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Abstract

Every cell within an organism is derived from a single fertilized egg that
undergoes cellular differentiation and development to generate mature
specialized cells. Mouse embryonic stem cells (ESCs) derived from the
inner cell mass (ICM) of the pre-implantation blastocyst have proven to
be a model to study gene expression during differentiation and
development. In this thesis, we integrate different layers of gene
expression programs, from epigenetics to post-translational regulation, to
unravel the intricate network of pluripotency and differentiation in ESCs.

We show that Lysine-specific histone demethylase 1 (LSD1), an epigenetic
regulator that removes mono- and di-methyl groups from lysine 4 of
histone H3 (H3K4), is not essential for ESC self-renewal. However, the
enzymatic activity of LSD1 is indispensable for differentiation. We observe
a gain of H3K4qme1 in the regulatory regions of pluripotency genes in Lsd1
knockout (KO) ESCs that do not alter gene expression programs related
to the ESC state. Additionally, we uncover that independently of its
catalytic activity, LSD1 stabilizes the DNA maintenance methylation
machinery, such as DNMT1 and UHRF1 proteins, through interaction
with ubiquitin-specific peptidase 7 (USP7), which ultimately maintains
the DNA methylation equilibrium in the ESC state.

Furthermore, we identify chromodomain-helicase-DNA binding protein 7
(CHD?7) as a novel interacting partner of LSD1 in ESCs. CHD7 is an ATP-
dependent chromatin remodeler that regulates cell type-specific gene
expression, specifically during neurogenesis. Herein, we show that
Chdy7/Lsd1 double KO ESCs showed a severe defect in differentiation,
whereas Chdy KO ESCs differentiated with mild dysregulation of
ectodermal markers. This data suggests that there is a crosstalk between
epigenetic regulators which mediate a distinct set of gene expression
programs during lineage-specific commitment.

Besides the core pluripotency factors OCT4, SOX2, and NANOG, a
cascade of co-transcriptional events such as alternative splicing (AS) and
regulation by RNA binding proteins (RBP) also play a critical role in self-
renewal and cell-fate decisions. Indeed, we identify Zinc Finger Protein
207 (ZFP207) as a novel RBP, essential to maintain ESC identity in vitro.
In addition to impaired neuroectodermal differentiation, we also find
abnormal AS events that lead to a differentiated cell-like pattern upon
depletion of ZFP207 in ESCs.

Altogether, the work of this thesis illustrates the complexity of gene
expression regulation that modulates pluripotency and differentiation.
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Introduction

Early embryonic developmental stages as a model for cellular
identity

In mammals, embryonic development initiates with the fertilization of an
egg. Once fertilized by the spermatozoid, the egg becomes a totipotent
zygote. Totipotency is the ability of a cell to give rise to all specialized cells
in an organism, including extraembryonic tissues such as the placenta and
the yolk sac. The generation of specialized cells with unique phenotypes
and functions requires a series of processes including cellular
differentiation, lineage specification, and axial asymmetries [1].

Even though human and mouse development is similar, there are
differences in the timing of zygotic genome activation and expression of
transcriptomic profile in developmental stages. Following fertilization,
the one-cell zygote undergoes a successive cleavage into small, nucleated
cells, known as blastomeres which are surrounded by the zona pellucida
[2] (Figure 1). The embryonic genome becomes activated at the two-cell
stage and at the transition of four- to eight-cell stages in mouse and
human embryos, respectively. This process is followed by a series of
compactions and polarization to produce a compact spherical structure
known as the morula. Blastomeres maintain their totipotency until this
stage. At embryonic day 3.5 (E3.5) in mouse and ~E5—E6 in human, tight
junctions are formed between the outer and inner cells of the morula that
develop a fluid-filled hollow cavity known as blastocoel. The morula is
converted into a blastocyst at this stage, where the first cell fate decision
occurs.

In blastocyst, cells are segregated into two distinct lineages, namely i) the
outer trophoblast cells, which give rise to the extraembryonic placenta;

and ii) the inner cell mass (ICM) which corresponds to the interior



undifferentiated cells [3]. At the pre-implantation stage, the ICM
undergoes a second cell fate specification, and it differentiates into
epiblast cells and the hypoblast at E3.5- E4.5 in mouse and E6-E7 in
human [4, 5]. Epiblast cells at this stage are naive pluripotent cells that
can self-renew indefinitely and have the capacity to differentiate into any
cell type of three germ layers: ectoderm, mesoderm, and endoderm [6, 7].
The hypoblast can only give rise to the extraembryonic yolk sac, which
supports the growing embryo [8, 9].

As blastocyst matures (E5 in mice and E7 in humans), it detaches from
the zona pellucida and attaches to the uterine wall through the
trophectoderm [10]. During implantation, embryos undergo a global
morphological transformation, and gastrulation is initiated in the

posterior epiblast, during which the three germ layers are specified [11].
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Figure 1: Mouse embryonic development. Upon fertilization, the
zygote undergoes successive rounds of cleavage. The zygote genomic activation
occurs at the two-cell stage in the mouse embryo. At embryonic day 3.5-4.5, the
blastocyst is composed of three main cells, namely the epiblast, hypoblast, and
trophectoderm. After implantation, the embryo undergoes a global
morphological transformation, and the differential potential of epiblast cells gets
restricted, thereby representing a primed pluripotent state. As implantation
proceeds, primed epiblast cells exit pluripotency and undergo lineage
commitment. Adapted from Atlasi and Stunnenberg 2017.



In vitro model for studying cellular identity: embryonic stem
cells

Embryonic stem cells (ESCs) are pluripotent cells derived from the ICM
of pre-implantation embryo [6, 7]. Mouse ESCs, derived from the
microsurgery of cells from the pre-implantation epiblast, represent a
“naive pluripotent state” [7, 12]. However, human ESCs derived from
blastocysts of in vitro fertilized human embryos present a different state
of pluripotency than mouse ESCs. Human ESCs resemble post-implanted
mouse epiblast stem cells and correspond to a more developmental

advanced state known as the “primed pluripotent state” (Figure 2) [13].
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Figure 2: Conrad Waddington’s epigenetic landscape of stem
cells. The ball on top of the hill represents a totipotent cell. As the ball rolls
down the hill, it enters different pluripotent states: naive, metastable, and
primed. Depending on the path the ball takes, it can differentiate into different
lineages. The ball reaching the bottom of the hill represents the acquisition of
the mature state of the differentiated cells. Somatic cells can be reprogrammed
to an induced pluripotent state via ectopic expression of 4 transcription factors
(Oct4, Sox2, Klf4, and c-Myc). Adapted from Atlasi and Stunnenberg 2017.



One of the hallmark features of ESCs is their ability to maintain an
undifferentiated phenotype while dividing indefinitely. These
characteristics are accomplished through the interplay between signaling
pathways, regulatory RNA molecules, chromatin regulators, and
transcription factors [14]. Among the transcription factors, the well-
known pluripotency core circuit, OCT4, NANOG, and SOX2, regulates
ESC self-renewal by repressing lineage-specific genes and maintaining the
expression of pluripotency genes as well as self-regulating their
expression [15, 16]. Additionally, the high telomerase activity present in
ESCs allows them to proliferate indefinitely while maintaining genomic
stability [17, 18]. Moreover, ESCs exhibit a unique cell cycle profile that
contributes to their stemness. Hence, unlike differentiated cells, ESCs
have a shorter G1 phase and a high proportion (~60%) of cells at the S
phase, supporting their high proliferative capacity [19]. Moreover, when
ESCs are injected into immunocompromised mice, they are able to
generate teratomas that contain cells from the three major germ layers
[20]. These unique features of ESCs make them an ideal model for
studying pluripotency and cellular differentiation.

In vitro, the pluripotency of mouse ESCs can be maintained using a
culture medium supplemented with the cytokine leukemia inhibitory
factor (LIF) in the presence of serum or in serum-free medium with two
small-molecule inhibitors (2i) namely inhibitors of the Mitogen-activated
protein kinase (PDo0325901) and Glycogen synthase 3 kinase
(CHIR99021). LIF is a glycoprotein that activates the transcription factor
STATS3 to regulate the expression of pluripotency factors [21]. Mouse
ESCs grown in medium supplemented with LIF and serum contain
subpopulations of cells with the propensity to differentiate; in this
condition, the pluripotency state of the cells is named “metastable”. On

the contrary, mouse ESCs cultured in LIF/2i mimic the pre-implantation



blastocyst state, the so-called “naive state”, where ESCs are shielded from
differentiation-promoting signals [22, 23].

Furthermore, ESCs can undergo spontaneous differentiation to develop
into three-dimensional multicellular aggregates when cultured in the
absence of LIF, known as embryoid bodies (EBs). EBs are composed of all
cell types representing each of the three germ layers [24]. Alternatively,
ESCs can be manipulated to differentiate into specific cell lineages using
specific growth factors or cytokines. For instance, retinoic acid stimulates
neurogenesis, activin A regulates endoderm differentiation, and a
combination of activin A, VEGF, and BMP4 activates mesoderm
differentiation [25, 26]. The rapid differentiation potential of ESCs is
promising tools for regenerative medicine, disease modeling and drug

screening.

Gene expression regulation of cellular differentiation

The transition from a pluripotent state to a terminally differentiated state
is accompanied by the dynamic change in chromatin landscape,
rearrangement of histones, and DNA methylation, activation of signaling

cascades, amongst others, which ultimately dictate gene expression

(Figure 3).
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Figure 3: Schematic representation of gene expression
regulation. Gene expression can be controlled at multiple levels: epigenetic
regulation, transcriptional, post-transcriptional, translational, and post-
translational modifications.



Epigenetic regulation

All differentiated cells in an organism, with very few exceptions, contain
the same genomic information whilst exhibiting different functions. The
establishment of such distinct cellular identities is accomplished by
epigenetic regulation allowing differential gene expression. Epigenetic
refers to “the stably heritable phenotype resulting from changes in a
chromosome without alterations in the DNA sequence” [27]. Epigenetic
mechanisms include nucleosome remodeling, histone modifications,
DNA methylation, and non-coding RNA-mediated regulation, which
impact the accessibility of the chromatin structure and, thus, DNA
transcription [28, 29]. Epigenetic regulators coordinate with
transcription factors to regulate biological processes involved in the
maintenance of ESC identity and developmental specification. Therefore,
understanding epigenetic mechanisms has the potential to provide critical
insights into constitutive growth, body regeneration, tissue homeostasis,

and development processes.



