
should most likely be silenced by the 8-cell stage, such a high level of transcriptionally active
loci might affect expression of regions which are in proximity to activated L1. Global analysis
of transcription in embryos displaying up-regulation of L1 at 4-cell stage would help to address
this issue. It is worth mentioning that L1 elements might have an influence also on chromatin
state by creating more open chromatin configuration and leading to i.e. more permissive
transcriptional state in TALE-VP64 embryos. For example, such a high level of transcription per
se or presence of long non-coding L1 transcripts stably bound to chromatin, might lead to the
above described phenomena as it has been suggested for X chromosome (Hall et al. 2014). As
mouse L1 elements are thought to be transcribed as bicistronic RNA (Alisch et al. 2006), and
the presence of full-length L1 transcripts in mouse embryos is also very likely (Peaston et al.
2004), these IncRNA derived from L1 may indeed take a part in regulation of chromatin state.
Thus, an important question arises whether the arrest of TALE-VP64 embryos is related to the

change in their transcriptional activity, more open chromatin state, or higher levels of L1
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transcripts. To clarify it, additional experiments are necessary which would distinguish
between these events, i.e. injections of the full-length transcript into the embryos or use of
the DEL domain which has been shown to decondense chromatin (Carpenter et al. 2005).
Comparison of the phenotypes of these embryos with the TALE-VP64 might help to, firstly,
find a cause of their arrest, secondly, elucidate the function of high L1 transcription in
development. Moreover, elimination of L1 transcripts by repression of L1 or by depleting L1
transcripts would also add information necessary for addressing the role of L1 in the early

embryo.

To sum up, the data presented indicate that tight control of expression of L1 elements is
important for proper development of mouse embryos. As discussed above, there are several
layers of how L1ls can be controlled and how they can influence events during early
development which include changes on chromatin, transcription, transcripts, or proteins level.
The use of site-specific transcriptional effectors, together with targeted depletion or
overexpression of L1 RNAs, and injections of antibodies blocking L1 protein function, may help

to decipher their regulatory pathways and levels at which they operate.
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IV. Concluding remarks

The aim of my Ph.D project was to deepen into the mechanisms of heterochromatin
formation during preimplantation embryos. To assess how it is established | focused on
pericentric repeats and L1 retrotransposes as they represent two distinct types of

heterochromatin regions.

The first part of my work revealed that nuclear organization plays an important role in
regulating heterochromatin establishment and pointed towards the crucial function of
localization of major satellites around NLBs in that process. Experiments that | have performed
suggest that NLBs could serve as scaffold for a more open chromatin state which leads to
chromatin remodeling, acquisition or maybe removal of specific proteins and epigenetic
modifications and regulate transcription pattern of major satellites. The importance of such a
distinct nuclear organization after fertilization is also highlighted by SCNT experiments in
which this particular localization of pericentric regions around NLBs is restored, suggesting its
involvement in the reprogramming (C. Martin et al. 2006). Thus, nuclear organization arises

as a crucial player in the formation of heterochromatin in early development.

The second part focused on L1 retrotransposones and role of their silencing during early
development. By prolonging the phase of their very abundant transcription we counteract
formation of heterochromatin on these regions, which leads to developmental failure.
Although we cannot link directly these events, these manipulations indicate that the tight
regulation of L1 transcription is crucial for early development. Now, the important question
to address is how this regulation works and what mechanisms drive heterochromatin
formation on L1 elements in preimplantation embryos. Much work has been already done in
ES cells which pinpoints some of the pathways that are important for that process i.e. small
RNAs, Suv39h1/h2 mediated H3K9me3, or KRAB-ZNF proteins. In preimplantation embryos,
however, which differ from ES cells in terms of molecular pathways, gene expression, and
global chromatin layout, there is little evidence which would indicate how L1 are regulated.
Lower levels of H3K4me3 present on L1s but not H3K9me3 has been shown to be concomitant
with the down-regulation of their expression (Fadloun et al. 2013) suggesting that removal of
active histone modifications rather than acquisition of repressive ones may play a role in that

process. However, a role for RNA-driven regulation of L1 is also plausible (Fadloun et al. 2013).
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To sum up, my experiments suggest that establishment of heterochromatin during early
development is crucial event for the formation of functional embryo. Although distinct
regions, undergo different changes and temporal dynamics in order to form the final
heterochromatic structure (which may include i.e. change in nuclear localization or removal
of active marks) there are some aspects that seem to be similar. The involvement of RNA

component in the process of heterochromatin formation is one of the striking examples.
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Résumé
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pluripotence, embryon de souris

Afin d'étudier la formation de I'hétérochromatine dans I’'embryon préimplantatoire de
souris, je me suis concentrée sur deux régions génétiques différentes - répétitions
péricentriques et L1 éléments transposables - dans le but notamment de découvrir les
mécanismes qui conduisent a la répression et le réle distinct qu’ils peuvent jouer pendant le
processus de développement et la division cellulaire. Mes expériences montrent que
I'organisation spatiale spécifique des domaines péricentriques est essentielle pour leur
répression ainsi que pour leur organisation correcte. De plus, mes résultats suggerent que les
défauts d’organisation de I’hétérochromatine conduisent a des défauts de division cellulaire
et de prolifération. La seconde partie de ma thése montre que la réglementation stricte de L1
éléments transposables est nécessaire pour le développement préimplantatoire d'embryons
de souris. En outre, représente la premiére tentative pour élucider la biologie des éléments
L1 dans I'embryon précoce de souris par I'utilisation de modificateurs de transcription ciblés
spécifiquement.

Résumé en anglais

heterochromatin, pericentric repeats, L1 retrotransposones, epigenetics, pluripotency,
mouse preimplantation embryos

To study the formation of heterochromatin in mouse preimplantation embryo, |
focused on two different genetic regions — pericentric repeats and L1 transposable elements
- in order to investigate the mechanisms that lead to their repression and the distinct role
that these regions can play during the process of development and cell division. My
experiments show that the specific spatial organization of pericentric domains is essential
for their repression and for their correct organization. Moreover, my findings suggest that
defects in organization of heterochromatin lead to improper cell division and proliferation.
The second part of my thesis shows that the tight regulation of L1 transposable elements is
required for the preimplantation development of mouse embryos. Additionally, it is the first
attempt to elucidate the biology of L1 elements in the early mouse embryo through the use
of targeted transcription modifiers.
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