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Abstract

The chromatin is a highly dynamic structure composed by: euchromatin, associated with
transcriptionally active regions and heterochromatin, associated with gene repression in a cell-
type-specific manner and at permanently silent regions such as pericentromeric regions. The
control of heterochromatin, especially via histone H3 lysine 9 (H3K9) methylation, is essential
for proper developmental progression. In mouse Embryonic Stem cells (mESCs), low levels of
H3K9 methylation have been associated with pluripotency. In somatic cells, it has been shown
to represent an epigenetic barrier for reprogramming back to pluripotency. How global H3K9
methylation levels are coupled with pluripotency remains largely unknown.

We identify an antisense long non-coding RNA to Suv39hl gene encoding a major
H3K9 di- and tri-methylase. This antisense (Suv39hlas) is activated by the pluripotency
transcription factor OCT4, leading to a downregulation of SUV39HI1 expression. This genetic
circuit couples heterochromatin control to pluripotency. Suv39hlas promoter was deleted by
CRISPR/Cas9 technology to study the mechanistic basis of Suv39h1 repression by its antisense
as well as the functional consequences of the resultant increase in H3K9 methylation.

We first investigated the mechanism of Suv39hl regulation by Suv39hlas. We found
that Suv39hlas controls the frequency of Suv39h1 transcription and has no impact on Suv39hl
mRNA stability. Suv39hlas establishes a complex local chromatin, by triggering euchromatin
through the gene body but not at the promoter. Furthermore, a set of evidences suggest that
other mechanisms might be involved in Suv39h1 regulation. We hypothesized that Suv39hlas
transcription can possibly interferes with Suv39hl transcription and/or modulates Suv39hl
isoforms. Nevertheless, mechanism has not been fully elucidated and remained in question.

We explored functional impact of SUV39HI1 increase. First, subsequent H3K9me2/me3
increase has limited impact on mESCs. They are able to self-renew and differentiate. This is in
line with studies of other H3K9 methyltransferases. Nevertheless, we also demonstrated that
H3K9 methylation contributes to time the irreversible commitment into differentiation.

Finally, we studied the role of Suv39hlas during the early embryogenesis. Suv39hlas
and Suv39hl have an anticorrelation pattern of expression during the very first step of the
development, with a maximal Suv39hlas expression in the late oocyte. Moreover, SUV39H1
overexpression leads to early developmental default. We created a mouse line knock out for
Suv39hlas expression. With Suv39hlas loss of expression, we observed an increase of
SUV39HI in the oocyte, with an increase of H3K9me3 specifically. This is inconsequent on

females fertility and it questions whether these increases are maintained upon fertilization.



BERNARD Laure — Thése de doctorat - 2021

Résumé

La chromatine est une structure dynamique pouvant passer de 1’état d’euchromatine,
associée a une transcription active, a 1’état d’hétérochromatine, associée a une absence de
transcription. L hétérochromatine peut étre présente soit de manicre variable selon le type
cellulaire, soit de maniére permanente a certaines régions comme les régions
péricentromériques. L’hétérochromatine, caractérisée entre autres par la méthylation de la
lysine 9 de I’histone 3 (H3K9), est étroitement contrélée pendant le développement précoce
chez la souris. Dans les cellules souches embryonnaires de souris, un niveau bas de méthylation
de H3K9 est constitutif de la pluripotence, d’autant plus qu’il augmente au cours de la
différentiation, ou il est considéré comme établissant une barriére a un retour a 1’état pluripotent.
Cependant, le lien entre la méthylation de H3K9 et la pluripotence n’a encore jamais été étudié.

Tout d’abord, nous avons identifi¢ un ARN long non codant transcrit en anti-sens du
gene codant pour I’histone méthyltransferase SUV39H1, propageant la méthylation de H3K9 a
I’hétérochromatine. Cet ARN non codant (Suv39hlas), controlé par le facteur de pluripotence
OCT4, réprime ’expression de Suv39hl. Ce réseau génétique permet de coordonner la
pluripotence et 1’état de I’hétérochromatine. En supprimant les promoteurs de Suv39hlas grace
a la technologie CRISPR/Cas9, nous avons pu confirmer notre mod¢le et étudier de manicre
plus précise le mécanisme de régulation et I’impact fonctionnel de cette régulation.

Pour le mécanisme de régulation, nous avons montré que 1’expression de Suv39hlias
n’impacte pas la stabilit¢ du messager de Suv39h/ mais diminue la probabilité¢ qu’il soit
activement transcrit. En effet, Suv39hlas agit sur la fréquence de transcription en établissant
notamment un contexte chromatinien particulier. 11 favorise 1’apposition de marque
d’euchromatine sur le corps du gene Suv39hl et a I’inverse les défavorise sur son promoteur.
Ces caractéristiques sont similaires a celles établie pour le couple sens/anti-sens Xist et Tsix.
Cependant, plusieurs ¢léments suggerent que ce n’est pas le seul mécanisme impliqué. Nous
avons donc émis 1’hypothése que la transcription de Suv39hlas interfere avec celle de Suv39hl
et/ou régule le niveau d’expression de ses différents isoformes. Cependant, ce modele n’a pas
¢été démontré.

Nous avons aussi exploré I’impact fonctionnel de Suv39hlas dans les cellules souches
de souris. La surexpression de SUV39HI1 induit bien une augmentation du niveau de H3K9me2
et H3K9me3 mais a trés peu d’effet sur les cellules souches. Elles se renouvellent et se
différentient sans aucuns problémes. C’est tout a fait en accord avec les études réalisées sur

d’autres histone méthyltransferases comme SUV39H2 et SETDBI1. Cependant, nous avons
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observé que le niveau de méthylation de H3K9 permet de coordonner la spécification
irréversible au cours de la différentiation.

Enfin, afin d’étudier le role de Suv39hlas au cours du développement précoce, nous
avons créé une lignée de souris knock-out pour Suv39hlas. En effet, Suv39hlas et Suv39hl
sont exprimés de manicre anti-corrélée lors des premiéres étapes du développement, avec une
expression maximale dans 1’oocyte tardif. De plus, plusieurs études ont démontré que la
surexpression précoce de SUV39HI1 provoquait un défaut au cours du développement. En
I’absence de Suv39hlas, nous avons pu observer une surexpression de SUV39H1 dans I’oocyte
tardif, associée a une augmentation de H3K9me3 et non de H3K9me2. Néanmoins, la
suppression de ’expression de SUV39H1 n’impacte pas la fertilité des femelles, posant la

question du maintien de cette surexpression apres la fécondation.
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I) Early mouse development, pluripotency and mouse Embryonic Stem

Cells derivation

1) Mouse pre-implantation development

Embryogenesis starts with fertilization, when the two highly different gametes - oocyte
and sperm - meet. The resulting one-cell embryo — or zygote — undergoes stereotyped
developmental processes namely cleavage, compaction, cavitation and implantation in the
uterus!. Termed “preimplantation development™?, this early period involves a tightly regulated
series of lineage specifications events coordinated by highly dynamic signaling and

transcription factors (TFs) networks.

Upon fertilization, the two specialized gametes undergo extensive remodeling to form
the diploid zygote. Before the first division of the embryo, development is divided in pronuclear
stages™* (PNO to PN5): immediately after fertilization, during PNO the paternal genome
undergoes major chromatin remodeling. It loses protamines and is re-packaged by maternal
nucleosomal histones to form the paternal pronucleus (PN). Meanwhile, sperm entry has
triggered meiosis completion of the maternal genome that begins to form the maternal PN. PN1
is characterized by small PN located at the periphery of the embryo. At PN2, both pronuclei
increase in size and begin their migration toward the center of the zygote, they are in G1 phase.
During PN3, the pronuclei become larger and continue their migration to the center of the
embryo. During this stage, both paternal and maternal genomes start to replicate. The
replication is still ongoing when the PN reach the center of the zygote, corresponding to PN4
stage. Finally, during PN5, genomes are apposed to each other in post-replicative G2 phase.
The PN stages end with the syngamy or the fusion of the two PN and beginning of the first cell
division®.

During the first three days of development — depicted on Figure 1, the embryo
undergoes four cell divisions and forms 16 cells, called blastomeres!. As soon as the first
division happens, maternally inherited mRNAs and proteins begin to be degraded while the
zygotic genome begins to be gradually transcribed. This is called the zygotic genome activation
(ZGA) or maternal zygotic transition (MZT) and lasts until the morula stage >°. At the 8-cell
stage, cells start to compact, increasing cell-cell contacts and promoting cell adhesion’.
Although 8-cell stage blastomeres are considered identical and equipotent, accumulating

evidence shows that they actually differ on several aspects including DNA methylation status,

12
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histone modifications enrichment and TFs expression®. Notably, the first five cleavages of
embryo occur at constant volume, i.e. without any cell growth, and consist of subsequent
divisions of the initial egg cytosol. When the embryo reaches the 16-cells stage, the outer
blastomeres are apico-basally polarized while the inner ones are apolar. This is when the first
lineage specification occurs, with the inner cells giving rise to the Inner Cell Mass (ICM) and
the outer cells differentiating to form the extraembryonic trophectoderm (TE)%!°. The morula
undergoes another round of cell division to form the blastula or 32-cell stage.

At E3.5, between the 16 and 32 cells stages, the trophectoderm cells introduce some
fluid inside the embryo to form a cavity called blastocoel'!. From this step, the embryo is called
blastocyst and keeps proliferating to reach over 128 cells at E4.5. During this time, cells from
the ICM start to specify and physically segregate between the hypoblast or Primitive Endoderm
(PrE) and the epiblast (EPI)'2. The PrE cells become apposed to the blastocoel surface. The
embryo then implants along the uterine horn, directed by the presence of regionalized EGF
receptors in the uterus!. Meanwhile, the embryo cells keep proliferating, migrating and
differentiating until forming the egg cylinder!. After gastrulation, the trophectoderm gives rise
to the extraembryonic ectoderm that will form the placenta while the epiblast will form the three
germ layers — ectoderm, mesoderm and endoderm - of the embryo. The PrE contributes to

additional extraembryonic tissues such as the yolk sac.

zygote 2-cell 4-cell 8-cell 8-16 cell 16 cell 16-32 cell 32-64cell 64-128cell >128 cell implanted
morula morula blastocyst  blastocyst  blastocyst embryo
ZGA/MZT
CYEEY XX Y.lolp
'E05 E15 | E25 | | E35 E45 | ES5 N\
E First cleavages : i | /
Folnlllutlon Comploctlon Cavilutlon Implalnuuon
O totipotent blastomeres . outer cells / TE / TGC & ExE . EPI
. . Hypoblast (PrE)/

o polarised blastomeres O inner cells / ICM VE & ParE

Figure 1: Early stages of mouse development.
Pictures and schematic representation of mouse early development steps. ZGA means Zygotic Genome
Activation, MZT stands for Maternal to Zygotic Transition. (adapted from Piliszek et al.%)
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After blastocyst implantation, the founder cells of gametes, called primordial germ cells
(PGC)'3, are specified in the epiblast at E6.25'%. In parallel, sexually bipotential structures
known as genital ridges arise from the mesoderm-derived coelomic epithelium. The primordial
gonad forms when the monolayer becomes thicker and multilayered, and the PGCs migrate into
it!>. They reach the genital ridge around E10.0 — E11 and the first sex differences appear at
E12.5%, Gametogenesis is mainly driven by the Bone Morphogenetic Protein (BMP) pathway!’
and expression of PGC specific genes such as Fragilis, Stella and Blimp1'7-'8. As early as E7.5
- E8.5, PGCs express pluripotency network genes and undergo fundamental epigenetic
changes!'®?’. They start sex-specific gametogenesis with sexual specific genes starting to be
expressed. The sexual differentiation is mostly orchestrated by the Sry gene!”. In the XY gonad,
Sry triggers upregulation of Sox9 and Fgf9 which activate the male pathway and repress the
feminizing signals Wnt4/Rspol and f3-Catenin. Interestingly, the sexual fate of the PGCs is
determined by the sexual identity of the fetal gonad and not by the PGCs’ own identity'.

While all these pre-implantation events are occurring, the zygote experiences a
progressive loss of developmental capacity! through successive and dynamic cell fate
specifications. The first cell fate decision is the divergence of the TE and ICM fates in the
morula. This is mainly driven by the Hippo pathway, known for its cellular role in integrating
physical cues from the environment (cell-cell contact, physical stress, ...)*!. Notably, this
signaling pathway is conserved between mice and human?!'. In outer cells, the pathway is
repressed leading to nuclear translocation of the YAP1 cofactor that will form a complex with
the TF TEAD4 and enhance expression of the TE markers GATA3 and CDX2%2. Notch
signaling is also involved in TE specification through the interaction between NICD and RBPJ
that promotes TE genes expression, in particular CDX223. Interestingly, CDX2 inhibits
transcription of ICM-specific TFs such as OCT4%4. However, it is not clear if and how Notch
and Hippo signaling are coordinated. TEAD4 also regulates the expression of other TE TFs
including Eomes and EIf5 which form a positive feedback loop on Tead4?’. In inner cells, hippo
pathway is active through the phosphorylation of YAP by LATSI1/2 kinase preventing its
translocation in the nucleus?® and expression of TE genes leading to ICM specification. The
ICM identity relies on expression of TFs such as OCT4, SOX2 and SALL4!%, Oct4 is expressed
from 2-cells stage until 16-cells stage where it becomes restricted to the ICM?*. OCT4 interacts
with SOX2 to enhance transcription of core pluripotency TFs such as NANOG!. OCT4 also
represses Cdx2 expression®*, all together inhibiting fates other than ICM. In addition, SALL4

maintains Oct4 expression, contributing to ICM identity?’. Interestingly, other epigenetic actors

14



BERNARD Laure — Thése de doctorat - 2021

such as the long non-coding RNA lincGET were found to be important for the 2-cells stage and
ICM specification.. This phenomenon will be more detailed in the chapter I1I-3.

The second cell fate decision corresponds to the sorting of ICM cells in epiblast and
hypoblast. The main driver of this specification is the antagonism between NANOG and
GATAG. Although, from the 8 to the 32-cell stage NANOG and GATAG6 are co-expressed, they
gradually become mutually exclusive, forming a “salt and pepper” distribution'?. In addition,
the Fibroblast Growth Factor (FGF) pathway plays key role in this segregation. EPI progenitors
secrete FGF4, that reinforces Gata6 expression in cells expressing the receptor FGFR2 and that
commit to the PrE fate®. In parallel, ICM cells are progressively spatially re-organized with
NANOG negative, PDGFRa-GATAG6 positive cells becoming adjacent to the blastocoel. This
re-positioning is thought to also be DAB2-dependent®. These cells will form the PrE. FGFR
activation also leads to ERK phosphorylation that will stimulate a feedback loop via DUSP4 in
PrE cells’!. Last, apoptosis was recently shown to act as a selective mechanism contributing to

proper segregation of EPI/PrE cells?.

2) Focus on the female germ cell development

Successful embryogenesis relies on viable and competent gametes. Their development
depends on several factors including multiple support cell types contained in the reproductive
organs. In mammals, ovarian development can be divided in two steps : 1) growth of ovary and
establishment of the founding primordial follicle pool and 2) maturation of follicles and release

of a fertilizable egg starting at puberty'>.

Once the PGCs reach the primordial gonads and sexual differentiation begins, PGCs
proliferate with incomplete cytokinesis. These uncomplete divisions create syncytia called cysts
or nests that remain connected by intercellular bridges allowing sharing of organelles and
mitochondria. At E13.5, germ cells start their meiosis, stopping at the diplotene phase of
prophase I. Between E17.5 and 5 days after the birth, female germ cells cysts break down to
become primordial follicles (PMF). This step is associated with massive loss of germ cells®2.
Each PMF is composed of one prophase-arrested oocyte surrounded by a flattened epithelium
that will later differentiate into granulosa cells. PMFs form a fixed ovarian quiescent follicle
pool. From this reserve, PMF can possibly remain quiescent, be activated and start to grow or
die directly in their dormant state'.

PMF activation is marked by histological changes as oocyte growth begins and the

flattened granulosa cells become cuboidal®>. PMF activation is controlled by the
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Phosphatidylinositol-3-Kinase (Pi3K)
intracellular pathway?* but extra-oocyte
signals have recently been found to be
important. Among them, mTORCI
signaling in granulosa cells is required for
oocyte differentiation®®. Activated PMFs
become primary follicles.

When primary follicles further
develop into secondary ones, they contain
mid-grown oocytes surrounded by two or
more layers of granulosa cells*3. Additional
layers of somatic cells, called theca cells
encapsulate the follicle. They differentiate
into an interna layer that becomes
increasingly vascularized and an externa

layer. As the follicle continues to develop,

-

Figure 2: Two stages of oocyte development.

Differential Interferance contrast (top panels) and
Hoescht stained pictures ( in blue — bottom panels) of
(A) a Non Nucleolar Surrounded Germinal Vesicle
oocyte or (B) a Surrounded Germinal Vesicle oocyte.
On the transmitted light picture, we can observe some
granulosa cells (GC), the Zona Pelucida (ZP) and the

Nucleolus (N). Pictures taken

Vandormael-Pournin.

by Sandrine

fluid-filled cavities arise and fuse to form an antrum, giving rise to antral follicles*®. The antrum
separates two different granulosa cell types: cumulus granulosa cells, adjacent to the oocyte and
mural granulosa cells that line the follicle wall and are a major source of hormones important
for the following steps'>.

Only a subset of antral follicles develops until pre-ovulatory stage, the remaining ones
undergo atretic degeneration!®. Selected follicles need to be hormonally competent and
responsive to mature until ovulation. From that perspective, hormonal stimulation with
Pregnant Mare’s Serum Gonadotropin (PMSG) can be used to increase the number of dominant
follicles, and addition of human Chorionic Gonadotropin (hCG) allows ovulation of those
dominant follicles®’. To achieve a proper ovulation, several features are required in a tight order.
The first event is the meiotic resumption®®: prophase-arrested oocytes are characterized by a
large nucleus known as “germinal vesicle” (GV)*. During folliculogenesis, oocytes grow in
size but remain in the GV stage, more mature ones are presenting a particular DNA organization
with “surrounded nucleolus” (SN), and the immature ones are called “non-surrounded
nucleolus” (NSN) (Fig.2). When the follicle is selected for ovulation, meiosis resumes with the
GV break down allowing completion of the meiosis I and extrusion of the first polar body. The
oocyte then undergoes the second meiotic division until metaphasell**. Meiosis will only be

completed upon fertilization and extrusion of the second polar body*’. During oocyte
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maturation, there is an acute transcriptional activity to synthesize and store mRNAs and proteins
that will be fundamental for the very first steps after fertilization*!.

During meiosis resumption, cumulus expansion, or cumulus mucification, creates a
particular extracellular matrix to form cumulus-oocyte complex*’. Subsequently, follicle
rupture releases the cumulus-oocyte complex that contains a fertilizable oocyte. Residual
follicle cells undergo reprogramming and terminal differentiation to create the corpus luteum'>.
The corpus luteum is essential for establishing and maintaining gestation. However, in absence
of fertilization, it is eliminated through programmed cell death and forms a scar known as

corpus albicans'>.

3) Mouse embryonic stem cells origins and maintenance

Studies of pluripotency and developmental processes are very important to understand
embryogenesis. Derivation and in vitro propagation of mouse embryonic stem cells (mESCs)
provided a very useful tool in that perspective. However, their derivation from embryos raise
several questions: what is the origin of ESC? How similar are they to cells of the embryo? Is

the pluripotency variable?

a) Mouse embryonic stem cells are derived from the inner cell mass

“Teratocarcinomas are bizarre tumors containing multiple tissue types, including
differentiated structure™?. The first cells successfully propagated in vitro were extracted from
teratocarcinomas. In the 129 mouse strain, they had the particularity to be maintained through
serial transplantation, keeping the ability to generate all types of tumors. This suggested the
presence of proliferative and undifferentiated cells called Embryonal Carcinomas cells (ECs)*.
In 1975, Martin & Stevens* successfully co-cultured ECs in vitro with a feeder layer of
mitotically inactivated fibroblasts. Interestingly, ECs can form aggregates that resemble early
embryos, called embryoid bodies. Martin & Stevens further noticed that certain ECs injected in
blastocysts can contribute to chimeric mice**, thus proving that ECs can produce all somatic
lineages.