Chromatin remodeling

In eukaryotes, DNA is compacted into a macromolecular structure called
chromatin. Approximately 146 base pairs of naked DNA are wrapped
around two copies of each core histone protein, namely H2A, H2B, H3,
and H4, to form the basic unit of chromatin known as the nucleosome
[30]. Linker DNA H1 histones bind to nucleosomes to consolidate the
nucleosomes, stabilizing the structure into chromatin fibers, and forming
the chromosomes [31, 32].

Chromatin fibers exhibit two distinct structural and functional states: i)
heterochromatin, transcriptionally inactive chromatin with tightly packed
and condensed regions, and ii) euchromatin, composed of DNA-
accessible regions, which allows transcription [33]. The transition
between heterochromatin and euchromatin states dictates the repression
or activation, respectively, of gene expression programs. Contrary to
somatic cells, for which the transcriptional status of most genes is
epigenetically fixed, ESCs possess globally decondensed chromatin, which
can constantly be remodeled during developmental specification [34, 35].
Chromatin remodeling can be described as modifications in chromatin
architecture and nucleosome rearrangements. Active transcription
requires that chromatin remodeling forms a transcriptionally accessible
state, allowing transcription factors or regulators to bind at specific
regions. This plasticity is determined predominantly by ATP-dependent
chromatin  remodeling complexes, post-translational histone

modification, and incorporation of histone variants [36, 37].

ATP-dependent chromatin remodelers

ATP-dependent or ATPase chromatin remodelers utilize the energy from
ATP hydrolysis to uncouple histones-DNA contacts ensuring proper
nucleosome spacing and density [37]. Increasing evidence has shown that

remodelers can reconfigure chromatin assembly in two manners: i)



nucleosome sliding: relocation of the octamer of histones across the DNA,
thereby altering the conformation of the nucleosomal DNA; and ii)
nucleosome editing: which involves the exchange of histone variants
leading to the alteration of the nucleosomes composition [38, 39].

Four distinct classes of ATPase chromatin remodelers have been
described: i) imitation switch: participates in histone deposition,
nucleosome maturation, assembly, and spacing; ii) chromodomain
helicase DNA-binding: regulates chromatin access and nucleosome
sliding; iii) switch/sucrose non-fermentable: regulates chromatin access
through octamers ejection, histone dimer eviction, and nucleosome
reposition; and iv) inositol requiring 80: alters the composition of
nucleosomes with the incorporation of histone variants (H2A.X and
H2AZ) [40-43]. Despite the diversity in remodeling outcomes, all
remodelers share similar core ATPase-translocase domains separated by

short or long insertion stretches.

Histone modifications

The N-terminal tails of histone proteins undergo reversible post-
translational modifications (PTMs), which serve as docking sites for the
transcriptional machinery and chromatin remodelers. It has been
reported that histone modifications, such as methylation,
phosphorylation, acetylation, sumoylation, and ubiquitination, among
others, can modulate DNA accessibility and nucleosome compaction [44].
Among these modifications, histones methylation is one of the most-
studied PTMs, occurring in arginine (R), lysine (K), and histidine (H)
residues [45]. In lysine methylation, up to three methyl groups can be
transferred to the e-amino group of a K residue, resulting in either mono-
, di-, or tri-methyllysine, which leads to different outcomes [46]. For
instance, trimethylation of K4 of histone H3 (H3K4me3) is associated

with promoter regions, and it mediates the assembly of the transcriptional



machinery and, thereby promotes efficient transcription. On the contrary,
trimethylation of K27 of histone H3 (H3K27me3) at promoter regions is
a repressive mark for transcription [47, 48]. One peculiarity of
differentiation genes is that their promoters are marked with bivalent
domains co-occupied by H3K27me3 and H3K4me3 that silence
developmental genes but are poised to be activated upon initiation of
differentiation in ESCs [49-51].

Depending on the histone marks, enhancers can exist in four states: i)
active: which is characterized by the presence of H3K4me1 and H3K27ac;
ii) primed: characterized by H3K4mez1; iii) poised: where enhancers
present H3K4me1 and H3K27me3; and iv) repressed state: in which no
histone is marked. Importantly, poised enhancers are associated with
developmental genes that are inactive in ESCs. These enhancers show
similar characteristics to active enhancers bound by transcription factors
and coactivators (p300). Upon differentiation cues, these enhancers gain
H3Ka27ac, activating their target genes and expression [52-55]. For
example, neuroglycan C and neurophilin 2 are involved in regulating
neuron growth. Their enhancers are enriched with H3K4me1 in ESCs and

gain H3K27ac upon neuron differentiation in order to become activated

[53].

DNA methylation

DNA methylation is a repressive epigenetic modification that is crucial for
early mammalian development. In mammals, DNA methylation is
involved in several cellular functions, including imprinting, tissue-specific
gene expression, retrotransposon silencing, and X-chromosome
inactivation. The most abundant and stable DNA methylation mark in
mammals is 5-methylcytosine (5mC) [56-58]. Approximately 70-80% of
cytosine-phosphate-guanine (CpG) dinucleotides are methylated in the

mammalian genome [59-61]. The distribution of CpG methylation differs

10



across genome regions, accounting for the highest levels in repeated
elements, intergenic regions, and gene bodies, whereas hypomethylated
regions are detected in CpG islands (CGIs) overlapping with promoters
[62-64]. Nevertheless, CpG methylation at promoters, resulting in a
repressive state, is instrumental in ensuring correct gene expression
patterns of lineage-specific and pluripotency-associated genes during
differentiation and development [64, 65]. Of note, around 25% of non-CG
methylation (mCHG and mCHH where H is A, C, or T) enriched in gene
bodies of ESCs has been identified, which is lost upon differentiation of
ESCs [62, 66]. Hence, understanding the differential landscapes of the
DNA methylome will be essential to uncover cell type-specific gene

regulation.

DNA methylation machinery

5mC can be installed by different DNA (cytosine-5) methyltransferases
(DNMT): i) DNMT3A and DNMT3B, together with coactivator DNMT3L,
are de novo DNA methyltransferases which function during
gametogenesis and early development; and ii) DNMT1 and its recruiter
Ubiquitin-like with PHD and RING Finger domain 1 (UHRF1), maintain
DNA methylation patterns after successive DNA replication and cell
division (Figure 4) [67-69].

DNMTs catalyze the transfer of a methyl group from S-
adenosylmethionine (SAM) to the carbon 5 of the cytosine ring to generate
5mC [70]. DNMTi1 and DNMT3A/3B belong to the class I
methyltransferase family, containing a conserved catalytic core termed
Rossmann fold, characterized by a seven-stranded beta-sheet flanked by
alpha helices. The beta-sheet contains a central topological switch point
resulting in a deep cleft in which SAM binds [71]. Class I
methyltransferases harbor two conserved GxGxG-containing nucleotide-

binding domains in the first and second beta strands, which allow the

11



binding of SAM. The C-terminal region of DNMTs corresponds to the
catalytic domain (MTase domain) and contains ten conserved motifs. The
target recognition domain is constituted by motifs VIII and IX and
represents a unique element of DNMT1 essential for DNA recognition and
enzymatic specificity [72, 73]. Additionally, DNMT1 and DNMT3A/3B
contain distinct large regulatory N-terminal regions that guide the nuclear
localization and mediate their interactions with other proteins, DNA, and
chromatin to ensure faithful and efficient propagation of DNA

methylation patterns.

DNMT3A/DNMT3B/DNMT3L

DNMT3A and DNMT3B show high homology, sharing 40% amino acid
sequence identity. The N-terminal region of DNMT3A and 3B harbor two
main domains: i) PWWP domain- recognizing the repressive H3K36me3
mark [74], and ii) a cysteine-rich ADD domain- involved in protein-
protein interaction. In contrast, DNMT3L comprises only the ADD
domain and inactive MTase motifs [75].

In all three DNMTs, the ADD domain binds to unmethylated H3K4 tails
and facilitates the binding of DNMTs to DNA [76, 77]. Additionally, in
DNMTS3A, the ADD domain auto-inhibits its catalytic site when it is not

bound to H3K4 [78, 79].

DNMT1

DNMT1 is a large polypeptide and is highly conserved in mammals [80].
The N-terminal of DNMT1 is composed of multiple conserved functional
domains, as follows: (i) charge-rich sites: bind DNA methyltransferase
associated protein 1 (DMAP1) domain to repress transcription [81]; ii)
proliferating cell nuclear antigen (PCNA) binding domain: enables
DNMT1 to bind to PCNA and localize to the replication foci [82, 83]; (iii)
replication focus targeting sequence (RFTS) domain: allows tethering of

DNMT1 into DNA replication forks via recognizing ubiquitinated H3 [84-
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86]. In addition, this domain can plug inside the catalytic site of DNMT1,
inhibiting its MTase activity from preventing aberrant methylation
[87-89]; (iv) CXXC domain: recognizes unmethylated CpG sites and
excludes them from the catalytic center [90]; (v) bromo-adjacent
homology 1 and 2 domains (BAH1 and BAH2): load DNMT1 to the
replication foci; and (vi) a nuclear localization signal (NLS).
Furthermore, numerous studies have shown that DNMTi1 is able
to repress transcription independently of its catalytic function. This
is possible through the interaction of its N-terminal region with
HDAC2, DMAP1, E2F1, HDAC1i, and others [81, 01]
The N- and C-terminal regions of DNMT1 are separated by a series of 12
lysine-glycine (KG) repeats. The acetylation of these KG repeats, mediated
by the acetyltransferase Tip60, promotes the ubiquitination of DNMT1 at
lysine 526 (RFTS domain) and lysine 997 (BAH2 domain), targeting
DNMT1 for proteasomal degradation [92, 93]. On the contrary,
unacetylated GK repeats are bound by Herpes-associated ubiquitin-
specific protease (HAUSP/USP7). This association leads to
deubiquitination, which results in DNMT1 stabilization in HEK293T and
cancer cells [94, 95]. On the contrary, a subsequent study has reported
that the steady-state levels of DNMT1 are independent of the acetylation
status of the GK repeats, and recruitment of USP7 to the replication fork
is independent of DNMT1 in mouse fibroblast cells [96]. One possible
explanation for such differences could be the requirement of other

interacting proteins in the different cellular models.

UHRF1

UHRF1 has been shown to be a crucial cofactor in the maintenance of
DNA methylation [97]. UHRF1 (ICBP90 in human and NP95 in mouse) is
a multi-structural domain and functional protein essential for recognizing

various epigenetic marks and regulators. The central SET and RING-
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associated domain (SRA) recognizes and binds hemi-methylated DNA
[98, 99]. The tandem tudor domain (TTD) and the plant homeodomain
(PHD) of UHRF1 interact with the main heterochromatin mark
(H3Kgme2/3) to promote DNA methylation [100, 101]. The ubiquitin E3
ligase activity of the RING domain at C-terminal ubiquitinates histone H3
and PAF15, thus allowing the recruitment of DNMT1 to the replication
foci. Further, the RING-mediated ubiquitination is directed via the N-
terminal ubiquitin-like domain (UBL) of UHRF1 [102].

KG repeat
DNMT1
PDB _ NLS RFTS CXXC  BAH1 BAH2 W IXX
[ N [ 11 I 1]] onmrsa
PWWP PHD-ADD MV VIVITIXX
[ I [ 11|l |]onwrss
PWWP PHD-ADD ™V VNITIXX
[T 1 [l onmrse
PHD-ADD Iy ViVl

(inactive catalytic
domain)

Figure 4: Schematic representation of different domains of
DNMTi1, DNMT3A, DNMT3B, DNMT3L and UHRFi. DNMT1
contains PDB, RFTS, CXXC, BAH1/2 and MTase domains. DNMT3A/3B harbor
3 main domains: PWWP, PHD-ADD and MTase. DNMT3L has PHD-ADD and
inactive MTase domain. UHRF1 contains UBL, TTD, PHD, SRA and RING
domains.

De novo methylation

De novo methylation is essential for establishing genomic methylation
patterns on both strands of DNA independently of DNA replication during
embryogenesis [103, 104]. Both DNMT3A and DNMT3B are highly
expressed during embryogenesis and gametogenesis yet have different
expression profiles. Hence, DNMT3B is expressed in the early embryo,

while DNMT3A expression peaks after E10.5 [79, 105]. A global DNA
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methylation pattern is established during embryogenesis through
coordinated demethylation and remethylation processes, collectively
termed as “DNA methylation reprogramming”. After fertilization, the
paternal and maternal pronuclei in the zygote undergo global
demethylation in order to remove the germ cell-specific methylation and
attain developmental potency before implantation.

DNA demethylation can occur either passively or actively. Passive
demethylation consists of the progressive loss of DNA methylation due to
the lack of functional DNA methylation maintenance after multiple cell
divisions. In contrast, active DNA demethylation is an enzyme-coupled
process mediated by the dioxygenase ten-eleven translocation (TET)
enzyme. There are three homologs of TET enzymes, namely TET1, TET2,
and TET3. TET1 and TET2 are expressed in ESCs, whereas TETS is
predominantly expressed in oocytes, zygotes, and differentiated cells
[106]. TET first catalyzes the oxidation of 5mC to 5-
hydroxymethylcytosine (5hmC) and subsequently to 5-formylcytosine
and 5-carboxylcytosine [107, 108]. Thereafter, 5-formylcytosine and 5-
carboxylcytosine are converted to unmethylated cytosine via a base
excision repair system [109, 110]. Notably, the maternal genome
undergoes passive demethylation, whereas the paternal genome is
actively demethylated by TET3 [111].

DNMT3A/3B re-establish a new embryonic methylation pattern at post-
implantation stage. [112]. However, DNA methylation in imprinted genes
is reset in primordial germ cells [113, 114]. Nevertheless, the mechanisms
involved in the specification of the genomic regions targeted by de novo
DNMT3A/3B are not fully elucidated.

Although DNMT1 has a high affinity to hemimethylated DNA in vivo,
purified DNMT1 has been shown to catalyze the methylation of
unmethylated substrates in vitro, implying the possible role of DNMT1 as

a de novo methyltransferase [115]. Interestingly, the substitution of the

15



GKrepeats to GR repeats leads to DNMT1-mediated de novo methylation,
specifically of imprinting control regions (ICRs) in mouse ESCs [116]. A
subsequent study showed increased de novo activity of DNMT1 in the
regions harboring H3Kgme2/3 marks by using in silico modeling and
base-resolution mapping of DNMT1 [117]. Following this study, Haggerty
et. al proposed that DNMT1 has both de novo and maintenance activities
in long terminal repeat (LTR) retrotransposons, most notably
intracisternal A particles regions associated with H3Kgme3 and TRIM28
binding sites [118]. Intracisternal A particles are endogenous retrovirus-
like mobile elements that cause genomic mutation and cell
transformation [119]. Of note, UHRF1 seems to be indispensable for the
de novo activity of DNMT1 [118].

Maintenance of DNA methylation
A recent study has proposed two distinct mechanisms by which DNMT1

is recruited onto chromatin to facilitate the maintenance of DNA
methylation depending upon the cell cycle phase [120]. As
aforementioned, the multifunctional domains of UHRF1 serve as a guide
for DNMT1 recruitment. Firstly, the SRA domain of UHRF1 specifically
recognizes hemimethylated CpG sites, and the RING domain
subsequently ubiquitinates different targets providing docking sites for
DNMT1 [121]. For instance, in the early S phase, UHRF1 mediates the dual
mono-ubiquitination at two lysine residues of the PCNA-associated factor
15 (PAF15). The RFTS domain of DNMT1 recognizes the ubiquitinated
PAF15 and loads DNMT1 to DNA replication foci for subsequent DNA
methylation [99]. In contrast, in the late S phase, the recognition of
hemimethylated sites via the SRA domain allows the binding of TTD and
PHD to H3Kgme2/3 and H3R2 [97, 101, 122, 123]. This interaction
further facilitates the ubiquitination of H3K18 and H3K23, which are
recognized by the ubiquitin interacting motif (UIM) within the RFTS
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domain of DNMT1 [97, 124]. Hence, the coordinated binding of UHRF1 to
these chromatin markers, in conjunction with PCNA and ubiquitinated
histone H3, recruits DNMT1 to the replication fork to ensure the stable
inheritance of DNA methylation [97, 125, 126].

Even though the primary function of DNMT3A/3B is the de novo DNA
methylation, their role as maintenance methyltransferase cannot be
overlooked. A crosstalk between de novo and maintenance machinery
through the N-termini of these enzymes is essential for establishing and
propagating DNA methylation [127]. The cooperative contribution of
these enzymes to maintain symmetrical CpG methylation has been
observed in ESCs deficient in Dnmt1, Dnmt3a, Dnmt3b, and Dnmt3a/b
[128]. A similar collaboration of DNMT1 and DNMT3A to maintain DNA
methylation in post-mitotic neurons has been described to coordinate
neuronal gene expression [129]. Importantly, DNMT3A/3B binds tightly
to regions of nucleosomes associated with repetitive elements and
methylated CGIs, implicating that these enzymes methylate the CpG
missed by DNMT1 [130]. Indeed, a detailed mechanistic and kinetics
study of these enzymes upon deletion of one or another in different
genomic locations will further shed light on their role as DNA

methyltransferase.

DNA methylation and pluripotency
DNMT1 and DNMT3A are expressed in both pluripotent and

differentiated states, whereas DNMT3B is most abundant in
undifferentiated ESCs [70, 131]. The inactivation of these enzymes has
been linked to cellular death and activation of retrotransposons leading
to genomic instability. Homozygous deletion of Dnmt1, Dnmt3b, and
Uhrf1 leads to embryonic lethality, while Dnmt3a knockout (KO) is not
embryonically lethal in mice. Dnmt3a KO mice present diminished

growth, imprinting defects, and post-natal death [68, 132, 133]. Unlike
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mice, mouse ESCs lacking Dnmt3a, Dnmt3b, or both
(Dnmt3ga/Dnmt3b) retain a round ESC morphology and express the
pluripotency factor OCT4. Consistent with these findings, Dnmt triple
KO mouse ESCs maintain a pluripotent state indicating that CpG
methylation is dispensable for the maintenance of mouse ESCs in an
undifferentiated state [104, 134]. Likewise, DNMT3A, DNMT3B, or both
(DNMT3A/3B) deficient human ESCs are viable and pluripotent.
However, rapid cell death has been observed upon DNMT1 deletion in
human ESCs [131]. On the contrary, somatic cells such as mouse
embryonic fibroblast deficient of Dnmt3b and Dnmt1 show premature
senescence or cellular death [135, 136]. These findings raise the question
of whether DNA methylation is a critical regulator of gene expression
during cell fate commitment and differentiation rather than self-
renewal, as well as if each DNMT has a cell type-specific epigenetic

regulation.

DNA methylation and lineage specification

Genome-wide DNA methylation analysis in differentiated ESCs towards
different lineages has shown that most of the early specification markers
comprise CpG-rich regions depleted of DNA methylation. In contrast,
proximal promoters of late markers and germ cell-specific genes are
marked with DNA methylation in a lineage specific-dependent manner
implying the differential role of DNMTs in ESCs differentiation [137,
138]. For instance, early passage Dnmt3a~/- and Dnmt3b~/- ESCs, with
functional DNMT1, undergo terminal differentiation in wvitro and
generate teratomas in vivo. A similar differentiation phenotype is
observed in human ESCs deprived of DNMT3A, DNMT3B, or both
(DNMT3A/B7-) [104, 131, 139]. However, in later passages, when
Dnmt3A-/- and Dnmt3B-/- ESCs are severely hypomethylated, these

cells cannot suppress pluripotency markers leading to aberrant
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differentiation [139, 140]. Of note, Dnmti-/- ESCs harboring 20% of
methylated CpG could initiate early differentiation; however, a defective
terminal differentiation to cardiomyocytes or hematopoietic cells has
been detected [139]. Consistently, Dnmt triple KO in mouse ESCs can
specify to epiblast derivatives, but in the context of hypomethylation,
severe growth defects and cellular death are observed. It should be noted
that in the same study, Sakaue et al., showed that Dnmt triple
KO embryo can generate extraembryonic lineages in vivo,
arguing  that trophectoderm and primitive endoderm
differentiations  are independent of DNA methylation [141].
Moreover, a recent study reported that reintroducing catalytically
mutated DNMT1 into Dnmt: KO mouse ESCs enhances the
differentiation potential to the primitive endoderm. This increased
ability is associated with the promotion of de novo methylation via
DNMT3a/3b in the presence of catalytically inactive DNMT1 [142].
In agreement with previous studies, DNMT3b has been shown to be
essential for priming epiblast cells toward meso-endoderm via
methylating the enhancer of the pluripotency factor Sox2. At the same
time, Dnmt3a KO ESCs can effectively differentiate into endoderm

and mesoderm [143].
Numerous studies on DNA methylation and differentiation are focused

on DNMTs; however, little is known about the role of UHRF1 on cell-fate
specification. It has been reported that DNA methylation is more
sensitive to the deletion of UHRF1 rather than DNMT1 in cancer cells
[144]. Furthermore, transcriptomic profiling of Dnmt1 KO and Uhrf1 KO
mouse ESCs showed distinct segregated features: pluripotency-
associated genes are dysregulated in Dnmt: KO ESCs, whereas
developmental and early embryonic markers are aberrantly expressed in

Uhrfi KO ESCs. Specifically, embryonic bodies generated from Uhrfi
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KO ESCs have an increased affinity towards mesoderm with reduced

potential to differentiate in neuroectoderm [145].