In a second step, some cells lines were derived from the embryo itself, more particularly
from the cells of the ICM*#6, Those cells were co-cultured with a layer of feeders in addition
to serum-containing medium and presented unlimited expansion capacity. When grafted in
adult mice, those cells formed multi-differentiated teratocarcinomas, and, when injected in
blastocysts, they formed chimeric mice, contributing to all tissues including germ lines without

forming tumors*’. Those cells presented “capacity for indefinite capacity of generation of two
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classes of progeny: daughter cell with equivalent proliferative and developmental potential and

”42 and were thus called ESCs. Their derivation was

daughter specified for differentiation
however quite variable, inefficient and only possible from the 129 strain. 129 mice are poor
breeders and variable in behavioral and cognitive studies' and female cells derived from this
strain tend to lose an X chromosome. It thus became necessary to derive ESCs from other mouse
strains. The first attempt was to derive cells from diapaused embryos. Diapause corresponds to
a developmental arrest in case of deleterious environmental conditions: cells synchronize at the
epiblast stage and keep dividing. Diapaused embryos allowed a higher derivation efficiency for
some permissive strains*>4%,

The developmental timing of derivation was also critical as ESCs derived from E3.5
ICM could not form colonies in vitro while E4.5 derived ESCs could®. Transcriptional studies
showed that the ICM-derived ESCs are quite similar to preimplantation epiblast, also called
Primitive ectoderm*-°, Some attempts were made to establish cell lines from post-implantation
epiblast: these were mainly dependent on culture conditions, and the resulting cells were called
Epiblast Stem cells (EpiSCs)>!. Those cells are pluripotent though they have a predisposition
for differentiation. Their transcriptional profile shows an heterogeneity quite similar to the one
of primitive streak cells in the embryo®. Although EpiSCs can generate teratocarcinomas in
adult mice, they cannot contribute to chimaeras when introduced in early embryo!. ESCs and
EpiSCs are morphologically quite similar with identical nuclear to cytoplasm ratio and similar
prominent nucleoli. However, EpiSC expand in 2D as an epithelium compared to ESCs and
both cell types are very different from signaling pathways and epigenetic perspectives>.
Finally, ESCs can also be differntiated into PGCs, they are then assimilated to embryonic germs
cells but their DNA methylation profile differs importantly>?.

Curiously, male and female derived-ESC are very different>*: female ESCs exhibit
lower global DNA methylation levels, a difficulty to exit pluripotency and are less prone to
differentiate. Those features are thought to be linked to the activation of both X chromosomes>°.
Indeed, in addition to the necessity to inactivate an X chromosome to exit pluripotency and
initiate differentiation, expression of the pluripotency network is X dosage-dependent thus
higher in female ESCs. Moreover, the female ESCs are intrinsically unstable in culture®,

perhaps due to their low levels of DNA methylation.

b) Defining mouse embryonic stem cells culture conditions
It was clear from different ESC derivation attempts, that culture medium was primordial

for the maintenance of pluripotency and self-renewal. The first step was to understand that cells
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can be cultured to a certain extent in media pre-incubated with feeders (conditioned media)
instead of a feeders layer’®>’. This suggested that a cue important for ESC maintenance was
produced by embryonic fibroblasts. Few years later, the cytokine Leukemia Inhibitory Factor
(LIF) member of the Interleukin family was found to be the critical signal’®>. Using LIF
allowed the ESC derivation and long-term culture from 129 strain as well as the germ-line
competence in chimeric mice’®*°. Interestingly, LIF is produced at the fibroblast surface,
explaining the relative inefficiency of conditioned media®®.

LIF binds to a heterodimeric receptor composed by LIF receptor (LIFR) and
glycoprotein 130 (GP130)°! (Fig. 3). The complex’ cytoplasmic domain is constantly bound by
the family Janus tyrosin kinase (JAK1/2/3) that is normally inhibited®’. Ligand binding causes
autophosphorylation of the JAKs inhibitory domain. Activated JAKs will phosphorylate the
LIF bipartite receptor allowing binding of other targets such as Signal Transducer and 1ctivator
of Transcription 3 (STAT3)% that will also be phosphorylated. Phosphorylated STAT3
dimerizes and translocates in the nucleus and acts as a TF to induce target genes, including
pluripotency and self-renewal genes®. Phosphorylated STAT3 can also act on chromatin
accessibility at target genes®. This cascade is negatively regulated by a feedback loop as
phosphorylated STAT3 induces the expression of Suppressor of cytokine signaling 3 (SOCS3)
that blocks JAKs activity acting as a pseudo substrate for a short period®®. However, it is also
positively regulated by a feedback loop via the increase of GP130, LIFR and STAT3

expressions®!.
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Figure 3: Extrinsic signaling pathways that modulate the pluripotency.
Schematic representation LIF, BMP4, WNT and FGF4 pathways that modulate the expression of
pluripotency and differentiation TF network (from Hackett et al.?”).
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LIF signaling indirectly activates two other intracellular cascades: JAKs activates Pi3K
that then activates Akt and mTOR pathways leading to regulation of pluripotency and
proliferation-associated genes®®. This axis plays an important role in the maintenance of self-
renewal though the JAK pathway has been found to be sufficient for self-renewal®.
Surprisingly, JAKs proteins also activate different Mitogen-Activated Protein Kinase (MAPK)
signaling cascades that promote differentiation. Indeed, via Growth factor receptor-bound
protein 2 (GRB2), Extracellular signal-Related Kinase 1/2 (ERK1/2) is activated promoting
differentiation by several ways, including repression of pluripotent genes. The differentiation
promoting Juno Amino-terminal kinase (JNK) signaling cascade is also activated by
phosphorylated STAT3 6179, STAT3 is also essential for neural differentiation’!. This suggests
that Stat3 can have a cell type-specific role. Notably, JAKs-STAT3 and MAPK-ERK pathways
converge on the TF couple Transcription Factor CP2-like Protein 1 (TFCP2L1)/ Transcription
factor E2-alpha (TCF3)*. Indeed, TFCP2L1 is a TF that plays a role in pluripotency
maintenance and it is repressed by TCF372. Thus JAKs-STAT3 cascade increases TFCP2L1
expression, being involved in the pluripotency network regulation. By contrast, MAPK-ERK
pathway activates TCF3 expression, leading to TFCP2L1 repression thus destabilizing the

pluripotency network”.

ESC plated on gelatin in serum and LIF (FCS/L), became the canonical culture
conditions sustaining pluripotency and self-renewal. However, these culture conditions create
an heterogeneous cell population with spontaneous differentiation*?. Later on, other molecular
pathways and external cues were identified actors of ESC maintenance. Serum was replaced by
BMP4 molecule, not allowing de novo derivation but ESC maintenance and self-renewal’* (Fig.
3). BMP4 is normally provided by feeders. It belongs to the Transforming Growth Factor 83
(TGFB) family that binds specifically to Type I receptor’>. The receptor is composed by an
intracellular tyrosine kinase domain that, upon ligand binding, interacts specifically with R-
Smad proteins to phosphorylate them. Once R-Smad proteins are phosphorylated, they
translocate in the nucleus and act as a co-TF to induce /d genes that play a role in differentiation
inhibition”. Along the same lines, BMP4 also induces the inhibition of ERK and p38 MAPK
pathways’®. Interestingly, others TGFB family members are involved in pluripotency
maintenance. ACTIVN, NODAL and LEFTY also bind to Type I receptors leading to R-Smad
phosphorylation. NODAL and ACTIVIN are auto-produced by cells, promoting self-renewal’’.
Another external cue was found to be modulated by feeders as they absorb FGF4 through
FGFR2 receptor, preventing ERK activation’®” and therefore differentiation through
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TFCP2L1/TCEF3. Later on, high cell density or LIF presence inhibits the FGF pathway, helping
to prevent differentiation® (Fig. 3). In addition, chemical ERK inhibition in addition to LIF or
BMP4 allowed ESC derivation from new mice strains such as C57BL/6 and CBA®!. Finally,
the WNT pathway transducing through the Glycogen synthase kinase-3 (GSK3) was found to
be important for self-renewal: GSK3 is inhibited by WNT pathway and then prevents B-
CATENIN phosphorylation and its degradation by the proteasome. Nuclear B-CATENIN
prevents TCF3 binding to DNA and its repression of the pluripotency network®2. Interestingly,
WNT signaling has a role via B-CATENIN in embryo formation, essentially in axis formation
and mesoderm differentiation®® (Fig. 3).

In order to increase derivation efficiency from various mice strains, a new culture
medium was set up using findings on signaling pathways involved in ESC maintenance. ESCs
were de novo derived from several mice strains with high efficiency using chemical inhibition
of GSK3 (GSK3i — CHIRON), FGF4 (FGF4i) and MEK1/2 (Meki — PD03) (31 medium) in
absence of serum and LIF®!. Since FGF4i and Meki were redundant, GSK3i and Meki, or 2i
(Fig.3), were found to be sufficient enough for ESC maintenance. Culture in 2i in addition to
LIF (2i/L) induces a ground pluripotent state: “robust self-renewal of a biologically
homogeneous population of cells, each with unbiased potential to form all somatic cell lineage
and germ cells”*?. However, several studies suggest that long-term cultured 2i/L cells showed
a high genomic and chromosomic instability, most probably due to the Meki®*. Nevertheless,
the most common culture media without serum remains the 2i/L and induces the “ground
pluripotency state”.

Two others physiological aspects were found to be relevant for ESC maintenance. The
first one was the adhesion dynamic and the role of the extra cellular matrix. Cell adhesion is
playing on lineage specification and self-renewal via the integrins that can modulate MAPK
activity via src kinase regulation. Notably, cell culture in 2i/L presents a lower focal adhesion
than in FCS/L, it might be one of the reasons of the enhanced self-renewal in 2i/L%%, The
second aspects is metabolism regulation. The metabolism of ESC and ICM cells metabolisms
is glycolysis based which promotes proliferation. The acetyl-coA, the major actor of glycolysis
is an acetyl donor for lysine of histones, which plays a major role in epigenetic regulation in

pluripotency®’.

In summary, ESC are extracted from the ICM to be established in cell lines that are
pluripotent and can self-renew in an indefinite number of time. ESC maintenance heavily

depends on culture conditions. External cues are important to induce the proper signaling
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cascades that will play at different levels: maintaining self-renewal, inhibiting initiation of
differentiation and sustaining pluripotency. The major part of the signaling pathways are
converging on a certain number of TFs, including the couple TFCP2L1/TCF3 that then
modulate the core pluripotency network, mostly composed by transcription factors (called

pluripotent transcription factors - pTF).

4) Pluripotent transcription factors and the spectrum of pluripotencies

Pluripotent transcription factors (pTF) constitute a complex and unique network that
sustains pluripotency on different levels: maintenance of self-renewal, activation of pTF and

repression of lineage specific genes.

a) Pluripotency: a unique and complex network of transcription factors

The first identified pTF was POU-domain TF OCT4, also named POU5F1 or OCT3%3,
OCT4 is expressed in a uniform and continuous way from the oocyte, throughout formation
and maturation of the epiblast and even in PGCs¥. It is also expressed in ESC and EpiSC. Over
expression of Oct4 leads to differentiation®®. However, low levels of OCT4 impair
differentiation with no impact on self-renewing’!. Studies demonstrate that Oct4 has to be
tightly regulated to balance pluripotency and differentiation. A supporting evidence is that Oct4
is still expressed in the post implantation epiblast which also suggests a role in the progress of
lineage commitment in vivo®?. It is now known that OCT4 has multiple partners.

Then the second pTF, identified as an OCT4 partner, is SRY-box TF 2 (SOX2)%.
Indeed, OCT4 and SOX2 are forming a complex that binds at a specific DNA motif*>. OCT4
and SOX2 motifs are close at pluripotency and developmentally related genes®®-¢. It was further
shown that the juxtaposition of the two motifs was important for such elements to display their
activator role. The overexpression of Sox2 predisposes mESCs to differentiation in
neuroectoderm, mesoderm, and trophectoderm but not endoderm, suggesting that Sox2
expression levels should be tightly regulated for efficient self-renewal, as shown previously for
OCT4 levels”?8, From the same perspective, Sox2 knock out (KO) in ESCs phenocopies the
loss of Oct4??. Nevertheless, Sox2 KO in the mouse is lethal during the early post-implantation
development”. A third factor, NANOG, was shown to share a great overlap of targets with
OCT4/SOX2 throughout the genome.

Nanog was first identified in an ES-specific set of genes and was later described as a
homeobox-containing gene preferentially expressed in pre-implantation embryos and

mESCs!%%191 Contrary to Oct4 and Sox2, Nanog expression in embryo is restricted to naive
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pluripotent compartments, particularly to epiblast'®?. Indeed, loss of NANOG in embryo
induces an absence of epiblast!®. Interestingly, forced expression of Nanog impairs
differentiation while KO in ESCs is tolerated, although it induces massive differentiation'. In
addition, overexpression of Nanog confers LIF independency for self-renewal'®*. Nanog was
shown to be regulated by OCT4 and SOX2 which directly bind to its promoter and activate its
expression!®>, NANOG is also repressed by TCF3 and consequently upregulated by GSK3i!%°,
Notably, it has been shown that NANOG has many interacting partners, in addition to OCT4
and SOX28¢,

In summary, OCT4, SOX2 and NANOG have been shown to cross-regulate each other
and consequently are proposed to form a triumvirate that maintains pluripotent state through
self-sustaining positive feedback. However, it is not sufficient to explain observed properties
of ESCs. Indeed, overexpression of OCT4 or SOX2 leads to differentiation rather than the
stabilization of pluripotent state. Furthermore, NANOG is dispensable for ESC self-renewal

and pluripotency.

Later on, several other pTF have been functionally implicated in ESCs pluripotency and
self-renewal. Estrogen-Related Receptor B (ESRRB)!?7 has been identified through forced
expression profiles. Several Kriippel-like factors (KLFs) K/f2, Kif4 and KIf5 have a role in the
control of mESC pluripotency!%. More precisely, Esrrb and KIf4 deletions can be tolerated by
ES cells, although self-renewal is compromised in the case of Esrrb KO'%. Esrrb is upregulated
by GSK3i through a repression by TCF3!%. Moreover, ESRRB appears pivotal, probably
because NANOG also acts in part through direct upregulation of Esrrb’?. Forced expression
of Esrrb is sufficient to render ESCs independent of GSK3i!!°. On the other hand, KIf4 has been
identified as a direct target of STAT3!%. Nevertheless, its overexpression or loss of function
only partially reproduce or abrogate the LIF effects. Finally, the pTF TFCP2L1 is another, very
abundant, STAT3 direct targeted gene’?. Interestingly, Tfcp2/1 is also regulated by many pTF
as OCT4, KLF4 and regulates other ones like Esrrb. Unlike KIf4, forced expression of Tfcp2l1
at endogenous levels fully recapitulates LIF effects on the self-renewal. Conversely, Tfcp2!1
downregulation impairs the ES cell self-renewal response to LIF, indicating that TFCP2L1
activity cannot be compensated by other STAT3 targets and plays a central role in the
pluripotency network’!%7, In addition, Tfcp2ll is also a target of TCF3, placing it at the
convergence of the LIF and GSK self-renewal signaling pathways’?.

Another interesting feature of the pluripotency network is its ability to restore

pluripotency. Indeed, in 2006, Yamanaka and Takahashi demonstrate that a specific cocktail of
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TF — OCT4, SOX2, KLF4 and C-MYC — is able to revert fibroblast differentiation into induced
pluripotent stem cells, the iPS, close to ESCs!!!. This first study established the paradigm that
differentiation is not a dead end. iPS can then be directed towards a specific fate, by using small
molecules and specific factors. Other reprogramming cocktails have been discovered, by
mixing OCT4, SOX2 and ESRRB. Besides, efforts also focused to avoid reprogramming into
pluripotency and generate multipotent progenitors. An example is the study by Ieda et al.!!3 that
reported a combination of three cardiac developmental TF — GATA4, MEF2C and TBXS. From
dermal or cardiac fibroblasts, they were able to reprogram them in induced cardiomyocyte-like
cells, progenitors of cardiac cells. Trans-differentiation has also been studied. The historical
example is reprogramming of fibroblasts in myoblasts with MyoD forced expression!!'#. Finally,
in the last generation of studies, the research concentrated on the in vivo reprogramming, to
convert in situ cells for tissue regeneration!!>.

Altogether, a complex network of pTF is implicated in the pluripotency and the self-
renewal. This network is centered on the OCT4 and SOX2 couple: they are necessary but not
sufficient to confer full self-renewal. A second group of pTF composed partly by NANOG,
ESRRB and KLF4 are individually dispensable and collectively sustain self-renewal. Finally,
some pTF like TFCP2LI1 constitute the bridge between the extrinsic signal for pluripotency —
LIF and GSK3 pathways — and the intrinsic pluripotency network.

b) The in vitro pluripotency: capture or creation?

In vitro pluripotency constitutes a precarious balance between maintenance of
pluripotency and differentiation. Several parameters as the pluripotency network level of
expression and the developmental stage of derivation allow to determine different types of
pluripotencies: naive and primed. Moreover, in vitro pluripotencies use unique mechanisms to
be maintained while the embryonic pluripotency is transient and highly dynamic along the
development. Therefore, it is currently unclear whether these different pluripotencies represent
any point of in vivo pluripotency.

Most of ESCs lines are derived from the naive epiblast at E3.5-4.5 and attempts to derive
from later embryos have been highly unsuccessful*?. They need extracellular cues to maintain
a naive pluripotency and express the main actors of the pluripotency network : Oct4, Sox2,
Nanog, Klf4,... However, LIF is not required for normal pre-implantation development while
it is necessary for embryos in diapause!!®. ESCs maintained in FCS/L conditions are extremely
heterogeneous with spontaneous differentiation. One postulates that this heterogeneity might

be linked to a heterogeneous expression of pTF network. Indeed, cells expressing low or
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undetectable levels of NANOG have a great tendency to differentiate, although they are not yet
committed since they can also re-express NANOG and generate undifferentiated ESC
colonies®®192, Tt has been speculated that variability in pTF expression may be an important
parameter of pluripotency that allows opportunity for lineage commitment!!”. Nevertheless,
when the cells are cultured in 2i/L medium, cell populations and pluripotent network expression
are homogeneous, corresponding to a metastable pluripotency®®192,

To challenge the pluripotency, different functional assays are traditionally used. Non-
directed differentiation is a simple and rapid mean to test differential potential''®. In FCS
without LIF, ESCs form endoderm and mesoderm, while differentiation from FCS-free media,
as the 2i/L base media called N2B27, leads to neural differentiation’*!'®, Several protocols for
directed-differentiation have been optimized using cytokine and small molecule inhibitor
cocktails to push cells uniformly toward a developmental direction. The result is generally a
good approximation of the targeted cell type, at least at the transcriptional level, although, the
cells are often not fully functional'!'®. A second functional assay to test the pluripotency has
been recently developed: the 3-dimensional (3D) differentiation protocols. The historical
embryoid bodies-like structures (EBs) are still used and optimized'?°. EBs are three dimensional
structures that are able to mimic features of early embryonic development. Indeed, most of EBs
cultures tend to self-organize and initiate something that resembles early peri-implantation
development with the three embryonic layers and ultimately a yolk sac-like structure. Other 3D

121 Finally, a third functional test

structures have been developed as organoids or gastruloids
can be performed: ECS reintroduction into an embryo to assess their contribution to the
different germ layers. This test has been done at different developmental stages. While the
contribution is very efficient at a range of pre-implantation stages, it is highly inefficient into
post-implantation embryos indicating an incompatibility!'8.

Cells can also be derived from post-implantation epiblast, between E5.0 and E8.0, and
are called EpiSCs®!. They are associated with the “primed” pluripotency. They are very distinct
from ESCs in behavior, culture conditions, morphology, transcriptional and epigenetic profiles
and functional properties!!®. EpiSCs are maintained with FGF2 and ACTIVIN A with FCS;
they exhibit spontaneous differentiation’!. It is also possible to maintain them without FCS but
with an additional inhibitor of the Wnt pathway to FGF2 and ACTIVIN!%2, From a
transcriptional point of view, EpiSCs are often associated to E7.25-8.0 embryos. EpiSCs
downregulate some genes specific of ESCs as Kl/f4 and Fgf4 while they maintain the

pluripotency triumvirate Oct4, Sox2 and Nanog. In the meanwhile, some EpiSCs specific

markers are upregulated as Otx2, Fgf5, Nodal and some lineage specific genes are co-expressed
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as Brachury and Foxa2. These results suggest that the EpiSCs are a merge of several cell
populations'?}. From a functional point of view, EpiSCs can generate derivates of all germ
layers in vitro and in vivo'**. Similarly to ESCs, non-directed differentiation with serum
containing media leads to mesodermal or endodermal differentiation while in N2B27 media,
cells give rise to neuroectodermal differentiation'?*. However, it has been noticed that some
subpopulations are biased toward a particular lineage. For instance, cells that are BRACHURY
positive tend to differentiate into mesoderm!?. When reintroduced in the embryo, cells have
little to no contribution in pre-implantation embryos and fully participate after E8.5°!:124)
suggesting that naive and primed pluripotency are incompatible.

Finally, multiple states of pluripotency have been captured in vitro: naive ESCs and
primed EpiSCs. However, whether it is possible to capture an intermediate pluripotency when
the naive transcriptional program has been turned off is still unclear but the lineage-associated
markers have not been upregulated. This “formative” pluripotency would then correspond to a
post-implantation Epiblast, before the establishment of the germ layers. Several attempts have
been performed and two are particularly promising. The first one was to culture ESCs in the
EpiSCs conditions with FGF2 and ACTIVIN, leading to Epi-like Stem Cells (EpiLSC)!?%. As
early as 2 days later, EpiLSCs display a downregulation of pluripotency markers and a low
expression of lineage-associated genes. However, this state in transient and has not be fully
functionally characterized. The second attempt to capture formative pluripotency was to culture
ESCs in combined naive and primed conditions. Indeed, Wnt signaling stimulates
differentiation in primed pluripotency and stabilizes pluripotency in naive conditions.
Therefore, several studies cultured ESCs with FGF2, ACTIVIN and Wnt. The cells retain ESCs
features as the morphology, naive markers expression and X chromosome activation. They also
develop EpiSC characteristics as the co-expression of pluripotency and germ layer markers!'?’.
In addition, they can contribute to pre-implantation embryo but the post-implantation has not
been assessed yet.