Hence, these findings imply that the interplay between DNA
methylation machinery components is essential for reshaping gene
expression programming of ESCs for the proper induction of
differentiation. Effective differentiation and lineage commitment
depend on temporally regulated DNA methylation on specific lineage

markers.

Co- and post-transcriptional control of gene expression

Nascent transcripts undergo multiple processing steps in the nucleus,
such as 5'end capping, splicing, 3'end cleavage, and polyadenylation to
generate mature RNA. Thus, these nuclear processing events constitute
the first layer of co- and post-transcriptional regulation [146]. A plethora
of RNA-binding proteins (RBP) bind to nascent transcripts to form
ribonucleoprotein complexes (mRNPs) which ultimately instruct mRNAs
to different cellular fates [147]. Hence, mRNPs remodeling is essential for

the export, translation, and decay of mRNAs.

Pre-mRNA splicing

Splicing is a conserved process that occurs concomitantly with
transcription allowing the coding diversity of the genome in eukaryotic
cells [148]. Splicing relies on the excision of introns and the joining of
adjacent exons into pre-mRNAs. A dynamic complex of proteins, known
as the “spliceosome”, executes this process. The spliceosome comprises
five small nuclear ribonucleoproteins (snRNPs) as main components: U1
and U2 that operate individually, U4/U6 heterodimer and U4/U6/Us
heterotrimer, as well as additional proteins. The core splicing signals

namely, the 5'splice site (5'SS), the 3'splice site (3'SS), the branch point,
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and the polypyrimidine tract in the intron, are recognized by the
spliceosome which allows them to rearrange systematically in pre-mRNA.
The branch point is located between 18 to 40 nucleotides upstream of the
3'SS. In comparison, the pyrimidine tract is found downstream of the
branch point [149-151]. A dynamic change in RNA-proteins and proteins-
proteins interaction occurs in the spliceosome during the various steps of

the splicing cycle (Figure 5A).

Regulation of splicing

Cis-regulatory elements, such as enhancing and silencing sequences in the
pre-mRNA, and trans-acting factors i.e., splicing factors, mediate
splicing. Based on their location and functions, four groups of cis-
elements have been reported: i) exonic splicing enhancers (ESEs); ii)
exonic splicing silencers (ESSs); iii) intronic splicing enhancers (ISEs);
and iv) intronic splicing silencers (ISSs) (Figure 5B). These elements
recruit trans-acting splicing factors such as serine/arginine-rich proteins
and heterogeneous nuclear RNP proteins to activate or repress splice site
recognition or spliceosome assembly [152, 153].

The recruitment of mRNA processing factors into nascent transcripts can
occur via various independent mechanisms. For instance, the
phosphorylated C-terminal domain of RNA Pol II allows the sequential
recruitment of RBPs as transcription progresses [154]. Besides, specific
histone marks such as H3K36me3 has shown to recruit the splicing factor
polypyrimidine tract-binding protein [155]. Furthermore, the rate of
transcription elongation can also influence splicing by allowing the

availability of splice sites in a slower or faster fashion [156].
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Figure 5: Schematic representation of pre-mRNA splicing. (A)
U1 and U2 small nuclear ribonucleoprotein (snRNP) bind to the 5°SS and to the
branchpoint, just upstream of the 3’SS of the pre-mRNA, respectively. U4—U6
are recruited to form a prespliceosomal complex. The unwinding of the complex
releases U1 and U4 and forms the active spliceosome complex leading to the
excision of the intron and ligation of the adjacent exons. (B) Schematic diagram
of the cis-acting splicing enhancer or silencer sequences: exonic splicing
enhancer (ESE), exonic splicing silencer (ESS), intronic splicing enhancer (ISE),
and intronic splicing silencer (ISS); and the trans-acting factors that bind to
those sequences to activate or repress splicing: SR proteins and hnRNP. Sequence
elements required for the assembly of the spliceosome are depicted. Adapted
from Achour thesis, 2022 (ISBN 978-91-7855-909-1).
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Alternative splicing

The human genome consists of ~25,000-30,000 protein-coding genes;
however, ~90,000 different proteins are synthesized, disregarding the
notion that “one gene is equivalent to one polypeptide” [157]. Indeed, this
disparity between protein-coding genes and the protein expressed is
mediated mainly through alternative splicing (AS) events. AS is a crucial
co-transcriptional mechanism that produces multiple transcript isoforms
from a single gene. It involves the exclusion or inclusion of different exons
joined by the splicing complex in pre-mRNA, contributing to the
transcriptome and proteome functional diversity [158]. Recent advances
in high-throughput sequencing technologies have estimated that ~95% of
multi-exon genes are alternatively spliced [159]. The coupling of AS with
several functional downstream processes modulates the expression of
transcripts. For example, AS can generate transcripts carrying premature
stop codons, which are ultimately committed to degradation through the
non-sense mediated decay pathway. Moreover, AS can alter the 5’ or 3’
untranslated region, resulting in mRNA instability and mislocalization.
Additionally, changes in the N-termini of generated proteins resulting
from AS events can affect their subcellular localization [160, 161]. Indeed,
the degree of functional diversity ranges from the gain of a new function
to a total loss of function.

AS events can be categorized into seven different types: i) exon skipping,
in which the excision of one or more exons takes place; ii) alternative 5’
or iii) alternative 3’splice site, during which different splice sites at the 5'
or the 3' of an exon are used resulting in the exclusion of the 5' or the 3'
region of the concerned exon, respectively; iv) mutually exclusive exons
which consists of the inclusion of exclusively one or its adjacent exon but
not both; v) intron retention in which an intron is retained in the mature
mRNA, mainly resulting in a premature stop codon; vi) alternative first

which includes the use of more than one initiator exons; and vii)
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alternative last corresponds to the use of more than one last exons

(Figure 6) [162].
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Figure 6: Schematic representation of different AS events. SE:
skipped exon; RI: retained intron; MX: mutually exclusive exon; AF: alternative
first exon; AL: alternative last exon; A5: 57alternative splice site; A3:
3”alternative splice site.

AS and ESCs

AS leads to the diversity of protein functions and abundance, essential for
regulating pluripotency and cell-type specific differentiation. Advanced
technologies, such as RNA-sequencing and splicing microarrays, have
revealed more than 100 differential AS events between mouse ESCs and
differentiated cells. These events mainly occur in genes related to the
maintenance of pluripotency, lineage specification, and cell-cycle
progression [163, 164]. Among them, it has been shown that the inclusion
of exon 18 in the Forkhead box transcription factor 1 (FOXP1), namely
FOXP1-ES, taking place only in ESCs but not differentiated cells,
promotes the expression of pluripotency-associated genes such as OCT4,
NANOG, NR5A2, and GDF3, enhancing ESC self-renewal [165]. In
addition, OCT4, which indeed targets FOXP1, encodes for multiple
isoforms, namely OCT4A, OCT4B, OCT4B1, OCT4B2, and OCT4B4 [166].

Only OCT4A is involved in the maintenance of pluripotency in human
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ESC, whereas OCT4B is expressed in differentiated cells [15, 166, 167]. A
subsequent study identified the muscle blind-like RNA binding proteins
(MBNL1 and MBNL2) as negative regulators of AS during differentiation.
Hence, differentiated cells depleted of MBNL switch to ESC-like AS events
with increased expression of FOXPi-ES, thereby impairing proper
differentiation [163]. These findings demonstrated that AS switch is

pervasive in ESC and differentiated states.

Lysine-specific histone demethylase 1 (LSD1)

LSD1, also known as KDM1A or AOF2 or BHC110, is a flavin-containing
amino oxidase that removes mono- and di-methyl groups from H3K4
and H3Ko, thereby acting as a corepressor or coactivator depending on
the cellular context [168-170]. LSD1 is highly conserved among
eukaryotes, except for some fungi and contains three domains: i) the
SWIRM domain; ii) the C-terminal amino-oxidase-like domain (AOL);
and iii) the TOWER domain [171, 172]. The N-terminal flexible region is
dispensable for LSD1 activity but essential for its nuclear localization
[173]. Unlike other SWIRM domains, the SWIRM domain of LSD1 lacks
DNA-binding ability but instead can bind to the N-terminal tail of
histone H3 and maintain LSD1 protein stability [171, 174, 175]. The
catalytic activity of LSD1 resides in the AOL domain, where the flavin-
catalyzed oxidation process occurs. AOL is further divided into two
lobes: the first lobe forms a noncovalent FAD-binding site that is located
immediately downstream from the SWIRM domain, whereas the second
lobe interacts with SWIRM and forms a cavity that corresponds to the
catalytic pocket of LSD1 [171, 176]. It has been reported that LSD1 alone
can demethylate methylated H3K4 peptides in vitro. However, LSD1
requires the COREST complex to recognize and efficiently demethylate
the nucleosome substrates under physiological conditions [177-179].
The interaction with CoREST is facilitated via the TOWER domain,
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which protrudes from the AOL domain [179, 180]. More recently, the
LSD1/CoREST complex has been found to interact with
extranucleosomal DNA, which in turn enhances the demethylase activity
of LSD1 [181, 182].

LSD1 — self-renewal and differentiation

LSD1 expression is restricted to the ICM and trophectoderm cells in
blastocysts. After implantation, it is expressed ubiquitously [183]. Lsd1-
deficient mice embryos do not survive beyond gastrulation at E7.5,
implying its crucial role in pluripotent cells of the epiblast [183-187].
However, the impact of LSD1 on the regulation of pluripotency and cell
differentiation has not been conclusively addressed yet.

Numerous studies have reported that LSD1 is not essential for ESC self-
renewal but rather for cell-lineage determination and terminal
differentiation during organogenesis in vivo [183-185, 187, 188]. Lsd1
deficient mouse ESCs and trophoblast stem cells express the core
pluripotency markers allowing the maintenance of the ESC state [183,
187]. However, conditional deletion of Lsd1 in mouse ESCs leads to
impaired differentiation with a precocious expression of the
mesodermal marker Brachyury and atypical expression of
developmental transcripts such as Hoxby, Hoxd8, and retinoic acid
receptor y [185]. Mechanistically, the LSD1-NuRD complex together
with the core pluripotency factors OCT4, NANOG, and SOX2, and HAT
P300 co-occupies the enhancers of actively transcribed genes in ESCs
[188-190]. However, the demethylase activity of bound LSD1 is
suppressed by histone acetylation therefore, LSD1 cannot repress gene
expression programs in the ESC state. On the contrary, upon cellular
differentiation, p300 and histone acetylation levels decrease at
enhancers of ESC genes, thereby allowing LSDi-mediated
H3K4me1/me2 demethylation. Such histone demethylation program
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contributes to ESC gene silencing and it is a requirement to exit
pluripotency [188]. Importantly, a recent study has highlighted the role
of LSD1 in maintaining enhancer homeostasis in both undifferentiated
and lineage-committed cells, indicating that LSD1 does not direct mouse
ESCs to particular cell fate [189].

In contrast, other studies have reported that Lsdi mutant ESCs have
expanded potential to differentiate into extraembryonic and embryonic
cell types rather than restricted cell fate. LSD1 has been shown to repress
the excessive activity of LTR elements that act as a promoter of genes
restricted to zygotic genome activation, a transient gene expression
initiation after fertilization [186]. Consistently, transcriptomics analysis
of Lsd1 deficient ESCs showed enhanced markers associated with early
blastomere [186]. Similar induction of endodermal and mesodermal
lineage markers, including EOMES, BMP2, FOXA2, and SOX17, among
others, has been observed in LSDi1-depleted human ESCs [191]. This
study concludes that in human ESCs, LSD1 is essential to maintain an
undifferentiated state through silencing the expression of
developmental genes [191].

The discrepancy between studies could reflect the multiple functions of
LSD1 in distinct pluripotent states: naive, metastable, and primed. Thus,
whereas mouse ESCs are a surrogate of the naive state, with unlimited
differentiation potential, human ESCs represent a primed state of

pluripotency.

Non-histone substrates of LSD1

Emerging evidence has highlighted that LSD1 can demethylate specific
lysine residues of several non-histone proteins, including OCT4,
DNMT1, and UHRF1, amongst others [192, 193]. Methylation of non-
histone proteins affects their protein stability and functionality [194].

For instance, methylated OCT4 exhibits increased stability which
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promotes the formation of the OCT4-PORE homodimer, enhancing its
recruitment to PORE-motif target genes. PORE-motif-containing genes
mainly include transcription factors involved in MAP kinase signaling
and cell fate determination. The binding of methylated OCT4 to these
target genes suppresses their transcription, thereby repressing the
differentiation potential of ESCs. LSD1-mediated demethylation at K222
is essential to maintain the dominant proteasomal-dependent
degradation of OCT4 [195]. In contrast, LSD1-mediated demethylation
of UHRF1 and DNMT1 promotes their stabilization, thereby preventing
global DNA hypomethylation in mouse ESCs and cancer cells [144, 183].
LSD1 stabilizes UHRF1 through the demethylation of K385, which
prevents its subsequent ubiquitination at K500 during the G2/M phase
[144]. Moreover, it has been described that the demethylation of K385
impairs the interaction between PCNA and UHRF1, which is essential
for DNA repair during the S phase [196]. DNMT1 can be methylated at
several lysine residues by methyltransferases such as SET7/9.
Specifically, LSD1-mediated demethylation of DNMT1 at K1096 in
mouse and at K1094 in human has been shown to increase DNMT1
stability [183]. In addition, LSD1 has been reported to demethylate
Ki142me preventing the recruitment of CRL4PCAF5| a ubiquitin ligase,
further inhibiting ubiquitin-mediated proteolysis of DNMT1 [197, 198].
The aforementioned studies have described LSDi-mediated
demethylation on non-histone substrates through performing in vitro
methylation and demethylation on recombinant proteins or using Pan
methyl lysine antibodies in vivo to detect methylated products [144, 183].
However, how LSD1 recognizes, binds and demethylates non-histone
substrates has not yet been characterized. Structural and enzymatic
studies have shown that LSD1 interaction with the first 16 amino acid
residues of H3 is necessary for efficient demethylase activity [199, 200].

Among these residues, arginine, glutamine, and serine at positions 2, 5,
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and 10 form the core peptide structure [199]. Additionally, the substrate-
binding pocket of LSD1 can only accommodate substrates with three
residues on the N-terminal side of the targeted lysine [182]. Whether
LSD1 can accommodate protein substrates on its peptide substrate-
binding pocket and stabilize the protein conformation for demethylation

still needs further investigation.

The non-catalytic function of LSD1

Recently, non-catalytic functions of LSD1, whereby LSD1 acts as scaffold
of chromatin and transcriptional complexes have been described [201].
For instance, LSD1 was reported to be a pseudosubstrate of the tumor
suppressor FBXW7, an E3 ubiquitin ligase, which inhibits FBXW7
dimerization and decreases its activity and substrate binding affinity
[202, 203]. Monomeric FBXW7 undergoes self-ubiquitination leading to
degradation [203]. In addition, LSD1 binding to the N-terminal region of
p62 promotes its ubiquitination, followed by degradation and impaired
autophagy flux [204]. In comparison, non-demethylase mediated
regulation of LSD1 safeguards the estrogen-related receptor a protein
from proteasome-dependent degradation, thereby increasing receptor
half-life in breast cancer [205]. Notably, during breast cancer cell
reprogramming, the scaffolding activity of LSD1 maintains the CoREST
complex intact, leading to open chromatin landscapes that drive
endocrine resistance in breast cancer [206].

In addition, LSD1 can also recruit repressor complexes to chromatin.
Previous studies have shown that the SNAG domain of Snail1 resembles a
histone H3-like structure and recruits LSD1, which stabilizes the
formation of a Snail1—LSD1—-CoREST complex on target gene promoters
[207, 208]. Consistently, a recent study on Isd1 mutants in zebrafish
found that SNAG domain containing proteins recruit LSD1 providing

scaffold for assembling chromatin-modifying complexes to repress early
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development programs [209]. Similar recruitment of LSD1 onto
chromatin to maintain a repressive state is essential for germinal center
formation [210]. Additionally, LSD1, together with ZNF217, co-occupy the
promoters of the prostate cancer gene network and stimulates their
expression independently of LSD1 catalytic activity [211]. Therefore, it
would be interesting to investigate whether the scaffolding role of LSD1 is

indispensable for stemness and development.

LSD1 and its protein complexes

Several studies have indicated that LSD1 can form both corepressor and
coactivator complexes, depending on whether it mediates H3K4 or
H3K9 demethylation. The most well-studied transcriptional corepressor
complex is the COREST complex, where LSD1 forms a stable complex
with histone deacetylase (HDAC1/2), RCOR1, and plant homeodomain
(PHD) finger-containing protein (PHF21A) [193, 212, 213]. This
interaction cooperatively allows lysine deacetylation of H3, followed by
increased accessibility of hypoacetylated nucleosomal substrates to
LSD1 [171, 178, 182]. Additionally, this complex promotes the
demethylase activity of LSD1 and protects it from proteasomal
degradation [178]. Recently, HDAC1-mediated deacetylation of LSD1 at
K374 has been reported to enhance LSD1 and H3 binding on
nucleosomes [214]. The end product of the reaction, unmethylated
H3K4, is bound by PHF21A, leading LSD1 to target surrounding
nucleosomes [215].

Moreover, LSD1 can also act as a transcriptional repressor through its
association with the Mi-2/nucleosome remodeling and deacetylase
(NuRD) complex [216]. NuRD is a highly conserved multiprotein
complex consisting of enzymatic components (HDAC1/2 and
CHD3/4/5), the methyl-CpG-binding domain protein (MBD2/MBD3),

the metastasis-associate proteins (MTA1/2 or 3), the histone binding
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proteins (RBBP7 and RBBP4), and the nuclear zinc finger proteins
(GATA2A and GATA2B) [217]. The components of the NuRD complex
exist as multiple paralogs in order to achieve cell type-specific
functions[218]. The NuRD complex has been implicated in
developmental transitions of pluripotent cells in pre-implantation
embryos and ESCs. Hence, it has been shown that the NuRD complex
delimits the expression of pluripotency transcripts and facilitates cells to
exit the self-renewal state [219, 220].

On the contrary, LSD1 has been reported to interact with nuclear
receptors and act as a transcription activator. LSD1 binds to androgen
or estrogen receptors and stimulates androgen-receptor-dependent
transcription via H3K9 demethylation [168]. Following androgen
stimulation, the protein Kinase C phosphorylates H3 threonine 6 in
androgen receptor target promoters. This modification switches the
LSD1 substrate specificity from H3K4me1/2 to H3Kgme1/2 [221].
Additionally, an alternative splice of LSD1 (LSD1+8a), specifically
expressed in the neuronal cells has been documented to exert
transcription activation through H3K9 demethylation [222]. Exon8a
encodes for additional four amino acids in the AOD domain. Further, in
cortical neurons, LSD1+8a functions as H4K20 demethylase through
the formation of a complex with CREB and MEF2. H4K20
demethylation at transcribing coding regions promotes transcriptional

initiation and elongation to neuronal activity-related genes [223].