In summary, the spectrum of pluripotency present in the embryo along with the
development is difficult to capture in vitro. Naive and primed pluripotencies might correspond
to stable attractor states, similar but not fully identic to their in vivo counterpart. The formative
pluripotency emerges in vitro from different culture conditions but still need to be characterized

to assess its potential correspondence with a developmental stage in vivo.
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IT) Chromatin and epigenetics: a complex relationship

1) History and characterization of the chromatin

a) Discovery of the chromatin components and structure

In the 1880’s, while Flemming was studying the nuclear division, he observed a
colorable substance within nuclei that he named “chromatin”!?%!°. We now know that the
chromatin is a complex assemblage of histone proteins wrapping with 146-147 pb of DNA and
additional non-histone proteins. This forms the basic structure of chromatin: the nucleosome!'°.
A canonical nucleosome is composed by two copies of each of the four core histones: H3, H4,
H2A and H2B!. Studies demonstrate the presence of non-canonical histones. H1 is a linker
histone that promote a higher order of chromatin organization. It has been shown that several
histone variants such as H2A.B, H2A.X, H2A.Z, H3.3 and CENP-A are closely related to the
chromatin conformation'®!'. Indeed, nucleosomes are highly dynamic structures in time,
composition and conformation. Particularly, nucleosomes can transition between different
states of post-transcriptional modifications, subtly altering their structure and their interaction
properties. It will be developed later in the part II-5.

In 1928, during development of chromatin staining methods, Emil Heitz noticed some
regions that were not stained after the cellular division while other stayed colored, he termed
them “euchromatin” (EuC) and “heterochromatin” (HC) respectively!?2. Going further in the
observation, he noticed that some regions were only stained in certain cells while other were
present in all cell types, these regions will be called later facultative and constitutive HC. In
1930, Muller experimentally displaced a gene responsible for eye color in Drosophilia and
observed a pattern of variegated gene expression!®. This was later directly associated to the
repression of this gene expression when displaced close or within the HC. This phenomenon
was termed Position effect variegation (PEV). In 1950, McClintock was studying transposable
elements in plants and proposed the first link between the dynamics in the HC organization and
the transcriptional status of genes!3*. Later on, improvements in both microscopy technics and
chromatin staining as well as the emergence of the epigenetics, allowed to observe that the HC
was definitively subdivided in two parts: the facultative and the constitutive HC (fHC and cHC

respectively)!®>.

b) Characterization of the different types of chromatin
Nowadays, the EuC is characterized by an open, gene-rich and easily transcribed

chromatin. It is usually thought to form a 11 nm fiber and associated to H2A.Z and H3.3 histone
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31 In contrast, the HC is defined as the molecular subtype of condensed and

variants
transcriptionally repressed chromatin that extends beyond a single gene or regulatory elements,
speculated as a 30 nm fiber. Usually, H1 is a fifth histone characteristic of the HC. The fHC is
a transcriptionally silent chromatin but it retains the possibility to interconvert between HC and
EuC!¢, Tt forms at various chromosomal regions which usually contain developmental
important genes that must be kept repressed. This feature confers to fHC the ability to control
the cell-type specification by constituting a physical barrier to TF-mediated reprogramming and
stabilizing the cell-type identity of differentiated cells!3®. Nevertheless, silent regions may
decondense and allow transcription within the following contexts: (1) temporal cues during
development, or even along cell cycle, (2) spatial localization with changes from the center to
the periphery or vice versa and (3) parental characteristics, as monoallelic gene expression.
Given its dynamic nature, fHC likely adopts a wide range of chromatin condensation states!3®.
The transcriptionally competent 11 nm fiber is devoid of histone H1. Then, histone H1 can be
incorporated in a localized manner without necessarily forming a potential 30 nm fiber but
instead can participate in the formation of locally condensed chromatin structures that are

repressive for transcription!3’

. From this perspective, histone H1 might actually be ‘‘recruited’’
to a restricted region of the genome. One canonical example of fHC is its implication in the
sexual chromosome dosage compensation in female cells. In mammals, one of the X
chromosome is silent and reactivated in a dynamic way over the development!3.

The other type of HC is the constitutive HC (cHC). The cHC can be found at the same
genomic regions in every cell-type with no or few genes!®. Rather, it contains repetitive

elements.

Repetitive elements correspond mainly to either simple shorts repeats (5 to 200 pb) or
transposable elements (Te). Simple short repetitive elements are mainly concentrated at 3
different regions in the genome. The centromeres are the first region and are composed by minor
satellites (~600 kb of 120 bp units)!'*’. They correspond to regions where kinetochore are
assembled. They are also characterized by a particular histone variant CENP-A'#!. The
pericentric regions correspond to the second region that contains major satellite repeats (6
megabases of 234 bp units), with a wide variety of repeats that are not well conserved!?. And
finally, the third region corresponds to telomeres composed by short conserved DNA motifs at
the end of chromosomes arms. cHC that form at those different regions from different

chromosomes can aggregate to form chromocenters!'#3.
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Te are other repetitive elements that are present all along the genome and more densely
represented at some regions. Te can be divided into 2 classes: retrotransposons and DNA
transposons!**. DNA transposons class is ancient and rare, composed by two families: the cut-
and-paste, using double stranded DNA and a transposase to mobilize and the rolling-circle that
is copying itself into simple stranded DNA!44, Retrotranposable elements are also using the
“copy and paste” system with an intermediary step of reverse transcription. One family of
retrotransposons is the Long Terminal Repeats (LTRs) that include the Endogenous
Retroviruses (ERVs), and are autonomous for the transposition'®>. The other family of
retrotransposons corresponds to the non-LTR. They englobe Long Interspersed Elements
(LINEs) and Short Interspersed Elements (SINEs)!44. LINEs encode for 1 to 3 proteins that are
part of the enzymatic machinery used for retrotransposition. They are autonomous. SINE are
usually Te derived from both rDNA repeats and LINEs. They parasite the LINEs enzymatic
machinery. These repetitive sequences, by their mobility inside the genome, are a threat to its
stability. Indeed, mutations produced by integration or excision of transposable elements and
recombination between repeats can be deleterious and need to be repressed. This happens
through cHC condensation and silencing. cHC has been proved to be crucial for proper function

of all those repetitive sequences and regions.

In conclusion, the chromatin is a highly dynamic structure that can be present in
different states: euchromatin, associated with transcriptionally active regions; facultative
heterochromatin, associated with gene repression in a cell-type or cell-stage-specific manner
and constitutive heterochromatin, usually enriched at permanently silent genomic regions such
as pericentromeric regions and other repetitive elements. These HC are vital for genomic
integrity as well as cell identity. Traditionally, these two types of heterochromatin have been

characterized by distinct epigenetic signatures.

2) From the chromatin to epigenetics

a) The difficult definition of “Epigenetics”

The term epigenetics was coined by Conrad Weddington in 1942. In an attempt to
unified genetics and embryology fields, he defined the epigenetics as “the branch of biology
that studies the causal interactions between genes and their products which brings the phenotype
into being”!%. Today, his definition would correspond to the concept of phenotypic plasticity.
In 1958, Nanney brought an evolution to definition of epigenetics, in addition to discussing the

variability in expression pattern: he emphasized the fact that expression states could persist
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through cell division!#

.In 1982, Lincoln and colleagues generalized the definition: “pertaining
to the interaction of genetic factors and the developmental processes through which the
genotype is expressed in the phenotype”!#®14°, This definition has the advantage to have a
broadened meaning and to emphasize the importance of genetic and nongenetic factors in
controlling gene expression. In 1994, Holliday redefined epigenetics in a more specific way to
inheritance of expression states!>’. He proposed two definitions that need to be taken together
to cover all the concepts: (1) “the study of changes in gene expression, which occur in
organisms with differentiated cells, and mitotic inheritance of given patterns of gene
expression” and (2) “nuclear inheritance, which is not based on differences in DNA sequences”.
Finally, it is only in 2001 that the two definitions were conciliated in one by Wu and Morris:
“the study of changes in gene function that are mitotically and/or meiotically heritable and that
do not entail change in DNA sequence”!>!.

In summary, Waddington’s definition described the interplay of genetic and cytoplasmic
elements that produce emergent phenotypes and is mostly used to report the impact of the
environment on phenotypes. This is particularly important in the field of the ecology
physiology. In contrast, the definition of Holliday, more centered on how the pattern of
expression persist across the mitosis and meiosis, is mainly used in the genetics field. While the

two definition exist, they may not necessarily be related to each other and they settle down the

ambiguity and the confusion across the field'#’.

b) The fundamental components of the epigenetics

Despite foundational differences in definition, the use of “epigenetics” has been
essentially used to refer to chemical modifications of histones and DNA, or more generally to
chromatin modifications. The ensemble of such modifications has been referred to as the
“epigenome”. All the processes involved in the epigenetic modifications relies on the same
mechanisms: post-translational modifications (PTMs) of the histones or methylation of the
DNA!32, The different histone PTMs and DNA methylation mentioned in this section II are

summarized in Figure 4.

1) DNA methylation

The methylation of DNA cytosine residues (5mC) is an epigenetic mark present in all
vertebrates'>3. The epigenetic mark often happens in the context of CpG dinucleotides but can
also happens on non-CpG regions. Some regions are rich in CpG and called CpG islands
(CGIs)'**. Several recent studies demonstrate that sequences can be methylated de novo,

inherited through mitosis and propagated. De novo methylation happens mostly for
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nucleosomal DNA and is influenced by histone post-transcriptional modifications'>>. In
addition, 5mC can be converted to thymine by spontaneous or enzymatic deamination!¢. CpG
are densely present at promoters although they can also be present in gene bodies, regulatory

157 Position of the methylation in the transcription unit

elements, and even gene deserts
influences the gene expression. For instance, methylation of immediate vicinity of transcription
start sites (TSS) blocks the initiation. However, in somatic cells most TSS CpG-rich are non-
methylated!>*. Nevertheless, when TSS are methylated, it is often associated to long-term
stabilization of the repressed state for the associated gene!>*. It has been mainly observed on
genes located in the inactivated X chromosome, called “imprinted genes”. The level of
methylation at non-CpG promoters is variable and has not clearly been linked to a fluctuation
of gene expression. Methylation can additionally be present on gene bodies. They are mostly
CpG-poor regions with multiple repeats and transposable elements, but extensively methylated.
It is associated to transcription, more particularly to a stimulation of the elongation'>s.
Moreover, it has also been linked with the splicing regulation and the regulation using of
alternative promoters!>*!%?, DNA methylation can also occur at repeated regions such as
centromeric ones, conferring chromosome stability during the mitosis and more generally

genomic stability!'>*. Besides, It has been shown to be present regulatory elements as enhancers

and insulators, influencing their functions.

11) Histone methylation

Other canonical epigenetic marks are the PTMs of histones. The N- and C-terminal tails
of histones, particularly H3 and H4, can be modified by processes such as acetylation,
methylation or phosphorylation. They change the electronic charge and structure of these tails,
which bind to the DNA, to alter the chromatin status and then gene expression!®!.

The methylation generally occurs at the lysine (K) of H3 and H4, with the addition of
one (mel), two (me2) or three (me3) methyl groups. Histone marks can be associated to either
active or repressed transcription!¢!,

- Methylation of H3K4 is considered as an active mark, highly enriched at enhancer and

promoter regions as well as TSS. H3K4mel is mainly present at enhancers!6?, but H3K4me?2
and H3K4me3 are located around the promoter region. While H3K4me2 marks the 5’ side of
the gene, H3K4me3 is on the intergenic side. H3K4me3 is usually associated to actively
transcribed genes and poised developmental genes'®*!%4, In addition, H3K4me3 can be non-

canonically arranged as broad domains at super-enhancers!6>.
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- H3K36 methylation is another histone mark commonly associated to active transcription. It is

enriched at both intergenic and intragenic regions. When present in the gene body, H3K36
methylation gradually increases from mel to me3 through the promoter towards the 3’ end.
H3K36me3, when located in gene body, interplays with other methylations such as DNA
methylation to poise spurious transcription initiation'%®. H3K36me2 presence in gene bodies
has been proved to regulate the establishment and the maintenance of DNA methylation.

- Finally, methylation of H3K79 is principally present at the coding regions. Although it has

been reported to be implicated in the telomeres silencing, DNA damages responses and

161,167,168

transcription elongation , it has been less studied that the previously mentioned ones.
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Figure 4: Insight into different components of the epigenetic.

Schematic representation of chromatin with nucleosomes in blue, DNA in green and H3 or H4 tails with
the blue lines. The different chromatin modifications are depicted in red for histone methylation with the
addition of one (mel), two (me2) or three (me3) methylation, in orange for acetylation, in grey for
phosphorylation and in purple for DNA methylation. Above the line are indicated to marks that are
associated with an active or below a repressed gene expression. The hatched represents an histone variant.

- The methylation of H3K9 is usually associated to the HC'®. More precisely, whereas
H3K9mel is enriched at active genes TSS!'7°, H3K9me2 and H3K9me3 are associated to fHC

and cHC'8, respectively. Interestingly, H3K9mel and H3K9me?2 can be found in the cytoplasm
as well as in the nucleus while H3K9me3 is only nuclear, suggesting that H3K9 could be mono-
and di-methylated co-translationally on the contrary to H3K9me3!”!. When H3K9 is mono-
methylated directly in the nucleus, it is used as a substrate to reinforce H3K9me3 propagation
and the HC.

- H3K27 methylation is another repressive mark. Similarly, to H3K9 methylation, H3K27mel

is distributed at the actively transcribed gene promoters,'’”> then associated to active
transcription, while H3K27me2 and H3K27me3 are correlated to poised promoters and

enhancers! 7173

. This suggest that H3K27me2 and H3K27me3 are involved in the transcription
repression, particularly for developmental genes. Additionally, H3K27me3 can form broad

domains around promoters and is often associated with H3K4me3 and H3K4mel at bivalent

32



BERNARD Laure — Thése de doctorat - 2021

promoters and enhancers, respectively!®>. These features are thought to prepare the chromatin
to quickly answer to developmental cues.
- Repressive histone marks can also be present on H4. This is the case for the methylation of
H4K20. H4K20mel is enriched at lowly transcribed genes!’*. Mono- and di-methylation are
involved in DNA replication and more generally!”> methylation of H4K20 has been proved to
confer genomic stability and to help during the chromosome compaction during the mitosis and
for the nucleosome turn over'®!.

The methylation can also happen at arginine residues. The most common ones are
histone 3 arginine 2 (H3R2) and H4R3 associated with active transcription and ribosomal

biosynthesis, H3R8 is linked to transcriptional repression!7®.

111) Chromatin remodelers and other histones post-transcriptional modifications: acetylation

and phosphorylation

Other PTMs are implicated in the genetic expression control. The acetylation (ac) can
happen on spots similar to the methylation such as H3K4, H3K27, H3K36, H3K79 and H4K20,
but also to different spots: for instance, H4K5 and H4K12'6!. The acetylation reduces the
positive charges of the lysine residues which subsequently decreases the interactions between
the histone tail and the DNA leaving the DNA exposed and accessible to different
machineries!®!. Therefore, histone acetylation is usually considered as an active histone mark.
Methylation and acetylation can be present on the same residue and act as antagonists to inhibit

161 " Another and one of the

each other, leading to the crosstalk between different histone marks
most common histone modifications is the phosphorylation. It can occur on lysine, tyrosine (T)
and serine (S) residues. Phosphorylation (ph) of H3K9 and H3K27 can be simultaneous with
the methylation and forming a “KS domain” and altering the histone mark modifications!”’.
H3S10ph and H3T3ph are implicated in the mitosis proper progression!’®. The first one is
mainly enriched at pericentromeric regions, especially with a maximal increase at the
metaphase. The second one influences kinetochore-microtubule interactions. It has also been
reported to be implicated in H3K9me2 regulation'”. Finally, the chromatin remodelers are also
able to modify interaction between the DNA and the histones to change nucleosomes position.

They have been shown to be important for different biological processes such as replication,

chromosome assembly and transcription!¢!,
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3) Characterization of the main actors of the epigenome

Histone PTM.S is a very dynamic pr(?cess
that needs to be tightly regulated to quickly g\q
respond to the environment stimuli, such as ™ M
developmental cues. These modifications rely on > ﬂ
the cooperation of different enzymatic actors: the Reader
“readers” which are able to recognize and bind to M
specific chromatin locus, the “writers” that can &3%
modify the nucleosomes and the “erasers” which ‘M
can remove it (Fig. 5). For each modification, the

enzymatic families are different'®’, We will focus ~ Figure S: The different actor of the
epigenetics.

on the enzymes implicated in the DNA and  Schematic representation of histone PTM

establishment and erasure. Different « writer »

enzymes catalyze the addition of a PTMs.

key histone marks of HC: H3K9 and H3K27 ¢ Reader » proteins recognize and bind PTM,
they usually recruit writers to spread the PTMs

methylation. These different enzymes are or «eraser » enzymes that remove PTMs (from
Allshire et al.'?).

histone methylation, and more particularly to two

summarized in Table 1.

a) DNA methyltransferases and demethylases

The enzymes involved in the DNA methylation are the DNA MethylTransferases
(DNMTs) that transfer a methyl group from S-adenyl methionine (SAM) to the fifth carbon of
the Cytosine residue to form 5SmC!%3. DNMTs is an enzyme family composed of four members.
DNMTT1 is the “maintenance DNMT": it preferentially methylates hemimethylated DNA'®!,
especially during the DNA replication'®?, to precisely mimic the original methylation pattern.
DNMTT1 also has the ability to repair DNA methylation. Dnmt/ KO in mice results in
embryonic lethality at the end of the gastrulation and the beginning of organogenesis'®.
Nevertheless, mESCs KO for dnmtl remain viable!8%, DNMT3A and DNMT3B, although
sharing a similar structure with DNMTT, have different functions. They are called “de novo
DNMTSs” because they can introduce methylation into naked DNA'®>, They have different
pattern of expression, especially DNMT3B which is required during development. DNMT3B
KO is lethal during mouse development while DNMT3A KO mouse survived 4 weeks after
birth!'®°. The mechanisms to target de novo DNMTs to specific regions are not fully elucidated
yet!86. Different paths are possible and one strong hypothesis is that the implication of the TF
that can recruit the DNMTs on their binding sequences'®’. Another member of DNMTs

enzymes is dnmt3l. DNMT3L has no catalytic functions of its own, however, it associates with
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DNMT3A and DNMT3B to stimulate their activity!3®. DNMT3L is mainly expressed in early
development!'®8, and is restricted to germ cells and thymus during adulthood. It is required for
establishing both maternal and paternal genomic imprinting, methylation of retrotransposons
and the compaction of X chromosome. Finally, a novel DNMT has been discovered recently.
Thought first as a pseudogene, the DNMT3C is a de novo methyltransferase that protects the
male germ cell from genomic instability by repressing retrotransposons!®.

DNA demethylation can be an active or a passive process. Passive DNA demethylation
occurs during cellular division, naturally diluting the methylation!>*!76, Active DNA
demethylation happens in both dividing and non-dividing cells, with specific enzymatic
reactions to revert the SmC!®. This demethylation occurs through a series of chemical reactions
that modify SmC to form a final product recognized by the Base Excision Repair pathway that
replace the modified base by a naked cytosine!®¢. Several families of enzymes have been proved
to be involved in those chemically reactions: the Activation-Induced Cytidine Deaminase
(AID), the Ten-Eleven Translocation (TET) methylcytosine dioxygenase!°!!°? and the
Thymine DNA glycosylase (TDG)!?. Importantly, the TET enzyme can add a hydroxyl group
to the SmC to form ShmC. It is thought to be also involved on its own in the regulation of gene
expression. Finally, DNA methylation can be recognized by different families of proteins: the
MBD proteins, the UHRF proteins and the zinc-finger proteins'>*. The MBD proteins contain
a methyl-CpG-binding domain and has a high affinity for single methylated CpG sites!**. They
can act as a platform to recruit transcriptional machinery elements. The UHFR, for Ubiquitin-
like, containing domain that can directly bind methylated cytosine DNA!?>. However, they first
bind to DNMT1 and then direct it to hemimethylated DNA. The last family binds to the DNA
by zinc-finger domain. It is composed by Kaiso, ZBTB4 and ZBTB38 proteins. It can recognize
two consecutives methylated CpGs and can repress transcription in a methylated DNA-
dependent manner!®®. Interestingly, the readers of DNA methylation are a strong link between

DNA methylation and histone modifications.

b) Histone methyltransferases and demethylases

For lysine methylation, writers are Histone MethylTransferases (HMT and in our case,
KMT) that are able to add one, two or three methyl groups on a specific histone’s lysine. They
usually contain a Su(var)3-9, Enhancer-of-zeste and Trithorax domain (SET): a 130 amino acid
catalytic domain that use the SAM as a methtyl-group donor'®!, similarly to the DNMTs. KMT
have a high degree of enzymatic specificity for lysine within the substrate and for the degree of

methylation. Erasers are histone demethylase (HDM or KDM), they use Jumonji C (JmjC)
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domain to catalyze demethylation through oxidation of methyl groups'®®. As for KMT, they are
specific for both site and degree of methylation. Finally, readers are proteins that contains
methyl-lysine-binding motif such as Plant HomeoDomain (PHD) and chromo domains, among
others!8?. As for DNA methylation, they can recognize specific sites based on their methylation
status and the surrounding amino-acid sequences. They consequently recruit KMT and KDM

and stimulate their activities.

Table 1: Insights into different

PTM Writers Erasers
writers and erasers of DNA,
DNMTI AID H3K9 and H3K27 methylation.
DNA Methylation DNMT3A, 3B, 3C TET Presentation of the different
DNMT3L (no catalytic functions) TDG enzymes involved in the PTM

biogenesis. Between parenthesis
and in italics is indicated the other

SUV39H1/KTM1A

SUV3I9H2KTMIB JHDM2/KDM3 PTM target of the enzyme for
H3K9 Methylation SETDBLKTMIE JHDM3/KDM4 (also H3K36) | erasers, and a comment for the
G9/KTMID JHDM 1/KDMT7 (also H4K20) | writers.
GLP/KTMIC
PRDM3, PRDM16
JHDM 1/KDM7 (also H4K20)
. EZH1/KTM6B UTX/KDMO6A (also H3K4)
H3K27 Methylation EZH2/KTM6A UTY/KDM6B
JMJD3/KDM6B

In mammalian cells, several KMT specific for H3K9 have been identified. The first
family is the SUVAR family, with SUV39H1/KMT1A and SUV39H2/KMT1B that are able to
di- and tri- methylation, especially at the HC'®, This family of HMT will be developed later.
Another HMT is the SET Domain Bifurcated 1 (SETDB1/KMTIE) that can mono-, di- and
trimethylates H3K9, both at the EC and HC!’. G9a/KMTID and G9a-like Protein
(GLP/KMT1C) are HMT that forms heterodimers to catalyze mono- and di-methylation at the
EuC! 8, They interact independently from their SET-domain. In vitro, they have been shown to
form homodimers that can form H3K9mel, H3K9me2 and H3K9me3. The last identified
family are the Positive Regulatory Domain containing (PRDM) proteins, composed of 17
members'®’. They contain a PR domain, similar to the SET, but only few of the family members
have a catalytic activity such as PRDM3 and PRDM16 that are able to deposit H3K9mel. The
others are thought to recruit other HMT such as SUV39H1/H2 or G9a to influence the gene
expression.

Three classes of mammalian proteins have H3K9 demethylation activity through a JmjC
domain: (1) Jumonji domain-containing histone demethylase 2 (JHDM2/KDM3) family can
remove mel and me2 groups®®, (2) JHDM3/KDM4 proteins revert me2 and me3 on H3K9 as
well as H3K36°! and (3) JHDM1/KDM?7 family, including PHD Finger Protein 8 (PHFS),
contains a PHD domain and are capable of H3K27me2/1, H3K9me2/1 and H4K20mel
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demethylations?*2, PHF8 needs the presence of H3K4me3 in the surrounding environment,
explaining the mutual exclusion of H3K9 and H3K4 methylations.

Enhancer-of-zest homolog 1 and 2 (EZH1/KTM6B and EZH2/KTM6A) are the HMT
responsible for the mono-, di- and trimethylation of H3K27%%, They are part of the Polycomb
Repressive Complex 2 (PRC2). Their interaction with other PRC2 complex subunits as
Suppressor Of Zeste 12 (SUZ12) and Embryonic Ectoderm Development (EED) that enhance
their methylation activity of H3K27. In addition, SUZ12 can recognize the H3 N-terminal tail
and EED can bind to H3K27me3. This allows a feedback loop that spreads H3K27me3 marks.
The demethylation of H3K27 is mainly catalyzed by the KDM7 family?%?, similarly to H3K9
demethylation and by the KDM6 family that can remove di- and trimethylation. The family is
composed by Ubiquitously-Transcribed X/Y (UTX/KDM6A — UTY/KDM6C) and JmjC
Domain containing protein 3 (JMJD3/KDM6B) proteins. Interestingly, UTX is also part of
MLL4 complex that methylated H3K4, mediating the cross-talk between H3K27 and H3K4

methylations?%4.

¢) Focus on Su(var) and Suv39h families

Among the numerous HMT important for H3K9 methylation, Suv39hl and Suv39hl
have a critical role in the HC biology. They have been the first HMT family described, opening
the field of the epigenomic actors. We will now focus on their discovery and characterization.

As mentioned before, the PEV was described for the first time in 1930 by Muller in
drosophilia!*}. PEV corresponds to chromosomal rearrangements with one breakpoint in cHC
and a second in EuC, juxtaposing these two alternate states of chromatin. At the breakpoint, the
condensed heterochromatic conformation spreads into EuC section. This phenomenon appeared
to be a useful tool to dissect important actors of the chromatin structure. Molecular genetic
manipulation to inactivate genes allowed to identify genes that suppress or enhance PEV,
suggesting they encode chromatin proteins. Two family of genes have been discovered®®®. The
first one is the enhancer of variegation E(var) genes family. For example, E(var)3-93D is a
chromatin protein that establishes and maintains an open chromatin conformation®%¢, implicated
in the homeotic genes’ regulation. The second family is the Suppressor of Variegation Su(var)
family. Many genes have been identified, such as the Histones genes, Su(var)2-5 that is now
known as Heterochromatin Protein 1 (HP1)**’ and Su(var)3-7 that contains a zinc-finger
domain to interact with DNA2%. A particular gene of this family received particular attention:
Su(var)3-9. Tschiersch et al.?® showed in 1994 that Su(var)3-9 contains a chromodomain

similar to the ones of Su(var)2-5 and Polycomb genes at the N-terminal end. It is able to
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recognize methylated lysine. They also observed that the C-terminal contained a domain
comparable to the Polycomb chromatin regulator Enhancer of Zester (E(z)) and Trithorax
proteins. This domain was consequently named SET. Then, in 1998, Jenuwein et al.?!°
established that the SET domain, conserved from yeast to mammals, was mechanistically
responsible from the chromatin modulation.

Shortly after, Su(var)3-9 homologs were identified in the yeast (clr4)*!!, in mouse
(Suv39hl1) and in human (SUV39H1)*!?, exhibiting the same structure with a chromodomain to
interact with chromatin and a SET-domain to catalyze the methylation process. In parallel,
O’Carroll et al. isolated and characterized a second HMT Suv39h2 displaying 59% identity with
Suv39h1?!13. In the yeast, Clr4 is responsible for the mono-, di- and trimethylation whereas man
and mouse SUV39H1/H2 are only able to di- and trimethylate in vivo. SUV39HI1 can also be
phosphorylated, mainly during the transition between the G1 and the S phases, with an
accumulation at the mitotic chromosome centromeres®!4. SUV39H1 is mostly present at the HC

216 with consequently an enrichment at chromocenters.

such as telomeres?!> and major satellites
The functional impact of Suv39h1 in the HC regulation will be developed later in this chapter.
For now, we will focus on SUV39H1 mechanism of action.

Muller et al. published a model for SUV39H1 with a two-stage activation mechanism?!”
(Fig. 6A). In few words, in its free form, SUV39HI is inactive and samples chromatin through
its chromodomain. When the chromodomain recognize H3K9me3, it allosterically activates the
enzyme that anchor itself at the chromatin. It secondly stimulates H3K9 methylation by the
SET domain. The N terminus has probably a role in this transition, either by an additional
chromatin-binding activity or mediation of cooperative interaction involving the chromo- and
the SET-domain. Although this model has been built with in vitro studies, it demonstrates the
important for SUV39H1 to be anchored at the chromatin. Other studies demonstrated that the
chromodomain is critical for the catalysis process, and vice versa®'®2!°, Furthermore, being
capable of binding its own production and then being stimulated suggest a positive feedback
loop that contributes in the HC spreading. To function in a proper way, SUV39H1 is interacting
and stabilized by different proteins: HP1 for the non-phosphorylated form??° (Fig. 6B) and the
antiphosphatase SET Binding Factor 1 (SBF1) for the phosphorylated one??!. More precisely,
HP1, through its chromodomain, has been proved to recruit and then stabilize SUV39H]1 at the
HC by a direct protein-protein interaction. Interestingly, the Retinoblastoma protein (Rb) can
recruit SUV39H1 at the promoter of active genes to repress them, emphasizing its role in the
facultative HC?22. These recruitment and stabilization can also occur through other interactions.

It has been shown that RNA chromatin-associated are important for SUV39H]1 stabilization at
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the cHC, such as the major satellites, as well as at the centromere during the mitosis??*-??4, In
addition, SUV39HI1 level of expression is modulated by DDB1 And CUL4 Associated Factor
13 (DCAF13) that induces its degradation via ubiquitinylation®%.

A B HP Suv39ht
Suv39h1 H3K9

methylation

N H3K9me3
sampling

Chromatin
anchoring

Figure 6: SUV39H1 mechanisms of action.

Schematic representation of SUV39H1 with its Chromodomain (CD), its SET domain (SET) and N tail (N)
and dimerized HP1 with its Chromo-shadow domain (CSD) and CD. (A) Miiller et al. model for a two-state
activation of Suv39hl. (B) Depiction of H3K9me3-modified nucleosomes that serve to recruit HP1 and
SUV39H1 through their CD. SUV39HI catalyzes the SAM-dependent methylation of H3K9 via its SET
domain (adapted from Miiller et al.>!”).

SUV39HI1 also operates in cooperation with the epigenome and the epigenetic
machinery. Indeed, SUV39H1 interferes with H3S10 phosphorylation??%, most probably having
a role in the chromatin condensation during the mitosis. It also interacts with the DNMTs to
coordinate histone and DNA methylation??’. SUV39H1/H2 and DNMT3A/B interact which
each other and can be recruited together via HP1. It is participating in the reinforcement of the
condensed chromatin structure. From the same perspective, H3K9me3 by SUV39HI directs
DNA methylation at the major satellites repeats. Furthermore, MBD1 interacts with the
complex SUV39HI/HP1 to induce gene repression??8, SUV39HI1 is also able to induce
SUMOylation of HPI, in an independent way of its HMT activity??*. SUV39H1 acts in
cooperation with the histone deacetylase (HDA) of H3K16 SIRTUIN 1 (SIRT1), at the HC,
coordinating the deacetylation and the methylation on a given locus*°. In addition, SIRTI
stabilizes and activates SUV39H1 activity?*!. This complex can be disrupted by different
proteins such as SIRT7 and Deleted in breast cancer 1 (DBC1)*%>2%3, adding a new layer of
complexity in the regulation of SUV39HI activity. Finally, SUV39H1 can be part of a
multimeric complex composed by different HMT: G9a, GLP and SETDB1%**. These different
HMT cooperate functionally to establish and maintain the repression at major satellites repeats
as well as G9a target genes. A recent study suggested that the complex HP1-SUV39HI1-
TRIM28 undergoes a phase-separation process at the HC*°, This phenomenon seems to be
important for the HC compartmentalization, excluding the binding of transcriptional proteins
such as TF. Nevertheless, a contradictory work suggested that HC is more consistent with

collapsed polymer globules that undergo ‘digital’ switching between silent and active states?3°.
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SUV39HI1 and SUV39H2 are very similar on a structural and mechanistical point of
view?*’. In addition, they have an overlapping profile of expression during mouse
embryogenesis?!'?, suggesting a functional redundancy. However, several specificities arose for
SUV39H2. First, it has a specific expression in the adult testes, suggesting a particular role
compared to SUV39H1%7. Then, from a mechanistical point of view, it has been proved that
the human SUV39HI prefers H3K9meO as substrate and proceeds directly to the two
methylation and sometimes, to the third one in a slower way??’. Surprisingly, SUV39H2 can
also automethylated itself to modulate its own activity?*®. Finally, despite the fact that a KO for
Suv39hl or a KO for Suv39h2 are separately viable for mouse and mESC, the double KO for
Suv39hl and Suv39h2 leads to a loss of H3K9me3 at the pericentromeric HC specifically,
suggesting SUV39H1 and SUV39H2 specific activity at those regions®*.

In conclusion, the actors of the epigenomic are enzymes able to modify chromatin, and
more precisely, the interaction between DNA and histones. These interactions are modulating
the accessibility of the chromatin to the transcriptional machinery and therefore impacting the
gene expression. These enzymes need to be tightly regulated to initiate, maintain and spread
the HC in coordination to the cellular physiology. More particularly, we will investigate the

role of HC in mESCs and during the early development.

4) Heterochromatin biogenesis and function

Globally, HC is characterized by hypoacetylation and specific methylation marks on
histones. More precisely, cHC exhibits H3K9me3, H3K64me3 and H4K20me3 whereas
H3K9me2 and H3K27me3 are features of the fHC!2. HC histone marks lead to fiber
compaction and lack of transcription. To ensure its biological function, the HC needs to be
initiated at the right locus, controlled and inherited to the future generations. To this purpose,

the activities of the chromatin-modifying enzymes are tightly regulated.

a) Heterochromatin biogenesis: a complex orchestration

Histone PTMs play a crucial role in the control of gene expression. Indeed,
modifications of histones tails affect inter-nucleosomal interactions and in turn the overall
chromatin structure. Some histone modifications alter both the charge and the structural
interaction within the nucleosome. It is the case of acetylation that neutralizes the lysine’s
positive charge, and it potentially loosen the histones—DNA interaction, favoring chromatin
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opening and gene accessibility to the transcription machinery=*®. Unlike acetylation, histone
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methylation is a relatively inert modification**! and it can be associated to both transcription
activation and repression. The positions of the methylated histone residue suggest that the
modified residue may function as a steric hindrance and as a nucleation site for ‘effector’

proteins?*!. Regarding HC, chromatin remodelers may be
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H3K9mel%#%4, the obligate template of SUV39HI and
SUV39H2 for di- and trimethylation. Interestingly, some
chromodomains have been shown to interact DNA, giving a
potential explanation to a de novo H3K9mel deposition
which then triggers the formation of HC?*®, In addition, it has been shown that the HC is not
transcriptionally inert. Satellites sequences are transcribed, from both strands, at low level —
with respect to their amount — and despite the presence of high levels of H3K9me3 and
H4K20me3%?4. Transcription occurs at different moment during the cell cycle, mainly during
DNA replication, when DNA becomes accessible, but also in a cell-type dependent fashion,
during the development for example. Transcription has also been suggested to participate in
HC initiation by recruiting specific factors'?®, but the exact recruitment mechanisms are still
unclear. In addition, it has been suggested that clustered DNA TFs binding motifs outside of a
genic context are critical for HC initiation***. Concerning the fHC, its initiation is thought to

mainly occur through the recruitment of HMT and HDA by specific proteins, such as Rb for
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the Cyclin-E gene?*??. Those enzymes will then induce H3K9me2 and H3K27me3 at the gene

promoter, shutting down transcription.

Once the HC has been initiated, it needs to be maintained and spread across appropriate
regions. This happens through the intrinsic properties of HMT that usually anchor to histones
at the very modifications they catalyze and therefore expand, as already documented for
SUV39H 1218219 Other factors are however important to recruit HMT. HP1 is one of the main
examples, acting as coordinator of multiple actors and activities. For instance, HP1 can be a
recruiting platform for multiple HMT including SUV39H1 and DNMT3B, thereby linking
H3K9 and DNA methylation??’. Indeed, some epigenetic marks are linked. The Suv39hl/h2
double KO alters the DNA methylation profile at satellites sequences®!® and reciprocally, the
Dnmt1/3A4/3B triple KO results in a loss of H3K9me3?*. Another example is SUV420H1 and
SUV420H2 that depend on H3K9me3 to catalyze H4K20me3. SUV420H also interacts with
HP1%%, Their role in transcriptional silencing is still elusive, but they are required for a proper
sister chromatid cohesion and further segregation?*’. The cross talks between EZH2 and
DNMTs are not yet fully understood. Due to their physical interaction, EZH2 has been
suggested to be required for DNA methylation®*3, nevertheless, H3K27-methylated regions are
largely devoid of DNA methylation?*. Other mechanisms are important for the HC
maintenance: (1) the relatively low turnover of nucleosome, most probably due to the
condensed state of the chromatin?>® and (2) recruitment of HDA such as SIRTUINS proteins?!.
Indeed, SIRT1 KO in mESC leads to an increase of acetylated marks as H3K9ac and a decrease
of H3K9me3 and H4K20mel.

Nevertheless, the cHC needs to be tightly restricted to not spread over deleterious
regions. Different spreading control processes have been studied. One of the main examples are
the transfer RNA (tRNA) genes?>. They constitute a class of HC-spreading-barrier conserved
from yeast to human. They have large nucleosome-free regions that form a “gap” that some
reader-writer machineries cannot cross. There is also the recruitment of antagonist factors that
are able to remove the heterochromatic marks with KDM and add other ones as histone
acetylation. In yeast, it has been proved that the reader swi6 recruit epel, an histone
demethylase, at HC'*2, Finally, the EuC itself can antagonize to HC spreading. The presence of
active marks such as H3K4me3 and the histone variant H2A.Z at the boundaries of nucleosome
depleted regions acts as a natural barrier!>2.

Another important concept is the inheritability of HC. The inheritance is fundamental

during strong cellular changes upon differentiation for example, or during the development.
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Both cHC and fHC are maintained throughout the cell-cycle to the daughter cells. Indeed,
during DNA replication, the parental nucleosome is randomly distributed to sister chromatids.
The histone modifications are restored on the newly synthesis strand by copying from the
parental nucleosome. This is the case for H3K9, H3K27 and DNA methylation. This suggests
that HC self-propagates in a DNA sequence-independent manner!>2. This is called “cis
inheritance of a chromatin state”. Interestingly, H3K9me3-mediated repression is thought to be
reversible whereas DNA methylation is thought to be more permanent, with the silencing for

many cell divisions?>?,

b) Functions of the heterochromatin in cellular physiology

The HC is known to have three main functions: (1) locking a cell-type specific identity
upon differentiation (2) ensuring a proper centromere function during the cell division and (3)
protecting the genome by repressing transposable elements from producing genomic instability.
The studies of HMT played a pivotal role in these functions understanding.

Gene silencing by HC allows controlling cell-type specification. Large regions of DNA
with H3K9me3 form barrier to TF-mediated cell-type reprogramming®>*. Suv39hl is also
important to lock up the cell identity. The overexpression of the human version of SUV39H1
in mouse impaired erythroid differentiation®.

Another main function of Suv39hl and Suv39h2 is their role in centromere functions.
Although both Suv39h1 or Suv39h2 single KO are viable, most probably due to their functional
redundancy, the double KO (dn) is inducing chromosome mis-segregation during both mitosis
and meiosis in male germ cells>*. In addition, Chu et al.>>® suggest that SUV39H1 generates a
gradient of methylation marks at the kinetochore that provides spatiotemporal information
essential for accurate chromosome segregation in mitosis. Whereas SUV39H1 level appears to
be constant during the cell cycle, 2 phosphorylated forms are increased specifically during the
mitosis phase. Others HMT are important during the cell cycle, G9A and GLP interact with
DNMTs to coordinate DNA and histone methylation during the replication®’.

Finally, SETDBI as well as SUV39H1 are playing a central role in the genome stability.
Indeed, both SUV39H1 overexpression and the dn are inducing an increased risk of
tumorigenesis via genomic instability and deregulation of several tumor suppressor proteins,
respectively?3%-23°, The transcriptional repression of transposable elements is one of the main
barriers to genomic instability. SETDB1 and SUV39H1/H2 have all been shown to repress
repeated sequences®>®. SETDBI is able to propagate H3K9me3 at some ERVs elements?>?,

adding an additional layer of epigenetic silencing. From the same perspective, Lehnertz et al?!6,
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reported that the dn in mESC failed to propagate H3K9me3 and DNA methylation at pericentric
satellite repeats, underlying the importance of SUV39H in repeats silencing. Another
mechanism to insure genomic integrity is the epigenetic regulation of telomeres. SUV39H
family play a key role in telomere length, the dn results in a decrease in H3K9me2/me3 level
at the telomere concomitant with an increase of H3K9mel, inducing an increase length of

telomeres?'?.

5) Heterochromatin and mouse development

The HC, via its function in genomic silencing, plays a pivotal role in maintenance of
pluripotency and during early development. It provides a barrier to reprogramming by locking
the cell identity and alternative differentiation pathways but it also contributes to the chromatin
plasticity to allow cells to adapt quickly to environmental cues as it can happen during

development.

a) Heterochromatin and pluripotency
From the same perspective, mESCs have a more open and plastic chromatin compared

to differentiated cells, with a global lower density of nucleosome. Tosolini et al.%

performed
a comparative study of the different pluripotencies, comparing 2i/L and FCS/L culture
conditions. The two pluripotent states are different but completely interconvertible, including
at the genetic and epigenomic levels. mESCs cultured in 2i/L display a global DNA
hypomethylation and a low level of H3k27me3 at gene promoters with respect to FCS/L
condition. In addition, the chromocenters are rearranged, with a local diminution of H3K9me3,
DNA methylation and an increase of H3K27me3, suggesting a redistribution from promoters
to pericentric HC. Furthermore, there is also a clear decrease of H3K9me?2. Finally, the
inhibition of the ERK pathway, constitutive of the 2i/L media, induces the upregulation of
JHDM3C, a KDM of H3K9, reinforcing the decrease of H3K9 methylation and the
redistribution of H3K27me3. In FCS/L, cells exhibit higher level of H3K9me3 and 5SmC at
major satellites sequences. Interestingly, Suv39h KO or Dnmts KO induce a loss of H3K9me3
and 5mC respectively at the pericentric HC?'2% replaced by H3K27me3 locally. Those two
phenomena illustrate the plasticity between the different components of the HC, H3K9me3 and
H3K27me3. Along the same line, differentiating cells show accumulation of H3K9me3 and
DNA methylation.