Chromodomain-helicase DNA binding protein 7 (CHD7)

CHD7 belongs to the ATP-dependent chromodomain helicase DNA-
binding family III of chromatin remodelers. It is a highly conserved
protein containing several multifunctional domains: i) two N-terminal
chromodomains that recognize methylated histones; ii) the SWI2/SNF2-

like ATPase/helicase domain; iii) SANT domain enhances the efficiency
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of nucleosome remodeling [224]; and iv) two Braham and Kismet
domains, with unknown function [225]. CHD7 can bind to both core
nucleosomes and nucleosome-linker complexes. Specifically, CHD7
directs nucleosomal sliding to proximate DNA-accessible regions [37,
226]

Previous studies have shown that CHD?7 is involved in tissue-specific gene
expression regulation by stabilizing transcription factor complexes or
activating enhancer-mediated transcription [227, 228]. Additionally, the
genome-wide distribution of CHD7 in different models shows that CHD7
is localized in discrete regions at both promoters and enhancers of
transcriptionally active genes that are cell-type specific. In particular, at
distal gene-regulatory elements, ~42 % of CHD7 binding sites overlap
with H3K4me1 and H3K27ac marks of active enhancers [224, 229].
Moreover, a subset of CHD?7 sites is co-bound by core transcriptional
regulators such as OCT4, NANOG, SOX2, SMAD1, and STAT3 at
functional enhancers in mouse ESCs [224, 230]. These enhancer-
promoter interactions fine-tune ESC-specific gene expression [231].
Alternatively, CHD7 cooperates with PBAF, an SWI/SNF chromatin
remodeler, to bind the neural crest-specific distal SOX9 enhancer in order
to activate neural crest gene expression programs [227]. In addition,
recent high-throughput technologies such as transposon-accessible
chromatin with sequencing allowed the identification of DNA-accessible
regions and active enhancers depleted of nucleosomes. Implementing
such techniques in different model systems lacking Chd7 uncovered that
CHD7 is essential to maintain an open chromatin state at specific
developmental regulatory regions associated with neuronal

differentiation [232, 233].
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CHD7 contributes to differentiation

In vertebrates, CHD7 is widely expressed in brain and neural crest
derivatives, including craniofacial cartilages, inner ear, dorsal root
ganglia, heart, mesenteric nervous system, and cranial and olfactory
nerves [230, 234, 235]. In human, a mutation in CHD7 leads to CHARGE
syndrome, a multisystemic developmental disorder characterized by
ocular coloboma, heart defects, atresia of the choanae, retarded growth,
genital hypoplasia, and ear abnormalities. Although both nonsense and
missense mutations in CHD7 have been reported, heterozygous loss-of-
function mutations in CHD7 are the primary cause of the CHARGE
syndrome [236-239].

Several animal models have been established to study how CHD7
regulates developmental processes. Deletion of Chd7 is embryonically
lethal in mice at E10.5; however, heterozygous Chd7 mouse mutants are
viable and develop CHARGE-like symptoms [240]. Chd7 null mouse ESCs
do not exhibit defects in self-renewal [231, 241]. These observations hint
that tissue-specific expression of CHD7 is involved in regulating gene
expression programs associated with neurogenesis and neural crest-
derived tissues. Chdy has been reported to act as a cofactor for Sox2 and
to facilitate the synergist activation of the Notch and Sonic Hedgehog
pathway essential for brain and eye development [242]. A subsequent
study showed that loss of Chd7 in neural stem cells reduces Sox4 and
Sox11 expression, which are essential transcription factors of neuronal
differentiation [243]. Furthermore, loss of Chdy increases immature
neuron generation and impairs neuronal length [225, 241, 244]. Indeed,
these findings imply that CHD?7 is ultimately essential for neuron-specific

processes.
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Zinc finger protein 207 (ZFP207)

Zinc finger-containing proteins (ZNFs and ZFPs in human and mouse,
respectively) are metalloproteins containing a zinc-finger (ZnF) domain
with a high affinity for DNA regulatory elements involved in controlling
transcriptional programs of various cellular processes, such as cell
growth, signal transduction, and development. Although initial studies
primarily focused on the ZNFs/ZFPs DNA binding capacity, it has been
later shown that ZNFs/ZFPs can also bind RNA and other proteins with
high affinity, expanding their diverse functionality. Among them,
ZNF207, also known as BuGZ, Bub3 interacting GLEBS and ZnF-
containing protein, was retrieved as a potential RBP after oligo(dT)
affinity purification followed by mass spectrometry analysis [245].
ZNF207 is a major regulator of the kinetochore-bound spindle assembly.
ZNF207 binds and stabilizes Bub3, a spindle assembly checkpoint
protein, to promote Bub3 localization to the kinetochores, allowing
proper chromosomes alignment during mitosis/meiosis [246-248]. In
addition, depletion of ZNF207 in cancerous cells is associated with
decreased centromeric histone H2A phosphorylation and Aurora B kinase
activity, leading to chromosome misalignment followed by mitotic arrest
[249]. Furthermore, comprehensive yeast two-hybrid screening
uncovered ZNF207 as a non-core component of the human spliceosome
complex [250, 251]. Consistently, it has been reported that dysregulation
of both Bub3 and ZNF207 is linked to aberrant splicing events in tumor
cells [252]. Defects in RNA splicing have been documented to increase
RNA-DNA hybrids (R-loops) formation in the nucleus, leading to DNA
breaks and p53 activation. Specifically, ZNF207 is associated with
numerous spliceosome components, including U2AF65, SFRS1, SFRS6,
and SF3a3, among others. Nevertheless, how this interaction regulates

splicing is not clearly established yet [250, 252].
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Isoform switching of Zfp207/ZNF207 determines the function
in ESCs and differentiated cells

Zfp207/ZNF207 also plays a crucial role in balancing pluripotency and
differentiation, cellular reprogramming, and mouse oocyte development
[253-257]. The isoform switching of ZNF207/Zfp207 contributes to
distinct functions in ESC and differentiated states. So far, three distinct
isoforms of ZNF207/Zfp2107 have been documented: in human ESCs
namely, i) isoforms A: exclusion of exon 6; ii) isoform B: exclusion of exon
9; and iii) isoform C: inclusion of exon 6 and 9 [254, 255] and in mouse
ESCs namely, i) isoform 1: inclusion of exon 6 and 9; ii) isoform 2:
exclusion of exon 6 and iii) isoform: exclusion of exon 9 (Figure 7A)

[257].
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Figure 7. Isoforms of Zfp207/ZNF207 in mouse and human. (A)
Schematic representation of transcript variants with alternatively spliced exons
of Zfp207 in mouse and human. (B) The differential switch of the Zfp207 splice
forms between the ESC state and neuron differentiation in mouse and human
(Malla et. al, 2022).

In human ESCs, the predominant isoforms of ZFP207 are the A and the

C, while isoform B is expressed in differentiated cells [254]. Such isoform
switching is regulated by the splicing factor SRSF11 [255]. It has been
shown that the isoform C colocalizes with master pluripotency factors
across the genome and regulates pluripotency and neuronal gene
expression. Although expressed in human ESCs, the role of isoform A is
not elucidated. Upon differentiation, ZNF207 switches from isoforms A
and C to B, promoting ectoderm differentiation and enabling ZNF207 to

interact with spindle assembly checkpoint proteins for correct
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chromosome alignment during mitosis [254]. Noteworthy, such AS
switching also operates during somatic cell reprogramming of human

fibroblasts [255].

In contrast, we and others have reported an antagonistic isoform
switching of murine Zfp207 during neuronal differentiation and
oogenesis compared to the human orthologue ZNF207 [253, 257].
Isoform 3, which is most abundant in the ESC state, switches to isoforms
1and 2 of Zfp207, retaining exon 9 during differentiation (Figure 7B). In
addition, unlike human ESCs, ZFP207 does not regulate transcriptome
profiles related to neural lineages in mouse ESCs. Rather depletion of
Zfp2o7 in mouse ESCs increases the expression of spliceosome
components such as Mbnl2, Rbm3, and Sf3b3, which lead to aberrant
splicing events resembling the differentiated cell-like phenotype [257].
Alternatively, AS of Zfp207 is reported to be regulated via BCAS2 during
oogenesis [253]. BCAS2 is a core component of splicing PRP19 complex,
essential for oocyte maturation [258]. Silencing of Bcas2 in mouse oocytes
is associated with increased expression of isoform 3 of Zfp207 and
follicular developmental arrest [253]. One possible explanation for the
observed dissimilarities in the AS switches of ZNF207/Zfp207 between
human and mouse could arise from different pluripotent states, primed
versus naive, that they represent. Furthermore, it is possible that
differentiation of mouse and human ESCs might potentially lead to

differential AS switching programs.
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Aims

The general aim of this thesis is to understand gene expression programs
that orchestrate pluripotency and differentiation. The specific aims were
to:

Paper I: Investigate the enzymatic and scaffolding functions of LSD1 in
differentiation and DNA methylation.

Paper II: Identify novel interacting partners of LSD1, exemplified by
CHD7, and investigate the functional implications of such interaction(s)

during differentiation.

Paper III: Explore the co- and post-transcriptional mechanisms
mediated by ZFP207 in maintaining ESC identity.
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Materials and Methods

Cell Culture

CCE murine ESCs were maintained on 0.1% gelatin-coated tissue culture
plates under feeder-free culture conditions. The complete media
composition consists of Dulbecco’s modified Eagle’s medium (DMEM)
high glucose (Gibco, 41966-029), 15% fetal bovine serum (FBS; Gibco,
10500-064), 1% MEM non-essential amino acids (Sigma-Aldrich,
M7145), 0.1mM of 2-f mercaptoethanol, 1% Il-glutamine (Hyclone,
SH30034.01) and 1% penicillin/streptomycin (Gibco, 15140-122).
Complete media was supplemented with Leukemia inhibitory factor (LIF;
R&D systems, 8878-LIF-100/CF, 0.01 ng/uL). All cell cultures were
maintained at 37°C with 5% CO..

RA and EB differentiation assays

To induce retinoic acid (RA)-mediated differentiation, 2.1 x 103 cells/cm?
of mouse ESCs were seeded onto tissue culture plates pre-coated with
0.1% gelatin in complete media without LIF and with 5 uM RA (Sigma-
Aldrich).

For EB differentiation, ESCs at a density of 8.8 x 104 cells/cm? were
seeded in low attachment plates in the presence of a complete medium
without LIF. The medium was replenished every 48 h. EB sizes were
quantified using NIS-elements software.

Generation of CRISPR/Cas9 knockouts

ESCs were seeded in a 12 wells-plate and transfected with 0.8 ug of Casg
expression vector PX459 (Addgene plasmid #62988) containing the
corresponding sgRNAs using Lipofectamine (Invitrogen). All sgRNA-
Cas9 plasmids were obtained by ligation (T7 DNA ligase, Fermentas) of
annealed complementary oligonucleotides with the PX459 vector
(digested with BbsI (Bpill)) (Thermo Scientific). All sgRNAs were
designed using the Zhang lab’s online tool (https://zlab.bio/guide-
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design-resources). Knockouts (KOs) were screened by PCR and validated
by western blot and Sanger sequencing. The specific primers flanking the
cleavage sites were designed to detect the insertion/deletion (INDEL) in
the target regions.