Another study by has been performed to compare more specifically the transposable

elements behavior between FCS/L and 2i/L*%!. Upon culture in 2i/L, H3K9me3 remains stable
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while H3K9me?2 decreases and H3K27me3 accumulates at transposons, illustrating again HC
plasticity. Of note, H3K9me3 and H3K27me3 are present at different transposon families or
different territories within the same family.

Despite the derivation of mESCs directly from the embryo and the fact that they
constitute a powerful system to study pluripotency, the chromatin in ESCs differs significantly
from the embryo. The two main different characteristics are nuclear organization and

prevalence of cHC.

b) Heterochromatin during the mouse early development

One of the main difficulties to study chromatin in the embryo is that many biochemical
approaches cannot be applied owing to the small amount of material available from each
embryo. Nevertheless, in the recent years, technological advances allow to study more precisely
the nuclear organization, mainly through the genome accessibility and the 3D structures.
Indeed, at large scales, chromosomes segregate into regions of two mutually exclusive types of
chromatin. The compartment “A” is gene- and active chromatin-rich while the compartment
“B” is mostly composed by repressive chromatin. At a smaller scale, chromosomes fold into
domains with preferential intradomain interactions (as compared to interdomain interactions),
these contact domains are called “topologically associated domains” (TADs)?%2. Another
important concept in the study of early development is the sexual-specific imprinting. It is an
epigenetic mechanism that induces parental-specific gene expression and affects ~1% of genes.
It is mainly characterized by a differentiated DNA methylation on one of the two copies. The
imprinted genes expression is controlled by an imprinted control region (ICR)*®. To date, 23
ICRs have been identified that control 130 imprinted genes*®*. This feature constitutes a
parental-inherited long-term silencing mechanism in the progeny, possibly even until

adulthood.

1) Heterochromatin fate during the germ line differentiation

The embryonic chromatin is very particular and dynamic during the early developmental
events. Starting from highly epigenomically different germ cells, the embryo undergoes a wave
of epigenetic reprogramming to enable them to generate the multiple cell types in the organism
and to support extra-embryonic tissues. Maternal and paternal gametes are very asymmetric.
During the gametogenesis, they experience two waves of reprogramming to erase somatic
epigenetic marks and establish sex-specific epigenomic profile, including the X chromosome

reactivation for the female gamete?%*,
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The first epigenetic reprogramming occurs around the sexual specification step during
the migration to the genital ridge, between E7.25 and E9.5. There is a loss of H3K9me?2 via the
diminution of GLP expression followed by a gradual loss of H3K27me3%%°. The 5mC is also
loss around E8.0, concomitantly with a decrease of DNMT3A/3B expression. At E11, there is
another and wider reprogramming with a complete loss of DNA methylation and histone

modifications via a genome wide histone replacement?®¢

. Demethylation occurs at many
repetitive elements and imprinted genes.

In the male germ cell, the DNA methylation is re-established from E13.5 to birth. The
paternal genome experiences dramatic changes in addition to DNA methylation. Nucleosomes
are replaced by protamines, smaller structural proteins that lead to more condensed
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chromatin®®*. However, in mice 2-4% of the genome still contains nucleosome?®’. Interestingly,

H2A.B is a testis-specific variant histone that plays a role in meiotic germ cells and has also a

post-fertilization role?®

. Protamines positioning happens just after a wave of chromatin
hyperacetylation. In addition, the paternal genome also harbors H3K4me2/me3 at genes
important for spermatogenesis and basic cellular processes. Despite a clear erasure of HC
marks, some genes important for the development as Sox2 and Gata6 present H3K27me3 at
promoters?®®, Furthermore, some promoters are bivalent, with the co-existence of H3K27me3
and H3K4me3, poising the future transcription?’”®, There is also low levels of H3K9me3,
ensuring sex-specific marks and gene imprints?%3.

The epigenomic profile of the oocyte is close to somatic cells. Oocyte undergoes an
acute transcriptional activity during the growth phase of development, allowing the formation
of RNAs and proteins stocks necessary for the early steps of the embryonic development*’. In
parallel, the acetylation level increases during the transcription followed by a sharp decrease as
the meiosis starts?’!

H3K36me3 and H3K79me2/me3 as well as repressive ones as H3K9me2/me3 and

. The maternal genome exhibits active marks as H3K4me2/me3,

H3K27me2/me32%4. Alternative oocyte-specific promoters are commonly located upstream of
somatically used promoters. These downstream promoters frequently become methylated in the
oocyte and not in the sperm, such as genes encoding members of the DNMT family, Dnmtl,
Dnmt3b, and Dnmi3L**. Qocyte chromatin presents also non-canonical histone
modifications!®®. Non-canonical H3K4me3 (ncH3K4me3) corresponds to the propagation of
H3K4me3 to broad domains around promoters and at intergenic regions. This correlates with a
lack of expression. ncH3K27me3 is also present at intergenic regions and gene-deserts. In the
maternal progenitor, de novo DNA methylation also occurs but after birth during follicular

growth. This methylation in dependent on transcription, inducing the presence of partially
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methylated domains (PMD). ncH3K4me3 and ncH3K27me3 overlap with partially methylated
domains but within different subregions'>>. In addition, oocytes present a very particular HC
nuclear organization with the formation, at the end of its maturation, of a ring of HC around the
nucleoli, forming SN GV273, The maternal gamete displays with very few compartmentalization
and TADs, however the presence of H3K27 methylation induces the formation of “polycomb-
associated domain” (PADs), specific of the oocytes?’*. The somatic subtypes of linker histone
H1 are not present during oogenesis. Instead, an oocyte-specific H1 subtype Hloo is present®’.
The role of this Hloo in the development is unclear, but in mESCs, it binds to chromatin and
hinders the differentiation by maintaining expression of pluripotent genes through regulation
of the chromatin structure. For the development, it has been suggested to be important for
transcriptional activation following fertilization.

This epigenetic establishment results in two highly asymmetric gametes that will be
merged together at fecundation, inducing a novel and last wave of reprogramming to erase the
sex-specific marks to a certain extent and allow the constitution of a totipotent zygote. We will

now present the dynamic of the embryonic chromatin along the first steps of the development.

11) Heterochromatin dynamic during the pre-implantatory development

Right after the fecundation, the two parental genomes remain physically separated as
PN, and although they both have access to the same maternal factors, they go through very
distinct chromatin remodeling events. Indeed, even after physical reunion, the paternal and
maternal genomes remain compartmentalized until the 8 cell-stage, when the embryonic cells
start to be determined.

The paternal PN displays TADs and nuclear compartment A and B as soon as the G1-
phase?’*. However, it is not clear if it is an inherited or very quickly established structure. Upon
the fertilization, the paternal PN undergoes several decondensation cycles that allow a more
permissive chromatin. Meanwhile, protamines are replaced with histones that are
hypomethylated and hyperacetylated, with specific inclusions of H3.3 and phosphorylated
H2A.X?%, These histones are free of methylated marks such as H3K9me2/me3,
H4K20me2/me3, H3K4me2/me3, H3K27me2/me3. This absence of cHC marks induces a
replacement by H3K27 methylation at cHC. Especially, the loss of H3K9m?2/me3 is supposed
to facilitate the subsequently DNA demethylation?’’. Indeed, the paternal genome experiences
an active, quick and global DNA demethylation before the beginning of the DNA replication.
Some TET-independent pathways are involved, such as the replacement of protamine by

hypomethylated histone?’®. Moreover, recent studies showed that some of 5mC are not removed
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but in fact hydroxylated into ShmC by TET enzymes. However, some regions remain
methylated: some imprinted genes, repeats such as IAP and centromeric regions®”’.
Interestingly, some H3K9mel have been detected®’® which are hypothesized to protect loci
from DNA demethylation but also to be a marker for later H3K9 methylation. In addition, the
hyperacetylation associated with DNA hypomethylation allows the start of transcriptional
activity at the S-phase and followed by a progressive increase in next developmental steps.

The maternal PN develops very differently. Soon after the fertilization, meiosis
resumption generates the second polar globule and the formation of the PN. Then, the genome
undergoes a wave of DNA demethylation much slower than the paternal genome?”. It is
thought to be a passive process associated to cell division and also due to the limited available
amount of DNMTs. The DNA methylation colocalizes with H3K9me2 and not H3K9me3,
suggesting a role for H3K9me?2 in the DNA protection from demethylation?”. Meanwhile, HC
features such as H4K20me3, are removed. H3K9me2/me3 is also lost in a passive manner,
mainly by dilution and prevention of de novo methylation?’828%-281 'This loss of cHC is followed
by an acquisition of H3K27 methylation at those loci. H3K27 methylation also plays a role in
genomic imprinting at hypomethylated promoters?®®. This H3K27 imprinting is lost at the
epiblast specification but it is an important step for proper DNA imprinting and later
development.

Both paternal and maternal PN are exhibiting a very particular nuclear organization with
the localization of major satellites in rings around the nucleolar-like bodies?’>. This structure
persists until the late 2-cell stage and is reorganized in chromocenters at the 4-cell stage. Along
the cleavages, the interactions inside TADs are increasing in both PN, mainly dependent on the
DNA replication rather than the ZGA?%4. They also undergo a wave of histone re-mono-
methylation, followed in a delayed manner by the di- and tri-methylation, especially for H3K9.
This delay was first thought to be triggered by maternal inhibitory factors, maintaining a
differential level of H3K9me2/me3 between maternal and paternal genome until the late 2-cells
stage?®®. A recent study however demonstrated that SUV39H2 catalyzes H3K9me3 at the
paternal PN in the late zygote, and this de novo deposition does not repress transcription?%. The
previously established ncH3K4me3 represent 22% of maternal genome and are replaced during
the ZGA. This is one of the reasons why KDM5A/B are essential for the ZGA?36. Unexpectedly,
repetitive sequences, including Te, are reactivated around the 2-cell stage?®” with the loss of
H3K9 and DNA methylation and a deposit of H3K4me3. MERVL are reactivated and drives
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ZGA transcription and pluripotency acquisition=*®. LINE elements are also expressed along

with a low level of retrotransposition events. Transposable elements activation plays a role in
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the ribosomal DNA (rDNA) expression control, the exit of the 2-cell stage and the chromatin
remodeling. It has also been shown that LINE1 RNAs degradation is necessary for the
development?®. The chromatin remodeling and accessibility, synchronized between male and
female genome, is essential for a proper ZGA and the binding of the pioneering factors. Oct4
is playing a central role to this purpose®®*.

From the morula and at the blastocyst stage, specific cell-lineages start to be determined.
H3K9 methylation is progressively re-established, especially at LTR and other repeated
sequences. The deposition of H3K9me3 at promoters does not happen until the post-
implantation stages. H3K9me3 is thought to be a barrier to reprogramming to totipotency>.
More specifically, a loss of H3K9me3 induces abnormal 3D chromatin structure, suggesting
that H3K9me3 also constitute a barrier to chromatin structure reprogramming 234, In parallel,
DNA methylation is also re-propagated, in a lineage-specific manner. The presence of bivalent
promoters is reduced in pre-implantation embryos compared to mESC?°!. Nevertheless, their
numbers increase from the blastocyst stage with some “super bivalency” regions in epiblast
around E6.5 that are involved in the regulation of developmental genes®34.

In conclusion, the development period immediately after fertilization is characterized
by a unique organization of the DNA in the nuclear space. The atypical epigenetic
reprogramming is an exquisitely controlled process, involving both global re-establishment of
most epigenetic marks and locus-specific regulation. It is leading to a particular chromatin,
particularly open and plastic that will support the huge changes that will occur during the

development.
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IIT) Long Non-Coding RNAs

1) History and classification of non-coding RNAs

a) Discovery of non-coding RNAs

The central dogma of biology states that genetic information stored into DNA is
transcribed into RNA and subsequently translated into proteins. However, for several decades,
scientists have known the existence of RNAs that are not translated into proteins, formally
known as non-coding RNAs (ncRNAs). Indeed, tRNA and ribosomal RNA (rRNA), with
structural and regulatory roles in translational machinery, are abundant ncRNAs and represent

notable and accepted exceptions to the central dogma®*?

. With the new generation of whole-
genome technologies, it is known that 70 to 90% of genome is transcribed at some point during
development?®3. However, since coding sequences represent near 1% of eukaryotic genome, it
was proposed that thousands of genes are potentially transcribed as ncRNAs??*. In the past, this
pervasive transcription was first thought to represent junk, debris or by-products of coding gene
transcription. Nevertheless, several lines of evidences established that these ncRNAs could play
a pivotal role in gene regulation. Already in the 60’s, Jacob and Monod suggested that RNA
might be involved in transcriptional and/or post-transcriptional regulation of gene
expression?®*, In 1984, the first ncRNA, a transcript of micF gene*” was identified in bacteria
Escherichia Coli. This ncRNA is operating through antisense base pairing to regulate the
expression of a coding gene. Then, in mammals, the first ncRNA identified was the abundant
hepatic fetal-specific transcript of H19 gene®*S. This gene, supposed to be involved in liver
development, is transcribed by RNA Pol II, spliced and polyadenylated but does not encode a
protein. In their study, the authors suggested that the gene might act through its cytoplasmic
RNA molecule rather than a protein. Two years after, the X inactivation specific transcript (Xis¢)
ncRNA was identified as playing a role in sexual chromosome dose-compensation in

mammals?®7.

b) Non-coding RNA classification

It was difficult to identify a simple and unique biological function of ncRNAs because they
display a very diverse pattern of expression, processing and localization. Then, it was necessary
to classify them into different categories. There is a class of “small” ncRNAs, usually involved
in gene regulation, such as small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs),
microRNAs (miRNAs), short interfering RNAs (siRNAs) and Piwi-interacting RNAs
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(piRNAs)**®. Among them, miRNAs, piRNAs and siRNAs are the most thoroughly
investigated classes. miRNAs directly interact with partially complementary target sites located
in the 3’ untranslated region (UTR) of mRNAs and repress their expression. More than 60 % of
mRNAs miRNA target sites, suggesting a tight regulation by miRNAs?**? . In addition, it has
been shown that many miRNAs are able on their own to target several hundred mRNAs,
suggesting a complex and combinatorial mode of miRNA action in mRNA regulation. miRNAs
are widely expressed in most mammalian cells and tissues where they play essential roles during
differentiation and development?®. They are produced from dsRNA, originated from extended
hairpin structures or from base-pairing of sense and antisense transcripts, through cleavages by
RNAses?”. Another class of small ncRNA are the piRNAs class. They also have a wide
diversity of biogenesis among mammals, flies and nematodes. In mammals, they appear to
mainly function in the germline cells where they target and repress expression of transposable
and repetitive elements to maintain genomic stability?®®. Another group of small regulatory
RNAs, called endogenous siRNAs (endo-siRNAs) are involved in the silencing of repetitive
transposable elements in the female germline cells of mammals. They share miRNAs
maturation pathway, however, they have been shown to be specifically important for a proper
meiotic progression during ovogenesis?%3,

Besides the biological relevance of the small ncRNAs, we will now focus on another
class of ncRNAs called the long ncRNAs (IncRNAs). They are defined as non-coding
transcripts of more than 200 nt in length?*® but their functional prediction and classification
method for IncRNAs is still lacking. However, based on their relative position to neighboring
coding-genes, they can be grouped into several broad but mutually nonexclusive categories®®
(Fig. 8). In respect to their location to a nearby coding-gene, IncRNAs can be named antisense
when they are transcribed from the opposite direction to their coding counterpart or named
divergent when they originate from bivalent promoters which also control protein-coding
genes. Intronic IncRNAs results from intron transcriptions within protein-coding genes and are
transcribed to the same direction transcripts with intronic and/or exonic overlaps. Finally, many
IncRNAs are transcribed from loci devoid of protein-coding genes, at distance at least Skb; and
are named long intergenic noncoding RNAs, lincRNAs (or large intervening). Recently, the
enhancer RNAs (eRNAs)3*® have been described as a new class of ncRNAs. They are produced
by activity-dependent RNA Pol II binding at specific enhancers and they contribute to enhancer

functions.
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¢) Long non-coding RNAs vs coding mRNAs
LncRNAs share substantial similarities with mRNAs. First, they are transcribed by the

d?3, with the exception of

RNAPol II and most of them are spliced, capped and polyadenylate
eRNAs that are unspliced and non-polyadenylated®*?°. LncRNAs are commonly expressed at
lower levels than mRNAs, are slightly shorter and exhibit more tissue- or cell-type specific
patterns of expression®’!. Indeed, they are more tightly regulated than protein-coding genes
transcripts with promoters as conserved as the mRNAs’ ones. Second, they also exhibit a similar
chromatin state to mRNAs, with H3K4me3, H3K9ac and H3K27ac marks at the promoters®®2.
Notably, the particular class of eRNAs are marked by histone modifications such as
H3K4mel/2 and H3K27ac0%,
Intronic
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Figure 8: Classification of IncRNAs according their relative position to neighboring coding genes.
Schematic representation of the different classes of IncRNA (in blue) according their neighboring coding-
gene (in red). The boxes represent the exons, with grey ones for untranslated regions. The line within genes
represents the intron, and outside DNA. Dashed lines indicate a faraway genomic location between two
genes. Hatched boxes indicate a partial sequence complementarity.

However, IncRNAs and mRNAs also display different characteristics. Indeed, IncRNAs
might also have a specific circuitry of regulation. For example, the KO of Dicer/ in mESC, an
enzyme intervening in the biogenesis of miRNA, results in the lower expression of hundreds of
IncRNAs, particularly divergent transcripts®??. It was also recently showed that the asymmetric
distribution of polyadenylation and splicing signal sequences in the sense and antisense
directions from a promoter dictates the strong difference in mRNA and divergent IncNA
elongation and stability***. The enrichment of polyadenylation signals in the antisense side and
splicing signal in the sense’s one enhances an early and efficient polyadenylation on the

antisense IncRNA and productive splicing and elongation of the mRNA. In the same
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perspective, another recent study demonstrates that a component of transcriptional machinery
WDRS?2 is also involved in the early termination of antisense IncRNAs?,

Sequence conservation is on average much lower for IncRNAs than for their coding
counterparts. The evolutionary conservation of IncRNAs suggests that they have a functional
relevance. LncRNAs have a function independent of their sequence as the formation of
secondary structures. Indeed, some mutations modify the primary sequence of an RNA but still

391 LncRNAs often fold into complex, thermodynamically stable

preserve their base pairing
secondary and tertiary structures, which can be of crucial importance for their function. The
protein coding potential of IncRNA is still under debate. Several studies have shown that RNAs
that had been previously described as IncRNA are in fact associated with the ribosomes, in the
cytoplasm, suggesting that they may be translated, in particular into small peptides®*®. However,
ribosome occupancy alone is not sufficient to distinguish between coding and non-coding
transcripts that may control translation’?”. Whether the production of small peptides from

certain IncRNA represent “translational noise” or a new layer of regulation, remains still

controversial.

2) Long non-coding RNAs mechanisms of action: from transcription to translation

a) High diversity of mechanisms

LncRNAs are thought to serve as molecular signals. Their cell type-specific expression
and control by diverse stimuli suggest that their expression is under considerable transcriptional
control’®, For instance, many IncRNAs were linked to the regulatory network of TFs
supporting pluripotency and lineage determination. A large subset of them represent the
potential target of Oct4, Nanog and Sox2 in both mouse’” and human’!®., LncRNAs
transcription at a very specific time and place allow them to integrate developmental cues,
interpret cellular context or respond to diverse stimuli. Then, categorizing IncRNAs on the basis
of their molecular function — as generally done with proteins — is difficult. IncRNAs can
potentially control every step of gene expression, from nuclear and chromatin organization to
the efficiency of translation. Moreover, individual IncRNAs can act at different and independent
stages of gene regulation. IncRNAs mentioned in this chapter III are summarized according to
their mechanism of action in Table 2.

Some of nuclear IncRNAs act at the chromatin level to activate or repress gene
expression. They can for instance interact with chromatin regulators to enable targeting to a

DNA site, potentially explaining how protein complexes without intrinsic-sequence specific
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DNA-binding ability find their DNA targets, in cis or in trans®*®. This is the case for the
HOTTIP IncRNA that recruits the adaptor WDRS and directs WDRS5/MLL complex across its

target genes, inducing H3K4me3 deposition®!!

. From the same perspective, RNAs produced
from the promoters of ribosomal DNA recruit DNMTs to induce their own silencing?!2. As the
last example, this is also the case of Xist. X-chromosome inactivation is the epigenetic process
that equalizes the dosage of X-linked genes between female (XX) and male (XY) in mammals.
This operates through the IncRNA Xist. It is up-regulated from one of the two X chromosomes,
and its RNAs spread in cis along the entire X chromosome and triggers the inactivation of more
than 1,000 genes by PRC2 recruitment to induce H3K27me3 and subsequent chromosome-wide
repression of gene expression!3,

LncRNAs can also act as a scaffold to enable interactions between different actors as
proteins, RNA and DNA. The class of eRNAs are particularly suitable to illustrate this
concept’®®. Indeed, they can establish local interactions with proteins that either enhance or
inhibit the transcriptional activity of the enhancer. They can regulate the chromatin accessibility
to the transcriptional machinery or they can favor the elongation by interacting with the RNA
Pol II at the gene locus. The transcription from pericentric major satellites sequences recruit
HP1, SUV39HI1 and other chromatin modifiers to induce its own silencing®**. They can also
interact only with proteins by modulating their enzymatic activity. This is the case of the /nc-
DC which was found to regulate the gene expression involved in dendritic cell differentiation
by interacting with STAT3 to prevent its dephosphorylation by tyrosine phosphatase SHP 1313,
In another case, LncRNAs can also replace DNA to sequester proteins. Indeed, Telomeres are
transcribed into the IncRNA telomeric repeat-containing RNA (TERRA)', which physically
interact with the telomerase to sequester it while it inhibits its function. Another example of
IncRNA as a molecular decoy is the Growth Arrest-Specific 5 IncRNA (Gas5). The IncRNA
imitates the DNA motif of an hormone response elements found in the promoter regions of
responsive genes. Then, it competes for binding with the hormone and effectively precludes its
interaction with the DNA3,

LncRNAs are involved in the 3D nuclear organization. As the more classical example,
IncRNAs NEAT13'¢ and MALATI?" are involved in the nucleation of paraspeckles and nuclear
speckles respectively. NEATI is an abundant mono-exonic IncRNA, which by its own
transcription and processing; starts the nucleation of the paraspeckle, a subnuclear structures
characterized by high local concentrations of specific proteins and RNAs implicated in
regulation of gene expression. It mainly occurs through binding of paraspeckle protein with the

IncRNA. MALATI is able to sequester several splicing factors to initiate the formation of
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nuclear speckles. It is therefore acting as a molecular decoy. Finally, eRNAs are also
participating to 3D structure of the genome by promoting enhancers-promoters loops®°’®.
LncRNASs can also act at the post-transcriptional level both in the nucleus by influencing
alternative splicing and in the cytoplasm. The IncRNA produced from the human FGFR2 locus
promotes tissue-specific alternative splicing of the corresponding coding gene. Through the
recruitment of Polycomb-group protein and KDM2A, it creates a chromatin environment that
prevents binding of a repressive chromatin-splicing adaptor complex important for alternative
splicing®!®. In addition, IncRNAs can influence the stability and translation efficiency of
mRNAs, either as being a source of production of miRNAs, or by acting as a “sponge” that
captures miRNAs inhibiting specific mRNAs. For example, the IncRNA Regulator of
Reprogramming (/inc-RoR) acts as a microRNA sponge, modulating the concentration of
specific miRNA. It shares miRNA-response elements with the pluripotency TFs NANOG,
OCT4 and SOX2 and prevents them from miRNA-mediated suppression in self- renewing

human ES cells3!°.

b) A particular class of long non-coding RNAs: Natural Antisense Transcripts

Natural Antisense Transcripts (NATs) form a particular but very frequent category of
IncRNAs. They are endogenous RNA molecules containing sequences that are complementary
to other transcripts. NATs can be divided into two categories: cis-NATs, which are transcribed
from opposing DNA strands at the same genomic locus, and trans-NATs, which are transcribed
from separate loci (Fig. 8). Cis-NAT pairs display perfect sequence complementarity whereas
trans-NAT pairs display imperfect complementarity and can therefore target many sense targets
to form complex regulation networks*?°. This phenomenon is conserved across all species, from
yeast to animals including mouse and human. The proportion of cis-NAT transcription is
variable, with 29% in mouse genome?®?! and 22% in human??2. There are different criteria to
classify NATs, but the degree of overlap is the most important one (Fig. 8). The overlap can
correspond only to the promoter in case of bidirectional divergent promoters. It can be partial,
this is mainly the case for NATs with independent promoters but which are head to head and
with a convergent transcription. It also can be total when the NAT has a cryptic promoter inside
the sense gene and is internal. Several genome wide studies reported that the head to head are
the most prevalent category>2’.

Because of their position, this class of IncRNA presents a particularly high number of

potential mechanisms to control the linked sense gene. They have been divided into four
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categories: transcription interference, chromatin remodeling, RNA-RNA interactions in the
cytoplasm and/or the nucleus and RNA-DNA interactions.

The transcriptional interference mechanism can only revolve on cis-acting NATSs. It has
been reported in budding yeast for the gene pair gal/l0 and gal7°®. Their competitive
transcription elongation step leads to the collision of the two RNA Polymerase II. Such
interference induces mutual repression, and alternatively results in the shutdown of both
transcripts. Both cis- and trans-NATs can modify chromatin environment. ANRIL is a NAT that
overlaps with INK4b/ARF/INK4a locus. ANRIL induces silencing of the locus through the
recruitment of DNMTs and EZH2 methyltransferases®?*. LncRNASs can also act to activate gene
expression. This is the case for the NATs named Evx/as, which is transcribed from the opposite
DNA strand of Evx/. It recruits MLL HMT that propagates H3K4me3 on the locus®%. Finally,
epigenetic regulation can occur through DNA-RNA-Protein interactions. HOTAIR is a lincRNA
encoded in antisense orientation in the HOX-C cluster. It interacts with PRC2 in initiation
silencing and with specific DNA binding motif to target PRC2 onto a precise locus, but not

necessarily the one of its transcription®26. This is a trans-NAT.

Protein Activi ipti
Mechanisms Chromatin modifications 3D organisation rotein _MW Molecular Decoy Transcriptional Alternative Splicing
modulation Interference
Interactions RNA-Protein  |Prot-RNA-DNA|RNA-Protein) RNA-DNA| RNA-Protein| RNA-RNA |RNA-Protein| RNA-RNA| Protein-Protein [RNA-RNA| RNA-Protein
Xist, Tsix,
HOTTIP, Major
Satellites RNAs,
rRNA, eRNA In-DC, TERRA,
! ! NEAT1 Gal7-Gal10,
IncRNAs FGFR2, ANRIL HOTAIR . eRNA TERRA, Uchll-AS Gash, linc-RoR al-Galil ErbAa FGFR2
! ! MALAT1 ) Ewf2
Evxlas, lincU MALAT1
Kenglotl, Airn,
lincGET, Oct4P4,
Ewf2, TUNA

Table 2: An insight into the high diversity of long non-coding RNAs mechanisms of action.
Presentation of the different IncRNAs mentioned in the section III according their mechanism of action
and the different necessary interactions for their activity. LncRNAs in bold are NATSs.

NATS can also act by RNA-RNA interactions. In the nucleus, it can induce the masking
of specific sequences, as illustrated by NAT of the thyroid hormone receptor gene ErbAa*?.
Indeed, transcribed NAT masks a splicing site shifting the balance between two alternative
variants. Moreover, NATs can also regulate their targets in the cytoplasm through RNA-RNA
interaction. One suggested mechanism is that NATs produced from the 3’-UTR of a coding
gene can help to stabilize or destabilize the mRNA by recruiting different factors or competing
for the translational initiation complex recruitment. One illustration is the Uchll-AS, which
regulates the translation of its antisense mRNA by interacting with Uchll mRNA, recruiting
ribosomes and promoting translation’28,

Finally, one of the most famous NAT is Tsix, the antisense of the Xist gene, which

illustrates how one IncRNAs can act at multiple levels on its mRNA target*?’. Tsix is a full

56



BERNARD Laure — Thése de doctorat - 2021

overlapping antisense of Xist. Interestingly, Tsix operates via its own act of transcription by
keeping the chromatin open within Xist. It induces efficient H3K4 methylation over the entire
Xist/Tsix unit. Nevertheless, the RNA molecule also recruits repressive HMT complexes to

enrich Xist promoter with repressive marks as DNA and H3K9 methylation.

3) IncRNAs impact pluripotency and early development

At present time, several IncRNAs have been involved in a wide range of biological
phenomena such as developmental processes, disease and cancer biology. Increasing efforts
have been made to dissect functional relevance of IncRNAs in pluripotency and during
development. As already noted above, IncRNA can act as environmental signal integrator, and
particularly they are linked to the pluripotency network. Moreover, it was shown that loss-of-
function of several IncRNAs is similar to knock-down of well-established ES cell regulators®®.
It is, at present, known that IncRNA operates on different aspects of development and
pluripotency.

LncRNAs are involved in a part of mESC pluripotency network. Several of them have
been characterized. One main example is the /inc-ROR, which enhances reprogramming
efficiency of iPS cells by promoting the activity of pTF as OCT4, NANOG and SOX23!. Since
linc-ROR expression is controlled by pTF, it creates a self-sustaining feedback loop. The
IncRNA TUNA (for Tcll upstream neuron-associated IncRNA) is also involved the regulation
of pTFs. Indeed, with other RNA-binding protein (PTBP1, hnRNP-K and NCL), it binds to
NANOG and SOX2 promoters to modulate their expression®*°. Finally, a recent identified
IncRNA lincU was reported to be regulated by Nanog. It stabilizes DUSP9 protein, an ERK-
specific phosphatase, preventing its ubiquitination and degradation. This effect results in the
repression of the ERK1/2 signalling pathway activity3!.

LncRNAs also play a role in the cell fate specification. Evf2 IncRNA has been shown
to be involved in the brain development®*?, DLX5 and DLX6 genes are transcribed near Ev/2
locus and have a role in development of specific neurons. Evf2 operates through transcriptional
interference in cis to repress DIx6 expression while it act in trans via chromatin remodeling to
shutdown DIx5 expression. The antisense IncRNA Oct4P4, which is transcribed from a
pseudogene Oct4, have been reported to regulate Oct4 expression®3. In that case, Oct4-IncRNA
is thought to be associated with HP1 and SUV39HI1 and targets Oct4 promoter among others
to induce heterochromatinization, impacting global pluripotency network and the cell fate

specification. Recently, the IncRNA /incGET have been reported to bind the Histone arginine

57



BERNARD Laure — Thése de doctorat - 2021

transferase CARMI to promote the nuclear localization and favor the H3R26 methylation at
ICM-specific genes®®. This subsequently increases chromatin accessibility. This phenomenon
happens as soon as 2-cell state.

Gene imprinting is a phenomenon primordial for the development that also includes
participation of IncRNAs. Interestingly, even though not all imprinted IncRNAs may have a
functional role in imprinting, it is intriguing that most of known imprinted domains contain at
least one IncRNA with anti-correlated expression®*. The two canonical examples of IncRNA
involved in the imprinting silencing of a specific allele include the NATSs kcnglotl and Airn.
They map into Kcngl and Igfir2 imprinted gene clusters respectively. Kcnglotl interacts with
the HMT G9a and PRC2, inducing the repression in cis of the neighboring genes specifically
of the paternal allele**. Similarly, Airn is imprinted and expressed only from the paternal allele,
and its transcription is required for repression of several imprinted genes on paternal
chromosome, specifically in the placenta. It is thought to recruit chromatin modifiers enzymes
to induce the silencing?3.

Finally, the paradigm that involved IncRNA, epigenetic silencing and functional
relevance during development is X chromosome inactivation by Xist*?°. As previously
explained, sexual dimorphism necessitates to equalize sex-chromosome dosage between male
and female. This is occurring through the inactivation of whole X chromosome. This
inactivation can be imprinted, leading to specific paternal X chromosome inactivation in mouse
extra embryonic tissues as placenta®?. Inactivation can also be random, more particularly in
embryonic tissues. Inactivation in reverted upon pluripotency acquisition, in ICM for example
or in mESCs, leading to two active X chromosome!38. Moreover, the two X chromosomes are
also active during oocyte maturation®?®. Xist is originated from Xi center (Xic) and initiate X
chromosome inactivation by heterochromatinization of the targeted X chromosome through the
recruitment of HMT complexes!®®. Then, this silencing needs to be maintained. Interestingly,
the IncRNA Xist is itself regulated by a NAT IncRNA Tsix**’. Navarro et al>**33? have shown
that both IncRNAs are the target of pTFs. OCT4, NANOG and SOX2 bind in the first intron of
Xist to repress its expression. REX1, KLF4 and C-MYC are located on Tsix promoter to active
it. Moreover, REX1 is required for a proper 7six elongation. Therefore, distinct complexes of
pTFs couple X-inactivation reprogramming and pluripotency. In addition, a recent study3*°
detailed the Tsix induced chromatin regulation of Xist. Firstly, Tsix transcription creates a
transient open chromatin conformation with an increase of H3K4me3. Secondly, Tsix
establishes a reversible silencing state with an increase of H3K36me3 and H3K9me3 and a

decrease of H3K4me3. Finally, DNA methylation achieved the silencing in an irreversible state.
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Thesis objectives

Pluripotency is a precarious equilibrium based on the expression of a pTFs network
which activates pluripotency supporting genes and represses differentiation promoting genes.
This balance, tightly regulated during development, is artificially maintained by culture
conditions in vitro. Nevertheless, according culture conditions and developmental stage of
derivation, there is a wide variety of mESCs with different characteristics. Therefore, it is
unclear whether the spectruum of in vitro pluripotencies has any functional relevance for in
vivo pluripotency.

Then, when a cell commit into a specific fate, during the development for example,
genes important for cell fate specifically are expressed while genes of alternative fates are shut
down. This repression is mainly occurring through their local heterochromatinization, mainly
through H3K9 methylation. Interestingly, even between different in vitro pluripotent states,
there is a global reorganization of the heterochromatin associated with an increase of H3K9
methylation. Moreover, there is several waves of epigenetic reprogramming during
gametogenesis and first steps of embryogenesis, establishing a very low and particular
embryonic heterochromatin.

Therefore, when a cell differentiates, pTF network and heterochromatin need to be
tightly regulated. Nevertheless, molecular link between pluripotency and heterochromatin
control has never been formally studied. Nevertheless, IncRNA have been reported to be
important for pluripotency as well as heterochromatin. Important examples are IncRNAs Xis¢
and Tsix. They are involved in the chromosome X inactivation, an essential feature for
development.

The aim of my thesis was to identify a H3K9 specific HMT regulated by pTFs that
would synchronize pluripotency dynamic and heterochromatin spreading. Thus, we found a
pluripotency-associated IncRNA transcribed in antisense to Suv39h1. In a first step, we assessed
if and how the IncRNA regulates Suv39h1 and its functional impact in mESCs. In a second step,

we also tried to evaluate its role in vivo during oogenesis and early embryogenesis.
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Materials and Methods
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The following materials and methods are presented in the chapter IV.

* Cell culture conditions

* Generation and validation of Suv39hlas KO cell lines by CRISPR/Cas9 technology
(CRISPR for Clustered Regularly Interspaced Short Palindromic Repeats — for gRNA
sequences, see Table 3)

* Gene expression analysis with RNA extraction, Reverse Transcription (RT) and quantitative
real-time PCR, and genome-wide sequencing (for primers sequences, see Table 3)

* Chromatin Immunoprecipitation (ChIP) with the chromatin preparation and the
Immunoprecipitation (for antibodies, see Table 6)

* siRNA assays (for sequences and pooling, see Table 4)

We will now present the materials and methods specific for the chapters V and VL.

* Generation of SunTag and Suv39hlas cDNA overexpressing cell lines

- Plasmids cloning

Several guide RNAs (gRNAs) were designed with the help of online design tools (sam.genome-
engineering.org/database/, crispr.mit.edu/, chopchop.cbu.uib.no/) providing a region from -
50bp to -500bp upstream target gene TSS as input. Highly ranked gRNAs for off-targets as well
as on-target predictions score were selected. gRNAs sequences were inserted into plasmids
containing a U6-promoter driven expression cassette along with a puromycin selection cassette
(see guides sequences in Table 3). Suv39hlas cDNA was ordered as a block at IDT. It was
cloned under the control of a CAGG promoter in a plasmid containing a puromycin resistance

cassette.

- Lipofection for the SunTag system gRNA insertion or transient cDNA expression

E14Tg2a WT or SunTag cells**! were plated in a 6-well plate at day 0 (D0). Meanwhile, either
1 pg of transposase coding plasmid (Piggybac) and 1 pug of plasmid containing the gRNA with
a Puromycin cassette or a Suv39hlas cDNA containing plasmid with a Puromycin cassette were
pre-mixed in 250 pL of DMEM Medium without serum. 5 pL of Lipofectamin 2000
(Invitrogen, 11668-019) was added to 250 uL. of DMEM Medium without serum in a separated
tube. After 5 min, both tubes were mixed (final volume 500uL) for 30 min at room temperature
to allow complexes formation. Finally, complexes were added to the culture medium to allow

cell delivery. For the SunTag cell lines, puromycin (1 pg/mL — P9620-10mL, Sigma) selection
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was performed from D2 to D5 to select cells that have integrated sgRNA plasmids. For the
cDNA transient overexpression, cells were selected for 3 days and harvested for RNA

extraction.

- Electroporation for stable cDNA insertion

10 pg of the plasmid was first linearized by enzymatic restriction. Then the linearized plasmid
was precipitated and resuspended in 100 puL of PBS. In parallel, 10 million of cells were
harvested and resuspended with the linearized plasmid in a total of 800 pL of PBS. The solution
is then placed in a 4 mm cuve and placed in the electroporator (ECM 830, BTX Harvard
apparatus). The run settings were: LV and unipolar mode, 240V voltage and Plenght 002 ms.
When the run is done, cells were placed in a pre-warm media, incubated for 5 to 10 min to
recover and distributed at a clonal density. The day after, the media was renewed and an

antibiotic selection can be added if necessary.

- Cell line establishment by cell clone picking

For the SunTag and the stable cDNA insertion cell lines, after 10 days of growth at clonal
density, colonies were picked to establish homogeneous cell lines. Then cells were harvested

for RNA extraction and gene expression measure to validate the cell lines.

* Topo cloning for mouse genotyping or isoforms

For mouse genotyping, the genomic DNA was obtained from the lysis of a piece of tail with a
lysis tail buffer (50 mM TrisHCI pH 8.5; 100 mM NaCl; 0.5% Tween20 and 100 mg/ml
proteinase K (GEXPRKO01-B5, Eurobio scientific) and incubated overnight at 56°C then 10 min
at 96°C. For the identifications of Suv39h1 isoforms, the cDNA was obtained from a oligo dT
RT reaction (First Strand ¢cDNA Kit, Roche, 04379012001) following manufactory’s
instructions. The PCRs were performed on 1 pL of mouse genomic DNA or 2 to 5 uL of cDNA,
with primers indicated on Table 3 and with LongAmp Taq PCR kit (BioLabs, E5200S) or Q5
High Fidelity (NEB, M0491S) following manufactory’s instructions. The PCR product was run
on an agarose gel for validation and purified thanks to NucleoSpin Gel and PCR Clean-Up
(Macherey-Nagel, 740609.50). 2 to 4 uL of the purified product was added to pCR™-Blunt II-
TOPO® solution (ThermoFisher, cat n°450245) as indicated by the manufactory’s instructions.
The solution was incubating for 30 min at room temperature and transformed in competent
bacteria and incubated overnight at 37°C. 10 colonies were picked, replated on a bacterial plate
and exploded in 100 pL of water and incubate at 95°C for 5 min, in the purpose to use their
DNA for subsequent colony-PCR assays. PCRs were performed on the bacterial DNA with
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LongAmp Taq PCR kit (BioLabs, E5200S) and run on agarose gel for validation. The correctly
amplificated products were sent for sequencing (by Eurofin — GATC).

e Strand specific RT reactions

RT reactions were performed with locus specific primers and a Tbp-R primer (see primers
Table 3) on 0,05 pg of total RNA according to manufactory’s instructions (First Strand cDNA
Kit, Roche, 04379012001). In parallel, the same reaction was performed with only Tbp-R
primer. The cDNA was then diluted 6 times and used to proceed with gPCR.

* Embryoid bodies differentiation

- Not size controlled

Cells were seeded at 0,04 million cells/cm? and cultures for 3 days. After, cells were washed
once with PBS 1X and treated with pre-warmed trypsin. Partial dissociation of ES cells colonies
was evaluated under the microscope and inactivation with a large volume of FCS medium was
done 1 or 2 min after trypsinization to allow small clumps of cells to be maintained. Cells were
carefully recovered with a 10 mL pipette and transferred in a 50 mL falcon tube to avoid further
dissociation. After few minutes, when the clumps progressively reached the bottom of the tube,
as much as possible supernatant was gently removed without perturbing the accumulated
clumps of cells. 10 mL of FCS medium was gently added to the tube and the cells clumps were
precociously resuspended and transferred into bacterial Petri dishes thus precluding cell
adhesion (Day 0). Dishes were incubated at 37°C in 7% CO2. Medium was changed every day
by carefully collecting the clumps of cells with a 10 mL pipette and replacing them into bacterial
Petri Dishes in FCS medium for 6 additional days and by splitting them, if necessary, into
several dishes. At Day 6, the biggest embryoid bodies were collected by allowing the clumps
to decant for a short time followed by the quick aspiration of the supernatant. They were
subsequently replated on gelatinized surfaces at low density to allow for bodies adhesion and
cell differentiation. One day later, adhesion of the embryoid bodies was checked under the
microscope. Medium was changed every day and differentiating samples were collected at Day

6 and Day 10 for RNA extraction and gene expression analysis.