Mismatch Detection Assay by T7 Endonuclease of Lsd1 KOs
Genomic DNA was extracted using the GeneJET Genomic DNA
Purification kit (Thermo Scientific, Ko722) following the manufacturer’s
instructions. Target regions were PCR-amplified with DreamTaq 2X
Master Mix (Thermo Scientific, K1081). PCR products were denatured at
95 °C for 2min and re-annealed at -2°C /second temperature ramp to
85°C, followed by a -0.1°C /second temperature ramp to 25°C. The PCR
products (20 pL) were incubated with 5 U T7E1 enzyme (NEB #E3321) at
37°C for 20 min. Products from mismatch assays were separated by
electrophoresis on a 2% agarose gel in TAE.

Alkaline phosphatase activity

Alkaline phosphatase activity was measured using the Stemgent Alkaline
Phosphatase Staining kit (Stemgent), following the manufacturer’s
recommendations.

Immunofluorescence staining

For immunofluorescence staining, cells were fixed in 4%
paraformaldehyde at room temperature (RT) for 15 min, followed by
permeabilization at RT for 30 min with 0.25% Tween-20 in PBS (PBST).
Cells were then washed twice with 1X PBST and blocked at 10% in normal
goat serum (Invitrogen), 1% bovine albumin serum (Hyclone), and 0.05%
Tween 20) at RT for 1 hour. The cells were stained with the specified
primary antibodies overnight at 4°C in a blocking buffer followed by
secondary antibodies staining at RT for 1 h. 6-diamino-2-phenylindole
(DAPI) was used for nuclear DNA staining (4 min). Images were acquired
using a Zeiss microscope.

RT-qPCR analysis

39



Total RNA was extracted using the RNeasy Mini Kit (Qiagen). 1 ug of total
RNA was reverse transcribed using the RevertAid First Strand ¢cDNA
Synthesis kit (Invitrogen). Quantitative PCR (qPCR) was performed using
the Power Up SYBR Green qPCR Master Mix (Applied Biosystems).
RNA-Seq Library Preparation

RNA-Seq library preparation was performed at Novogene (Hong Kong).
Samples were sequenced by the Illumina HiSeqTM platform (Illumina) as
100 bp pair-ended reads.

RNA-Seq Analysis

Contaminant (aligned) RNA-Seq reads were filtered and aligned to several
mouse reference databases including the mouse genome (mmo,

NCBI Build 37). Differentially expressed genes were identified by the R
package DEGseq using a false discovery rate (FDR) < 0.001 and fold-
change > 1.5.

Cellular Proliferation, Apoptosis Assay, and Cell Cycle Analyses
Cellular proliferation, apoptosis assay, and cell cycle analysis were
performed using Muse™ Cell Analyzer from Millipore following the
manufacturer’s instructions.

Metabolic Analysis

Glycolysis and oxygen phosphorylation rate were measured using Agilent
Seahorse XF Glycolysis Stress Test Kit and Agilent Seahorse XF Cell Mito
Stress Test Kit by measuring extracellular acidification rate and oxygen
consumption rate, respectively, according to the manufacturer’s
instructions.

Gastruloids aggregation assay

Gastruloids were generated following the previously described protocol
[259, 260]. In brief, 300 ESCs were seeded onto low attachment u-
bottomed 96-well plates in 40 pul N2B27 media (50% Neurobasal medium,
Gibco), 50% advanced DMEM (Gibco), 1x N2 (Gibco, 17502048), 1x B27
(Gibco, 7504044), 2 mM glutamine (Hyclone, SH30034.01), 1x
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penicillin/streptomycin  (Gibco, 15140-122), and o0.1mM of 2-f
mercaptoethanol. After 48 h of incubation, 3 uM CHIR (4423, Tocris
Biosciences) was added for 12 h and replenished with N2B27 media.
Gastruloids were harvested for total RNA and total protein after 120 h of
aggregate formation. Media was changed every day and cells were
maintained at 37°C with 5% CO2. The gastruloids length was quantified
using NIS-elements software.

Nuclear extraction

Cells were washed with cold PBS, scraped off, and pelleted. The pellet was
resuspended in at least 5 volumes of buffer A (10 mM HEPES pH 7.9, 1.5
mM MgCl2, 10 mM KCl, 2 mM DTT) in the presence of protease inhibitors
(Fisher Scientific) and incubated for 10 min on ice. After centrifugation,
the pellet was resuspended in 2 volumes of buffer A, douncer-
homogenized 10 times, and centrifuged at maximum speed for 10 min.
Nuclei pellets were then resuspended in 2 volumes of buffer B (20 mM
HEPES pH 7.9, 1.5 mM MgCl2, 500 mM NaCl, 25% Glycerol, 0.5 mM
EDTA, 1 mM DTT) supplemented with protease inhibitors, incubated on
a rotator at 4°C for at least 30 min, and at maximum speed for 20 min.
The supernatant containing the nuclear fraction was frozen at -80°C for
further analysis.

Subcellular Protein fractionation

The cytosolic, soluble nuclear, and chromatin-bound proteins were
separated following the manufacturer’s protocol of the Subcellular protein
fractionation kit (Thermo Scientific).

Co-immunoprecipitation and Immunoblotting

For immunoprecipitation experiments, 1 mg of nuclear extracts were pre-
cleared with protein A magnetic beads (BioRad) for 1 hour at 4°C and
incubated overnight on a rotator with specific antibodies at 4°C. Following
this, protein A magnetic beads were added for 3 h before washing 4 times

in ice-cold IP buffer (10 mM Tris; adjust to pH 7.4, 1 mM EDTA, 1 mM
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EGTA; pH 8.0, 15 omM NaCl, 1% Triton X-100, 0.2 mM
sodium orthovanadate) supplemented with protease
inhibitors. Immunoprecipitated complexes were resolved by SDS-PAGE,
transferred to nitrocellulose = membranes (Invitrogen), and
immunoblotted with the indicated antibodies followed by ECL detection
(Thermo Scientific).

DNA dot blot
Indicated amounts of genomic DNA were denatured in denaturing
buffer (200 mM NaOH, 20 mM EDTA) at 95°C for 5 min and
neutralised with an equal volume of neutralising agent (2 M
NH,CH;CO,). Nitrocellulose membrane (Thermofisher Scientific) was
hydrated in 6X SSC and then “sandwiched” in a Minifold 1 Filtration
Manifold (GE Healthcare). Each well was equilibrated with 200 pl of 10x
SSC and flushed by gentle suction vacuum twice. The membrane was
UV-crosslinked using the default settings. After blocking for 1 hour with
5% milk in PBST, the membrane was incubated with smC or 5hmC
primary antibodies overnight at 4°C, washed four times in PBST, and
incubated with the secondary anti-rabbit antibody for 1 h at RT. The
membrane was washed again in 1x PBST and the detection was done
using the enhanced chemiluminescence substrate (ECL, Thermo
Scientific). DNA levels were normalised with methylene blue staining.
Quantitative analysis of DNA methylation levels using
LC-MS/MS

Genomic DNA was extracted using the GeneJet DNA purification
Kit (Thermofisher Scientific). In brief, extracted DNA was
desalted with vertical ultrafiltration and digested by DNase I (New
England Biolabs, Ipswich, MA, U.S.A.)), 0.02 U snake venom
phosphodiesterase (SVP; Worthington Biochemical Corporation,
Lakewood, CO, U.S.A.), and 5.0 U calf intestine alkaline phosphatase
(CIP; New England Biolabs, Ipswich, MA, U.S.A.)
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and incubated at 37°C overnight. The digested DNA solutions were
filtered by ultrafiltration tubes and then subjected to LC-MS/MS analysis
for detection of 5mC and 5shmC.

Quantitative analysis of histone modifications using LC-MS/MS
After homogenization of the cells with nuclear extraction buffer (15 mM
Tris, 60 mM KCl, 15 mM NaCl, 5 mM MgCl,, 1 mM CacCl,, and 250 mM
sucrose), histone proteins were extracted as previously described (Sidoli
et al., 2016). Briefly, histones were acid extracted from nuclei with 0.2 M
H.SO, for 2 h and precipitated with 33% trichloroacetic acid (TCA)
overnight. The pellets, containing histone proteins, were dissolved in 30
uL of 50 mM NH,HCOs, pH 8.0. Derivatization reagent was prepared by
mixing propionic anhydride with acetonitrile in a ratio of 1:3 (v/v), and
the reagent was mixed with the histone sample in a ratio of 1:4 (v/v) for
20 min at RT. The reaction was performed twice to ensure derivatization
completion. Histones were then digested with trypsin (enzyme: sample
ratio 1:20, 6 h, RT) in 50 mM NH,HCO;. The derivatization procedure was
repeated after digestion to derivatize peptide N-termini. Samples were
analyzed by using a NanoLC-MS/MS analysis.

Chromatin immunoprecipitation (ChIP)

Mouse ESCs were chemically crosslinked by the addition of 1/10 volume
of fresh 11% formaldehyde solution for 10 min at RT and quenched by
adding 1/20 volume of 2.5 M of glycine for 5 min at RT. Cells were then
washed twice with ice-cold PBS, scraped and collected by centrifugation.
The cell pellet was first lysed in the lysis buffer 1 (50 mM, Hepes-KOH pH
7.5, 140 mM NaCl, 1 mM EDTA, glycerol (10% vol/vol) NP-40 (0.5%
vol/vol), Triton X-100 (0.25% vol/vol)) for 10 min at 4°C, followed by lysis
in buffer 2 (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1tomM Tris (pH
8)) with complete protease inhibitors. After lysis, cells were sonicated in
lysis buffer 3 (100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris pH
8, Na-Deoxycholate (DOC) (0.1% vol/vol), N-lauroyl sarcosine (0.5%
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vol/vol) for 16 x 30-second pulses (30-second pause between pulses) at
high power in a Bioruptor® Sonication System (Diagenode) and
centrifuged for high speed for 15 min. The supernatant containing the
chromatin fraction was subjected to immunoprecipitation.