- Size controlled: hanging-drop protocol

A suspension of 0.1M cells/mL was distributed in 20 pl drops (2000 cells/drop) onto inverted
cover plates of several dishes filled with PBS 1X to avoid evaporation. The day after, the

aggregates formed in each drop were pooled and seeded on non-cell culture treated dishes and
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cultured in FCS media without LIF for 8 days. EB were harvested for RNA extraction at day 6
and day 8.

* EpiLSC differentiation'?

Cells cultured in FCS/L medium were adapted to 2i/L. medium for 3 passages (9 days in total)
before starting the differentiation protocol. The EpiLSCs differentiation was induced by plating
0.23 million ES cells on a well of a 6-well plate coated with human plasma fibronectin (16.7
mg/ml — F2006, Sigma) in N2B27 medium containing activin A (20 ng/ml — 338-AC-010,
Biocompare), thFGF (12 ng/ml — 233-FB, R&Dsystems), and KSR (1% — 10-828-010, Gibco).
Medium was changed every day until day 3 of differentiation. Cells were harvested along the
assay (2i/L 3 passages, Day 1, 2 and 3 EpiLCs) for RNA extraction and gene expression

analysis.

* Single molecule Fluorescence In Situ Hybridization (sm-FISH)

- Probes design

Using the online tool “Stellaris RNA FISH probes designer” from LGB biosearch laboratories,
two probes have been designed. The first one is for the Suv39hl gene with 47 oligos, 30 exonic
and 17 intronic fused to the Quasar670 dye (equivalent to Cy5). The second one is for
Suv39hlas with 35 probes only exonic fused to Quasar570 dye (equivalent to Cy3). Two other
probes were design in Suv39hlas introns and fused to Quasar670 dye, AS1 with 47 oligos and
AS2 with 41 oligos (sequences presented on Table 5). Each oligo is strand-specific. They were
resuspended in TE Buffer (10 mM Tris, | mM EDTA, pHS) at a concentration of 12,5 umol/L.

- Slides preparation

Cells harvested and counted. Cells were fixed in PFA 4% for 10 min at room temperature and
then quenched with 150 mM Glycine/PBS. After a wash in cold PBS, cells were concentrated
at 10 million cells/mL. 10 pL of the solution was dropped on a slide, spread to form a spot.
Slides were let settle down in a humid chamber for at least 15 min. Then liquid was aspirated
with a paper towel and the slide was air dried before being kept in 70% ethanol at least one day,

or until use.

- Probes hybridization for sm-FISH

Slides were washed in 100% ethanol for 2 min and then air dried quickly. Then slides were

placed in a wet chamber at 37°C overnight with 10 pL of hybridization cocktail per spot of cells
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with a coverslip. The hybridization cocktail is composed of: SSC (2X — S6639-1L, Sigma),
Dextran (Life technologies, 5%), Formamide (Sigma F9037, 2,5 M (10%)), E. Coli tRNAs
(Sigma 10109541001, 2 pg/uL), Ribonucleoside Vanadyl Complex (VRC - NEB S1402S, 5
mmol/L), BSA (0,5 pg/uL — B9001S, NEB) and FISH probes for Suv39hl and Suv39hlas
(LGC Biosearch laboratories, both at 0,6 umol/L). After removing the coverslip, slides were
washed in a fresh SSC 2X/Formamide 10% for 30 min at 37°C. Finally, single spots were
mounted using a small coverslip with 8 pL of Vectashield Antifade Mounting medium with
DAPI (Vector Laboratories, H-1200-10) and sealed with nail polish. Sm-FISH images were
acquired with a wide-field fluorescence inverted microscope Nikon Ti-Eclipse with X63 oil

immersion objective (N.A1.4).

- Chromatic aberration assessment with tetracolored beads

To assess to chromatic aberration present between the Cy3 and CyS5, we used Tetraspeck
microsphere beads (0,1 um diameter - T7279 Invitrogene) that are colored with Blue 360/430
- DAPI, Green 505/515 - FITC, Orange 560/580 — Cy3 and Dark Red 660/680 — Cy5. They
were attached to a super frost slide and image on a wide-field fluorescence inverted microscope

Nikon Ti-Eclipse with X63 oil immersion objective (N.A1.4).

* Suv39hlas knock-out mouse line generation

All experiments were conducted at the Institut Pasteur according to the French and European
regulations on care and protection of laboratory animals (EC Directive 86/609, French Law
2001-486 issued on June 6, 2001) and were approved by Ministére de 1’enseignement supérieur,

de la recherche et de I’innovation (N°089)

- CRISPR/Cas9 system electroporation in mouse embryos

The following steps were performed by the Mouse Genetics Engineering Center directed by
Francina Langa Vives. 48 C57BL/6 J embryos were electroporated with 50 or 100 ng/uL of
sgRNA ordered at IDT (sequences on Table 3) and with 100 or 200 ng/uL of Cas9 protein.
They were then re-implanted in a surrogate mouse. Once born, the pup were biopsied for

subsequent genotyping.

- Genotyping strategy

Genotyping was performed by PCR after tissue lysis in 50 mM Tris, pH 8.5, 100 mM NaCl,
0.5% Tween 20, and 100 mg/ml proteinase K at 56 °C overnight, followed by a 10-min
incubation at 96 °C. PCR was performed with LongAmp Taq PCR kit (BioLabs, E5200S) with
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primers indicated on Table 3. PCR products were separated by electrophoresis on 2,5% agarose
gels (16500-500, Life Technologies). The PCR product was also cloned in a topo vector for

subsequent sequencing (see section Topo cloning for mouse genotyping or isoforms)

- Generation of homozygous KO females

3 mice founders were chosen to established mouse lines, females #13 and #26 to obtain
homozygous KO females and a male #44 to obtain WT females. The three founders were
crossed with males and females WT C57BL/6 J to generate the F1 generation. For the line 13
and 26, the expected proportions and genotype were obtained with 50% of heterozygous
females and 50% of hemizygous males. For the 44 line, 50% of heterozygous females and 50%
of WT males were obtained. Then, littermate was crossed together as followed to obtain the F2
generation. For the 13 and 26-line, heterozygous females were crossed with hemizygous male
and gave birth to 25% of heterozygous females, 25% of homozygous females, 25% of
hemizygous males and 25% of WT males. For the 44-line, heterozygous females were crossed
with WT male and gave birth to 25% of heterozygous females, 25% of WT females, 25% of
hemizygous males and 25% of WT males. From this F2 generation, crosses were established to

proceed to fertility tests, as explained in the results section.

* Germinal Vesicles oocytes and zygotes immunofluorescence

- GV and zygotes harvest

3 to 4 weeks-old females were intraperitoneally injected with 2,5 IU of PMSG (Stock at 6000
UI Chronogest, PMS009 CENTRAVET). 42h to 48h after, either the every was extracted and
GV isolated or 5 IU of hCG (Chorulon 1500, CHO004 CENTRAVET) was injected. In case of
hCG injection, the female was placed right away with breeders’ males. The next day, females
are dissected to get the zygotes. GV and zygotes are kept in EmbryoMax M2 Medium with
Phenol Red (MR-015-D SIGMA).

- GV and zygotes immunostaining

GV and zygotes were fixed for 10 min at room temperature with 4% paraformaldehyde and
then permeabilized for 10 min at room temperature with 0.25% Triton X-100. Incubations with
primary and secondary antibodies were performed in phosphate-buffered saline (PBS), 0.1%
Tween-20, and 10% FCS. See Table 6 for the list of used antibodies. GV and zygotes were
incubated overnight at 4°C with primary antibodies and for 2 h or overnight with secondary

antibodies. Nuclei were counterstained with Hoechst 33342 (10150888, FISHER
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SCIENTIFIC) stain, and embryos were placed in different wells of microfabricated device*2.
Fluorescent images were obtained using a confocal laser scanning microscope (LSMS510,

Zeiss).

* Microscopy and image analysis

Acquisitions were performed using wide-field fluorescence inverted microscope Nikon Ti
Eclipse or a confocal laser scanning microscope (LSM510, Zeiss). Light exposure time and
LED intensity were identical between the compared conditions. The images were generated by
multi-position acquisition to reduce microscopy bias. Then images were analyzed manually
with Imagel/Fiji (version 2.1.0/1.53c¢) to count single molecules RNA-FISH dots or to quantify

a sum of pixel intensities.

* Statistical Analysis

Statistical analysis were performed with Rstudio software (Version 1.1.463 — © 2009-2018
RStudio, Inc.). Replicates distributions were submitted to normality test with Shapiro test.
When they were normally distributed, a t-test was applicated, alternatively when the
distribution was not normal, Wilcoxon test was used. For Figure 12E, a z-test was performed.
When the p value was inferior to 0,05, results were considered as significant and indicated with
*#% if inferior to 0,005, ** if comprised between 0,005 and 0,025, * if between 0,025 and 0,05

and n.s if p value is superior to 0,05.
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Results

68



BERNARD Laure — Thése de doctorat - 2021

IV) Oct4 activates a Suv39hl-repressive antisense IncRNA to couple histone

H3 Lysine 9 methylation to pluripotency

In this first part of the results, some experiments and analyses were performed by
different persons. ChIP-qPCR were performed by Agneés Dubois and RNA-seq analyses and
assemblies were done by Noa Gil, Nick Owens, Almira Chervova and Igor Ulitsky.

During development, establishment and maintenance of distinct gene expression
patterns supporting identity of each cell type are closely linked to the regulation of chromatin
states. The chromatin is a highly dynamic structure composed by: EuC, associated with

2 and HC, associated with gene repression in a cell-type-

transcriptionally active regions!
specific manner, the fHC!3, and at permanently silent regions such as transposable elements
and pericentromeric regions, the cHC!3°. These two types of HC have been thought to be
distinguishable by distinct molecular signatures, with facultative heterochromatin being
characterized by H3K27me3!” and constitutive heterochromatin by H3K9me32!®,

Methylation of H3K9 has been demonstrated to be important for genome stability?>** and
during development?*®. Indeed, mouse KO models of H3K9 HMTs display penetrant
phenotypes, particularly during gastrulation when pluripotency is lost and major differentiation
events take place!®®. In mESCs, H3K9 methylation is controlled at the level of its abundance:
during differentiation the global levels of H3K9me2 and H3K9me3 increase drastically?®.
Indeed, H3K9 methylation has been shown to act as a major epigenetic barrier for
reprogramming back to pluripotency 2°.

How the global levels of H3K9 methylation are seemingly coupled to the acquisition

and loss of pluripotency, and what consequences this coupling has, remain open questions.

We found Suv39hl to be the only HMT tightly connected to the network of TFs
supporting pluripotency, particularly to its main player OCT4. The analysis of the mechanisms
of Suv39hl repression by OCT4 led us to the identification of an antisense long non-coding
(Inc) RNA (Suv39hlas) to the Suv39hl gene. Thanks to CRISPR/Cas9 technology, we
suppressed Suv39hlas expression, validating its role in Suv39h1 repression and the consequent
impact on global H3K9me2 and H3K9me2 levels. Therefore, we identified a simple genetic
network based on the activation of the Suv39hl antisense by OCT4 only which, in turn,

represses Suv39hl expression thereby coupling H3K9 methylation to pluripotency. This link
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highlights the role of pluripotent TFs on chromatin modifications, similarly to Nanog that
controls H3K27me3 during early differentiation®4!.

Then, we investigated also the molecular mechanism of Suv39hl regulation by
Suv3%hl. We found that Suv39hlas has no impact on Suv39hl mRNA stability but we
observed by sm-FISH that it controls the frequency of Suv39hl1 transcription. This control of
transcription frequency is possibly due to the establishment of a complex local chromatin by
Suv39hlas. Indeed, by ChIP-qPCR, we noted that Suv39hlas triggers euchromatin through the
gene body but not at the promoter. This kind of regulation reminds the one of Tsix, an antisense
IncRNA that regulates Xist34°.

Finally, we also study the functional impact of Suv39h1 upregulation in mESCs. In line

225:239.383 " we found that

with previous studies of Suv39hl and other H3K9 methyltransferases
H3K9me2 and H3K9me3 increase has very limited impact on mESCs. They are able to self-
renew and differentiate properly. Nevertheless, we demonstrated that H3K9 methylation
contributes to time the irreversible commitment into differentiation. This is underscoring the
role of H3K9 methylation in the formation of an epigenetic barrier providing robustness to

differentiation.

In the following chapters, we will first study more precisely Suv39hl mechanism of
regulation by Suv39hlas, questioning the presence of additional mechanisms of regulation. We
will also discuss other few functional assays to study the role of Suv39hlas in mESCs biology.

In second, we will investigate the functional impact of Suv39hlas in vivo with the
generation and the characterization of a mouse line KO for Suv39hlas. Indeed, several studies
indicated the importance of Suv39h1 tight regulation during the early development. Moreover,
since Suv39hlas is mainly expressed in the late oocyte, we will examine the impact of

Suv39hlas expression suppression on GV oocytes and zygotes.
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Histone H3 Lysine 9 (H3K9) methylation, a characteristic mark
of heterochromatin, is progressively implemented during de-
velopment to contribute to cell fate restriction as differentia-
tion proceeds. For instance, in pluripotent mouse Embryonic
Stem (ES) cells the global levels of H3K9 methylation are rather
low and increase only upon differentiation. Conversely, H3K9
methylation represents an epigenetic barrier for reprogram-
ming somatic cells back to pluripotency. How global H3K9
methylation levels are coupled with the acquisition and loss
of pluripotency remains largely unknown. Here, we identify
SUV39H1, a major H3K9 di- and tri-methylase, as an indi-
rect target of the pluripotency network of Transcription Fac-
tors (TFs). We find that pluripotency TFs, principally OCT4,
activate the expression of an uncharacterized antisense long
non-coding RNA to Suv39h1, which we name Suv39hlas. In
turn, Suv39hlas downregulates Suv39hl1 transcription in cis via
a mechanism involving the modulation of the chromatin status
of the locus. The targeted deletion of the Suv39hlas promoter
region triggers increased SUV39H1 expression and H3K9me2
and H3K9me3 levels, leading to accelerated and more efficient
commitment into differentiation. We report, therefore, a simple
genetic circuitry coupling the global levels of H3K9 methylation
to pluripotency in mouse ES cells.

Introduction

During development, the establishment and maintenance
of distinct gene expression patterns supporting the identity
of each cell type are closely linked to the regulation of
chromatin states!. Two broad states have been clearly
and unambiguously identified: euchromatin, associated
with transcriptionally active regions, and heterochromatin,
associated with gene repression®S. Two major states of
heterochromatin have been traditionally considered. Fac-
ultative heterochromatin refers to a repressive chromatin
environment displaying high variability across develop-
mental stages, cell types and cell states. Indeed, silent
developmental genes are usually embedded in facultative
heterochromatin®®. In contrast, ubiquitously silent elements
such as retrotransposons and pericentromeric regions are
locked by constitutive heterochromatin®3. These two types
of heterochromatin have been thought to be distinguishable

by distinct molecular signatures, with facultative heterochro-
matin being characterized by trimethylation of histone H3
lysine 27 (H3K27me3) and constitutive heterochromatin by
H3K9me3, among other chromatin features?3. Nevertheless,
recent data has challenged these strict definitions®. On the
one hand, constitutive heterochromatin can under some cir-
cumstances be transcribed or decorated by marks previously
associated with facultative heterochromatin®3. On the other,
while H3K27me3 and H3K9me2 were considered as major
repressive mark for developmental genes, an increasing
body of evidence points to H3K9me3 as an additional mean
to silence developmental regulators as their expression is
definitely shut down in particular lineages®. Hence, even
though the role of H3K9 methylation in genome stability is
unquestionable!®, its importance in gene regulatory mecha-
nisms during development appears to be equally important.
Indeed, mouse knock-out (KO) models of H3K9 histone
methyltransferases (HMTs) display penetrant phenotypes,
particularly during gastrulation when pluripotency is lost
and major differentiation events take place!2. Conversely,
before reaching pluripotency during early mouse embryoge-
nesis the levels of H3K9 methylation are strictly controlled;
promoting their increase, for instance by overexpressing
the HMT SUV39HI1, leads to developmental defects at the
compaction stage!>14.

While extensive research has contributed to our un-
derstanding of how the establishment and maintenance of
H3K27me3 regulates developmental transitions, how the
levels of H3K9 methylation are developmentally regulated is
less clear. Yet, a major distinction has been identified, partic-
ularly using pluripotent cells such as mouse Embryonic Stem
(ES) cells. Indeed, H3K27me3 characterizes developmental
genes even before differentiation, when they are embedded
in the so-called bivalent chromatin, which is simultaneously
enriched for H3K27me3 and for marks of activity!>. Upon
differentiation, H3K27me3 is either consolidated or erased
in a cell-type-dependent manner!®. On the contrary, H3K9
methylation is more largely controlled at the level of its abun-
dance: during differentiation the global levels of H3K9me2
and H3K9me3 increase drastically!”!3. Conversely, during
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processes, H3K9 methylation has been shown to act as a
major epigenetic barrier that is in part overcome by globally
reducing its levels!®1?, Therefore, while H3K27 methylation
is mainly controlled by altering its genomic distribution,
the global levels of H3K9 methylation display correlated
changes to the differentiation status. Beyond the role of
H3K9 methylation to stabilise somatic cell identities??, how
its global levels are seemingly coupled to the acquisition and
loss of pluripotency, and what consequences this coupling
has, remain open questions.

In this study, we aimed at understanding the molecular
basis of the link between H3K9 methylation and pluripo-
tency. We find Suv39hl to be the only HMT tightly con-
nected to the network of transcription factors (TFs) support-
ing pluripotency, particularly to its main player Oct4. The
analysis of the mechanisms of Suv39hl repression by OCT4
led us to the identification of a repressive antisense long non-
coding RNA (IncRNA2%) to the Suv39hl gene. Our work
identifies a simple genetic network based on the activation
of the Suv39hl antisense by OCT4 which, in turn, represses
Suv39hl transcription thereby coupling H3K9 methylation to
pluripotency. Using CRISPR-Cas9 mediated deletion of the
antisense promoters, we show that its activity controls the
timing and efficiency of ES cell commitment into differentia-
tion. Our results therefore provide a mechanistic perspective
into how the global levels of H3K9 methylation are regulated
at the onset of differentiation to irreversibly exit pluripotency.
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Suv39hl1 expression is under the control of OCT4 in ES
cells.

Using immunofluorescence, we first confirmed that differ-
entiation of ES cells by LIF withdrawal leads to an increase
of both H3K9me2 and H3K9me3 (Fig.1A; p<10™"), as ex-
pected. We hypothesized that one or several histone methyl-
transferases or lysine demethylases (HMTs and KDMs,
respectively)>* could be differentially expressed upon differ-
entiation, linking the loss of pluripotency to increased H3K9
methylation. To assess this, we monitored mRNA levels
of HMTs and KDMs using published RNA-seq datasets*?
(Fig.1B; Table S1). We found three HMTs to be upregulated
upon differentiation: Suv39hl (p=0.004), Suv39h2 (p=0.044)
and Glp (p=0.004). In contrast, all tested KDM displayed
minor changes below 2-fold. We reasoned that the increase
of Suv39hl, Suv39h2 and Glp expression could either be
due to a direct control of their transcription by pluripo-
tency TFs or to alternative mechanisms. To address this,
we assessed the impact of the loss of individual pluripotency
TFs (Oct4, Nanog and Esrrb) using available dox-inducible
knock-outs**?% (Fig.S1A). Only one, Suv39hl, was found
upregulated 24h after inducing the loss of pluripotency TFs,
particularly of OCT4, which depletion leads to a 2-fold in-
crease in Suv39hl mRNA levels (Fig.1B; Table S1). Hence,
after confirming Suv39hl expression changes by RT-qPCR
(Fig.S1B), we hypothesized that OCT4 may act as a repres-
sor of Suv39hl expression to maintain low levels of H3K9
methylation until the onset of differentiation. Exploration of

Suv39h1as, an antisense INcRNA coupling heterochromatin and pluripotency
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exons 1b and 2 (red — ex1b2) or exons 2 and 3 (orange — ex23) or primer pairs
amplifying the unspliced RNA (magenta — pre-mRNA); Nanog mRNA (black). Each
dot represents an independent replicate and the line the corresponding mean and
standard error. Ribosomal RNA (28S) was used for normalization. (B) Histogram
representing unspliced RNA levels (red) relative to corresponding spliced RNAs
(black) for Nanog, Suv39h1 and Suv39h1ias, as measured by RNA-seq. Each dot
represents an independent replicate and the bar the corresponding mean. (C) Rep-
resentative sm-FISH followed by DNA-FISH visualizing Suv39h1as RNA molecules
and the Suv39h1/Suv39hias locus, respectively, in undifferentiated E14Tg2a cells.
Red arrowheads indicate RNAs diffusing away from the locus, which is indicated
by a yellow arrow. The proportion of actively transcribing cells is indicated (n=358
cells). (D) Boxplots (median; 25-75% percentiles; error bars) showing the number
of Suv39h1as diffusible molecules counted in cells presenting an active (TS+) or
inactive (TS-) Suv39h1as gene (n=358).

available ChIP-seq datasets20 (Fig.1C) and direct validation
by ChIP-qPCR (Fig.S1C) identified a hotspot of pluripotency
TFs, including OCT4, in the vicinity of Suv39hi. However,
this TF binding hotspot was found located 3’ to Suv39hl, at
around 27 kb of its promoter region. Notably, we noticed
that this region coincides with the promoter region of an un-
characterized gene, Gm14820 (AK010638), antisense to and
largely overlapping Suv39hl (top of Fig.1C).

Identification of a Suv39h1 antisense IncRNA.

Stranded RNA-seq confirmed GmI4820 to be expressed
in ES cells, at levels comparable to Suv39hl (Fig.1D). Using
de novo transcript assembly with our RNA-seq datasets, to-
gether with direct cDNA cloning, sequencing and RT-qPCR,
we identified several isoforms expressed in ES cells (Fig.1E).
All isoforms initiate from two distinct promoters, located
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in proximity to the region bound by pluripotency TFs, ex-
hibit overlapping exons with Suv39h/ and terminate within
Suv39hl1 or in the vicinity of its 5° end. Notably, Gm14820
is annotated as a IncRNA?!. Accordingly, using two dif-
ferent algorithms (CPAT?” and CPC228), the nearly absent
coding potential of all Gm/4820 isoforms was confirmed
(Fig.1E). Thereafter, we refer to Gmi4820 as Suv39hlas.
To further characterize Suv39hlas, we assessed the stabil-
ity of its RNA products and found the half-life of its spliced
and unspliced forms to be around 12h and 1h30, respec-
tively (Fig.2A). However, Suv39hlas splicing is relatively
inefficient compared to Suv39hl or another protein coding
gene, Nanog (Fig.2B), as is generally the case for IncRNAs2!,
Moreover, Suv39hilas was efficiently captured in poly-A se-
lected RNA-seq, suggesting it is normally poly-adenylated
(Table S1). Next, we aimed at visualizing Suv39hlas RNA
molecules in single cells. For this, we designed oligonu-
cleotides targeting Suv39hlas exons and performed strand-
specific single molecule RNA-FISH (smFISH) coupled to
DNA-FISH to identify the Suv39hlas/Suv39hl locus, using
a fosmid covering the whole region (Fig.2C). We observed
that Suv39hlas is mainly detected as a bright point in the
nucleus, likely representing actively transcribed loci as it co-
incides with the DNA-FISH signal. A small number of single
Suv39hlas RNA molecules could also be detected diffusing
in the nucleus and, more rarely, in the cytoplasm. Quantifi-
cation of the smFISH/DNA-FISH suggested a transcriptional
frequency of around 50% in the population, with a median of
6 freely diffusing RNAs in cells presenting a transcriptionally
active locus (Fig.2D). Hence, we conclude that the pluripo-
tency TFs bind close to the two promoters of a Suv39hl an-
tisense IncRNA, which is mostly localised at its site of tran-
scription, poly-adenylated and poorly spliced even though the
spliced isoforms are relatively stable.

Anticorrelated expression patterns of Suv39hl and
Suv39hlas.

To investigate Suv39hlas and Suv39hl expression pat-
terns we differentiated ES cells using three independent pro-
tocols based on LIF withdrawal, N2B27 or EpiLC-directed
differentiation. These three assays showed a strong reduction
of Suv39hlias expression after 3 days of differentiation, when
Suv39hl expression increases (Fig.3A; p<0.05 (Suv39hl)
and p<0.01 (Suv39hlias) for all differentiation assays). More-
over, the depletion of OCT4 showed a rapid downregula-
tion of Suv39hlas (p<103 at all time-points), reaching min-
imal levels of expression within 12h and accompanied by a
marked increase of Suv39hl expression (p<0.05 at all time-
points) that reached maximal levels after 24h (Fig.3B). Thus,
Suv39hl and Suv39hlas display anticorrelated expression
levels. To explore this observation at the single cell level,
we designed oligonucleotides across Suv39hl exons and in-
trons to monitor Suv39h1/Suv39hlas expression by smFISH
in parallel to DNA-FISH (Fig.3C,D). We found around 20%
of cells actively transcribing both sense/antisense genes and
around 30% transcribing either one or the other. Moreover,
cells actively transcribing Suv39hlas displayed significantly
(p<10") fewer Suv39hl mRNA molecules (Fig.3D). In
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Fig. 3. Anticorrelated expression of Suv39h1 and Suv39h1as. (A) Fold change
expression of Suv39hias (top) or Suv39h1 (bottom) measured by RT-gPCR in dif-
ferentiating E14Tg2a cells versus undifferentiated controls (ctl; gray). Differentiation
was triggered for three days with three independent protocols: LIF withdrawal from
FCS/LIF cultures (no LIF; red), 2i and LIF withdrawal from 2i+LIF cultures (N2B27;
blue) or EpiLC differentiation from 2i+LIF cultures (EpiLC; purple). Values were
normalized to Thp and fold changes calculated to their respective control culture.
Each dot represents an independent replicate and the bar and error bars the cor-
responding means and standard errors. (B) RT-gPCR analysis of Suv39h1as (red)
and Suv39h1 (blue) expression upon OCT4 depletion for the indicated time (X-axis).
Values were normalized to Thp. Each dot represents an independent replicate and
the line the corresponding mean with standard errors. (C) Representative sm-FISH
of Suv39h1as and Suv39h1 RNA molecules, followed by DNA-FISH visualising the
Suv39h1/Suv39h1as locus in E14Tg2a cells (n= 358). Selected loci transcribing
either Suv39h1, Suv39hias or both genes are indicated with arrow heads: blue,
Suv39h1-only (30%); red, Suv39h1as-only (30%); yellow for cells transcribing both
(20%). (D) Boxplots (median; 25-75% percentiles; error bars) showing the num-
ber of Suv39h1 diffusible molecules counted in cells presenting an active (TS+) or
inactive (TS-) Suv39h1as gene, counted in 358 E14Tg2a cells.

summary, both smFISH and RT-qPCR experiments showed
that Suv39hl and Suv39hlas display anticorrelated expres-
sion patterns. This anticorrelation stems from single cell dy-
namics where the transcription of the antisense leads to a
slight reduction of the transcriptional frequency of Suv39hl
and, more significantly, to reduced expression of diffusing
mRNAs. These observations indicate that Suv39hlas acts as
a repressor of Suv39hl. Since Suv39hlas is downregulated
upon differentiation and upon the loss of OCT4, our data
suggests that pluripotent TFs activate Suv39hlas transcrip-
tion which, in turn, downregulates Suv39hl expression.

A simple OCT4-Suv39hlas-Suv39hl circuitry couples
H3K9 methylation to pluripotency.

To functionally establish the relationships between OCT4,
Suv39hlas, Suv39hl and H3K9 methylation, we designed
two gRNAs to delete 5,5kb encompassing the two promot-
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tom) in WT (E14Tg2a) and Suv39hias-mutant cells (A8 and D8) cultured in un-
differentiated (FCS/LIF) or differentiating conditions (3 days without LIF). Values
were normalized to Tbp. Each dot represents an independent replicate and the
bar and error bars the corresponding means and standard errors. (B) Expression
fold change of Suv39h1as (top) and Suv39h1 (bottom) in wild-type (WT — E14Tg2a)
and Suv39h1as-mutant cells (A8 and D8) knocked-down with either control or Oct4-
targetted siRNAs. Values were normalized to Tbp. Each dot represents an inde-
pendent replicate and the bar and error bars the corresponding means and stan-
dard errors. (C) Representative sm-FISH images of Suv39h1 in A8 and D8 cells
(wild-type cells presented in Fig.3C). (D) Boxplots (median; 25-75% percentiles;
error bars) showing the number of Suv39hias (red) or Suv39ht (blue) diffusible
molecules counted in wild-type (WT; n= 358) or mutant cells (A8, n= 289; D8, n=
270). (E) Representative SUV39H1 immunofluorescence of wild-type (E14Tg2a)
and Suv39h1-mutant ES cells (A8 and D8). (F) Representative Western-Blot of
SUV39H1, LAMIN B1 and corresponding Ponceau for wild-type (E14Tg2) and mu-
tant cells (A8 and D8) in undifferentiated (FCS/L) and differentiating (3 days with-
out LIF) conditions. On the left of each image is indicated protein scale in kDa.
(G) Violin and boxplots (median; 25-75% percentiles; error bars) presenting rela-
tive H3K9me2 (left) and H3K9me3 (right) mean intensity values of E14Tg2a (WT
— black; n=12881 for H3K9me2 and n=12053 for H3K9me3) or mutant cells (A8,
yellow, n=3553 cells for H3K9me2 and 2081 for H3K9me3; D8, red, n=5050 cells
for H3K9me2 and 2641 for H3K9me3), assessed by immunofluorescence.
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ers of Suv39hlas. Two independent KO clones, A8 and
DS, were generated. PCR genotyping confirmed the dele-
tion and analysis of their karyotypes did not reveal any overt
defect. Moreover, RT-qPCR showed a complete loss of
Suv39hlias expression (Fig.4A). We then addressed the im-
pact of Suv39hlas depletion on Suv39hl expression, both be-
fore and during differentiation. In the two mutant clones we
observed an increase of Suv39hl expression in undifferenti-
ated cells (p=0.011 and 0.0016 for A8 and D8, respectively),
reaching the levels observed upon differentiation in WT cells
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(Fig.4A). In differentiating cells, when Suv39hlas is natu-
rally silenced, the deletion had no impact (Fig.4A), as ex-
pected, regardless of the differentiation protocol (Fig.S1D).
Therefore, these results indicate that Suv39hlas acts as
a pluripotency-associated repressor of Suv39hl expression.
However, this does not imply that OCT4 exclusively re-
presses Suv39hl expression via Suv39hlas. To address this,
we used siRNAs targeting Oct4 to test whether in the absence
of Suv39hlias, the loss of OCT4 would lead to any modifica-
tion of Suv39hl expression. Whereas in wild-type cells the
knock-down of Oct4 (above 80% efficiency, Fig.S1E), led to
higher (p=0.027) Suv39hl expression (Fig.4B), as expected,
in mutant cells it was fully inconsequent (Fig.4B). This indi-
cates that the OCT4-dependent repression of Suv39hl is ex-
clusively mediated by Suv39hlas. Next, we performed sm-
FISH to study Suv39hl upregulation with single cell resolu-
tion (Fig.4C). We observed a marked increase in the tran-
scriptional frequency of Suv39hl, rising from 47.6% in WT
to 76.3% and 74.1% in A8 and D8, respectively (p<10710
for both clones). Moreover, the number of Suv39h] mRNAs
per cell also increased substantially (p<1071%), with virtually
no cell displaying an absence of Suv39hl mRNAs (Fig.4D).
This increase in Suv39hl expression was accompanied by
higher levels of SUV39HI1 protein expression and accumu-
lation at heterochromatic regions such as chromocenters, as
established by immuno-staining and western-blot (Fig.4E,F;
Fig.S1F). Consequently, in both mutant clones we observed
higher levels of H3K9me2 and H3K9me3 (p<10® for both
marks and cell clones), establishing a direct link between
Suv39hlas and the global levels of H3K9 methylation in ES
cells (Fig.4G).

Suv39hlas  modifies  the
Suv39hlas/Suv39hl locus.
We have observed that in mutant ES cells lacking
Suv39hlas expression, the transcriptional frequency of
Suv39hl increases from 50 to 75%. Moreover, the absence
of Suv39hlas is not accompanied by increased stability
of Suv39hl mRNAs (Fig.S1G). Therefore, Suv39hlas is
likely to act as a transcriptional repressor of Suv39hl. To
explore this, and given that other antisense transcription
units have been shown to modify the chromatin of their
corresponding sense gene®-3!, we used a ChIP approach
to establish the histone modification profiles of the locus
(Fig.5). First, we monitored H3K4 methylation profiles.
We found H3K4mel and me2, which usually mark tran-
scriptionally competent regions2, to globally decorate the
locus with minimal focal accumulation at the promoters.
Conversely, H3K4me3, a mark of activity32, was focally
enriched at the Suv39hl promoter and displayed low levels
over the antisense promoter. We then profiled the active
histone acetylation marks, H3K9ac and H3K27ac. Similarly
to H3K4me3, we found H3K9ac to preferentially mark the
Suv39hl promoter. In contrast, both sense and antisense
gene promoters where enriched for H3K27ac. In mutant
cells we observed a global decrease of H3K4mel/me2 over
the region transcribed by Suv39hlas (p<10-3), particularly
before it reaches the Suv39hl gene body (Fig.5), indicat-
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Fig. 5. Suv39htas triggers complex chromatin changes across the locus.
Chromatin immunoprecipitation profile (Y-axis, percentage of immunoprecipitation)
of H3K4me1, H3K4me2, H3K4me3, H3K9ac and H3K27ac, as indicated, across
Suv39h1/Suv39htas locus in wild-type (E14Tg2a, black) and Suv39h1as-mutant
cells (A8, yellow dots; D8, red dots; the red line represents the average of all data
points for mutant clones). The X-axis represents genomic distances in kb with re-
spect to the Suv39h1as transcription start site, as schematized on top. Note a break
on the scale of the genomic coordinates at around X=21kb.

ing its transcription promotes the establishment of these
marks. The lack of H3K4mel/me2 reduction within the
region transcribed by both genes suggests that the increased
transcription of Suv39hl may have a compensatory role.
Moreover, H3K4me2, H3K9ac and H3K27ac, all marks of
gene activity, showed a slight but statistically significant
increase (p<0.05) at Suv39hl promoter in the absence of
Suv39hlas (Fig.5). Altogether, this analysis suggests that the
loss of Suv39hlas leads to increased Suv39hl transcription
at least in part mediated by increased euchromatinisation
of the Suvar39h1 promoter. These results suggest a simple
mechanism where Suv39hlas modulates the local chromatin
environment of Suv39hl to decrease the probability of its
transcription, leading to a global lower level of Suv39hl
mRNA and, subsequently, protein.

The lack of Suv39hlas leads to accelerated differentiation
commitment.

We finally wondered whether the increase of H3K9
methylation taking place in Suv39hlas mutant cells had any
physiological impact. First, we used clonal assays to assess
self-renewal and differentiation efficiency (Fig.6A,B). Either
in conditions of reinforced self-renewal (2i/LIF), in tradi-
tional serum-containing culture medium (FCS/LIF) or in the
absence of LIF (FCS), the number of alkaline-phosphatase
colonies, a marker of pluripotent cells, was identical be-
tween wild-type and mutant clones. Hence, the presence of
increased H3K9 methylation is largely inconsequential for
self-renewal and for the loss of pluripotency. In agreement,
both wild-type and mutant cells proliferate and differenti-
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ate normally, as evaluated morphologically (Fig.S1H) and transcription®®.  Given their antisense orientation and the

by marker expression (Fig.S1I). However, during differenti-
ation, the role of H3K9 methylation is to restrict cell fate and
developmental competence!®33, more than to elicit differen-
tiation. Therefore, we reasoned that the loss of Suv39hlas
could modulate the timing of commitment into differentia-
tion. To test this, we used an established assay>* whereby
wild-type and mutant clones were differentiated in parallel
and, every day, the cells were harvested and reseeded clon-
ally in 2i/LIF: only those cells that were not yet committed
into irreversible differentiation can self-renew and form un-
differentiated colonies (Fig.6C,D). As previously shown, we
observed that commitment took place between days 2 and 3
in wild-type cells, with a reduction in clonogenicity of nearly
90% (Fig.6D). In mutant cells, however, the reduction in the
number of undifferentiated colonies was more marked from
day 2.5 onwards (Fig.6D; p=0.0666, 0.0020 and 0.0041 for
days 2.5, 3 and 4, respectively). Therefore, the premature
establishment of higher levels of H3K9me2/me3 in ES cells
facilitates the irreversible commitment into differentiation, in
line with the role of these repressive marks in locking cell
fate changes®.

Discussion

In this study, we have identified a genetic network link-
ing the control of the global levels of H3K9 methylation
to pluripotency. The pluripotency network, mainly through
OCTH4, activates an antisense IncRNA to the Suv39hl gene
(Suv39hlas), repressing Suv39hl expression. Consequently,
the level of H3K9 methylation is reduced. Upon differenti-
ation, the collapse of the pluripotency network leads to the
silencing on Suv39hlas, enabling increased SUV39HI ex-
pression and H3K9 methylation, which controls the timing
and efficiency of the irreversible commitment into differenti-
ation. This genetic setup may act as a time-delay generator,
enabling ES cells to filter out transient fluctuations in the ac-
tivity of the pluripotency network®: only a long decrease in
activity of the pluripotency network may be sufficient to elicit
the increase in SUV39H1 expression that will follow the ex-
tinction of Suv39hlias.

Antisense IncRNAs are frequent in mammals, with 29%
of canonical protein coding genes displaying antisense
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resulting complementarity, antisense IncRNAs can theoret-
ically regulate their cis-linked sense gene through a wide
variety of mechanisms. By deleting the Suv39hlas pro-
moter region, we found that Suv39hias controls the fre-
quency of Suv39hl transcription and has no impact on
Suv39hl mRNA stability. However, the exact mechanisms
by which Suv39hlas represses Suv39hl transcription remain
open, even though we show it has complex influences on the
chromatin. On the one hand, Suv39hlias triggers H3K4mel
and me2 throughout the locus; on the other, it slightly re-
duces H3K4me2, H3K4me3, H3K9ac and H3K27ac at the
Suv39hl promoter. Notably, these effects are reminiscent
of those associated with the regulation of Xist by its anti-
sense Tsix?*31, possibly revealing a general property of an-
tisense transcription. While it is possible that the slight in-
crease of euchromatic marks at the Suv39hl promoter are
sufficient to increase the frequency of Suv39hl transcrip-
tion, other potential mechanisms cannot be excluded. For
instance, the antisense/sense polymerases could enter into
physical collision and transcriptional abortion®”, modulating
Suv39hl elongation. Moreover, Suv39hlas presents two ex-
ons nearly fully overlapping Suv39hl exons, a gene struc-
ture that is conserved at the human Suv39hlas/Suv39hl lo-
cus (Fig.S1]J). Therefore, while the transcriptional effects are
clear, Suv39hlas may deploy additional post-transcriptional
mechanisms to downregulate Suv39h/ mRNA expression,
such as masking splice sites as it has been reported for
ErbAa®. Finally, other mechanisms fully independent of
Suv39hlas transcription or of the produced IncRNA cannot
be excluded, such as direct competition between the sense

and antisense promoters>.

The deletion of Suv39hias promoter and the ensuing in-
crease in H3K9 methylation, appears to be largely incon-
sequent for ES cells: they self-renew and differentiate effi-
ciently. This observation is in line with others, where hi-
stone modifiers have been either invalidated or ectopically
expressed in ES cells with minor consequences for self-
renewal*®* However, despite the fact that Suv39hlas mu-
tant cells self-renew and differentiate normally, we asked
whether the timing of commitment into differentiation is al-
tered. Our results showed a faster and more efficient com-
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mitment into differentiation, suggesting that the global levels
of H3K9 methylation contribute to irreversibly lock the loss
of pluripotency. This observation adds to the notion of H3K9
methylation acting as an epigenetic barrier providing robust-
ness to cell fate changes3. Moreover, our results also un-
derscore the dominance of pluripotency TFs over chromatin
modifications*. We had already shown that NANOG, an-
other key pluripotency TF, controls H3K27me3 levels, par-
ticularly during early differentiation®?. Here, we comple-
ment this notion with OCT4 controlling H3K9me3 via the
Suv39hlas/Suv39hl tandem. Together, these results place the
control of global levels of heterochromatin marks under the
activity of the pluripotency network, extending the concept
of the genetic dominance of pluripotency. Whether our ob-
servations and conclusions can be extended to early mouse
embryogenesis and to the acquisition and loss of pluripo-
tency in vivo is now a question of primary importance. No-
tably, H3K9 methylation levels are exquisitely regulated dur-
ing early embryogenesis*?. It is noteworthy that SUV39H1
is absent in oocytes and its expression starts at the 2-4 cell
transition stage®}, when the reconfiguration of constitutive
heterochromatin as chromocenters is initiated. Moreover, the
overexpression of SUV39HI during the early stages of em-
bryogenesis leads to developmental defects. Indeed, using
different strategies, Zhang et al.'® and Burton et al.'# over-
expressed SUV39HI in the zygote and observed an increase
of H3K9me3 levels leading to early developmental arrest at
the time of compaction. Therefore, an important hypothesis
emerges from this work: Suv39hlas could be a key regulator
of Suv39hl during early embryogenesis, holding its expres-
sion until the appropriate time to enable the timely establish-
ing of the first heterochromatic structures in the embryo.

Supplementary information One supplementary figure accompanies
this manuscript, it can be found at the end of this document. Two Sup-
plementary Tables and Methods are available online.
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