Spike-in control (human MCF10A cell line) was used for normalization of
the ChIP-seq reads. For this, human MCF10A chromatin was prepared, as
mentioned above. In the ESCs chromatin and antibodies
immunoprecipitation complex, 5% of MCF10A (vol/vol) chromatin was
added. This complex was mixed with 50 pul of Dynabeads® Protein G
magnetic beads and incubated overnight at 4°C. Protein-DNA bead
complexes were washed first with RIPA buffer (50 mM Hepes pH 7.6, 1
mM EDTA, DOC (0.7% vol/vol)), NP-40 (1% vol/vol), 0.5 M LiCl) for 5
times and then, with TE containing 50 mM NaCl. The protein-DNA
complexes were eluted from the beads twice by incubation with 100 uL of
elution buffer (50 mM Tris pH 8, 10 mM EDTA, SDS (1% vol/vol) at 65°C
for 15 min with shaking. Reverse crosslinking was performed by adding
200 mM NaCl in the eluate and incubating it at 65°C overnight with
shaking. Thereafter, RNA and protein were removed from the samples by
treating with RNase A and proteinase K as the manufacturer's
recommendations. DNA was subsequently purified by phenol-chloroform
extraction, followed by ethanol precipitation The input sample was also
treated for crosslink reversal and following steps after this. Fold
enrichment over 10% input was calculated using the 2Delta Ct method.
ReChIP

Mouse ESCs were chemically crosslinked by adding 1/10 volume of fresh
11% formaldehyde solution for 10 min at RT and quenched by adding 1/20
volume of 2.5 M of glycine for 5 min at RT. Cells were then washed twice
with ice-cold PBS, scraped, and collected by centrifugation. The cell pellet
was first lysed in the swelling buffer (25 mM, Hepes-KOH pH 7.9, 1.5 mM
MgCl,, 10 mM KCI, NP-40 (0.1% vol/vol), imM DTT) supplemented with
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complete protease inhibitors for 10 min at 4°C and homogenized with
douncer (20 times up and down). Following centrifugation, the pellet was
sonicated in a sonication buffer (50 mM Hepes pH 7.9, 140 mM NaCl, 1 M
EDTA, triton X-100 (1% vol/vol), Na-Deoxycholate (0.1% vol/vol), 0.1%
SDS, complete protease inhibitors) for 16 x 30-second pulses (30-second
pause between pulses) at high power in a Bioruptor® Sonication System
(Diagenode) and centrifuged for high speed for 15 min. The recovered
mouse chromatin fraction was mixed with 50 pl of Dynabeads® Protein
G magnetic beads and incubated with the indicated antibodies overnight
at 4°C. Protein-DNA bead complexes were subsequently washed with
different buffers for 10 min twice: 1) sonication buffer, ii) wash buffer A
(50 mM Hepes pH 7.9, 500 mM NaCl, 1 M EDTA, triton X-100 (1%
vol/vol), Na-Deoxycholate (DOC) (0.1% vol/vol), 0.1% SDS), iii) wash
buffer B (20 mM Tris, pH 8, 1 mM EDTA, 250 mM LiCl, NP-40 (0.5%
vol/vol), Na-Deoxycholate (0.5% vol/vol)) and iv) TE buffer. The protein-
DNA complexes were divided into two fractions. The first fraction was
eluted from the beads twice by incubation with 100 pL of elution buffer
(50 mM Tris pH 8, 10 mM EDTA, SDS (1% vol/vol)) at 65°C for 15 min
with shaking. The second fraction was resuspended with an equal volume
of 10 mM DTT for 30 min at 37°C. After elution, fractions were pooled,
and 10% of the elute was kept as input for ReChIP with a second antibody.
Then, elute was diluted 10 times with sonication buffer, mixed with 50 ul
of Dynabeads® Protein G magnetic beads, and incubated with the second
antibodies overnight at 4°C. A fraction of elute was mixed with empty
beads as an antibody leakage control for the first ChIP. After overnight
incubation, protein-DNA complexes were washed, as mentioned above
and eluted from the beads twice by incubation with 100 pL of elution
buffer (50 mM Tris pH 8, 10 mM EDTA, SDS (1% vol/vol)) at 65°C for 15
min with shaking. Reverse crosslinking was performed by adding 200 mM

NaCl in the eluate and incubating it at 65°C overnight with shaking.
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Thereafter, RNA and protein were removed from the samples by treating
them with RNase A and proteinase K as per the manufacturer's
recommendations. DNA was subsequently purified by phenol-chloroform
extraction, followed by ethanol precipitation. The input sample was also
treated for crosslink reversal and following steps after this. Fold
enrichment over 10% input was calculated using the 2Delta Ct method.
Gene Ontology (GO) Analysis

Gene ontology (GO) analysis was performed using the web tool The
Database for Annotation, Visualization and Integrated Discovery
(DAVID) (http://david.abcc.nciferf.gov/).

Heatmaps

Heat maps were made using Z-score which was calculated as following:
Z=(X-Xav)/Xsd, where X is the log2-transformed expression level for a
given gene in a specific sample, Xav is the mean of log2-transformed
expression values for that gene in all samples, and Xsd is the standard
deviation of log2- transformed expression values for that gene across all
samples.

Enzymatic activity of LSD1

The enzymatic activity of LSD1 was determined using a peroxidase-
coupled assay. Briefly, 0.3 uM of LSD1 was mixed with the reaction buffer
containing 50 mM HEPES pH 8.5, 0.1 mM Amplex Red and 0.3 mM
horseradish peroxidase. Then, the reaction mixture was added to serially
diluted H3K4me2 peptide (Chinapeptides) from 40 uM to 0.31 uM and
incubated at RT for 10 min. The fluorescence signal obtained from the
conversion of amplex red to resorufin was measured on a Clariostar plate
reader (BMG Labtech) with excitation at 510 nm and emission at 595 nm.
The intensity of the fluorescence signal is directly proportional to the
demethylase activity. Non-linear regression analysis was performed to

calculate Keat and Ky, of enzyme activity.
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LSD1 inhibitors treatment

Mouse ESCs were seeded at a density of 8x104 in a 10 cm plate. After 24
h, cells were treated with a final concentration of 3 mM Pargyline and 10
uM GSK_LSD1. Cells were harvested for whole cell extracts, chromatin,
and RNA following 24 h of treatment.

Cycloheximide (CHX) treatment and proteasome inhibition
Mouse ESCs were seeded in a 6-well plate at the density of 2 x 105, and
after 24 h, cells were treated with CHX at a final concentration of 50 ug/ml
for o, 3, 6, and 9 h, respectively. For proteasome inhibition, cells were
incubated with MG-132 at a final concentration of 20 pg/ml for 4 h. Cells
were harvested for whole cell extracts on indicated time points, and
proteins were subjected to immunoblotting. Blots were quantified using
Image Lab software.

Mass Spectrometry Analysis to Identify LSD1 Associated
Protein Complexes

10 pg of LSD1 antibody were conjugated to 1 mg of Dynabeads® M-270
Epoxy following the manufacturer’s instructions (Invitrogen). Then, 1 mg
of nuclear extracts were incubated with antibody-coupled beads overnight
at 4 °C. After washing 4 times with NP-40 buffer (150 mM NacCl, 1% NP-
40, 50 mM Tris-HCl pH 8), immunoprecipitated proteins were eluted
with 100 pl of 200 mM Glycine buffer (pH 2.6) for 10 minutes at RT and
neutralized by adding 1/10 volume of 1M Tris-HCl pH 8. The
immunoprecipitated protein complexes were subjected to LC-MS/MS
analysis (SciLife Lab, Sweden).

Statistical Analysis

All values were expressed as mean + SD. GraphPad Prism 8.00 for
Windows was used to perform the statistical analysis (GraphPad
Software, La Jolla California USA, ww.graphpad.com). Statistical analysis

was performed by the Unpaired Student's t-test, One-way ANOVA, and
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two-way ANOVA. A probability value of P<0.05 was considered

statistically significant.
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Results and Discussions

Paper 1. The catalytic-independent function of LSD1
modulates DNA methylation

Differential functions of LSD1 in maintaining pluripotency and
differentiation have been reported in previous controversial studies. We
aimed to elucidate the role of LSD1 in the modulation of the epigenetic

landscape of mouse ESCs.

Deletion of Lsd1 leads to defective differentiationTo investigate
the mechanism by which LSD1 regulates pluripotency, we first examined
the LSD1 expression profile in retinoic acid (RA)-induced and embryoid
bodies (EB) differentiation. During RA-induced differentiation, LSD1
protein levels decreased at day 2, but not upon EB differentiation,
implying a specific post-transcription regulation of LSD1 upon neural
induction. To further characterize LSD1, we employed clustered regularly
interspaced short palindromic repeats (CRISPR)/Casg system to generate
Lsd1 knockout (KO) in mouse ESCs. Although Lsdi KO ESCs have
proliferation defects, they retain stem cell characteristics. However, the
loss of Lsd1 led to aberrant EB and gastruloids formation and impaired
differentiation. EBs and gastruloids deleted of Lsdi showed severely
compromised lineage determination, concomitant with a diminished
ability to shut down pluripotency genes and to induce the expression of
lineage-specific markers. These results indicated that LSD1 is not
essential for normal ESCs function but is required for proper

differentiation.

Previous studies have demonstrated LSD1 can act as a scaffold for
chromatin and transcriptional factors to regulate gene expression in

cancer cells [193, 211].However, the catalytic-independent role of LSD1 in
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pluripotency and differentiation of ESCs has not been elucidated yet.
Therefore, we generated rescue cell lines stably expressing a MYC-tagged
wild-type LSD1 (LSDi%T) or a MYC-tagged double point mutated
(A540E/K662A) LSD1 (LSD1MUT) in Lsdi KO cells. By measuring the
demethylase activity of LSD1MUT in vitro, and comparing it to LSD1WT, we
confirmed that LSD1MUT is catalytically dead, which is in agreement with
the previous report on the human homolog [182]. Reintroduction of
LSD1WT, but not LSDi1MUT, in Lsdi KO ESCs recovered the defective
differentiation phenotype, implying that demethylase activity of LSD1 is

essential for proper differentiation.

Loss of Lsd1 results in accumulation of H3K4me1

LC-MS/MS of histone modifications revealed that ablation of LSD1 leads
to a global increase of H3K4mei1, to further investigate LSD1-mediated
regulation of H3Kgqme1 levels, we performed ChIP-seq analysis using
antibodies against H3K4me1 and LSD1.We found that most of H3kqgme1
peaks were located at enhancer regions which were co-occupied with
LSD1. In addition, deletion of Lsd1 led to a gain of H3kqme1 (~71%)
compared to WT; however, this gain did not correspond to changes in the
gene expression profile. It has been shown that LSDi-dependent
H3Kgme1 demethylase activity is involved in enhancer silencing during
differentiation but not in the pluripotent state when the activity of LSD1
is inhibited by the presence of acetylated histones [188]. Thus,
the retention of H3kg4me1 on a subset of pluripotency enhancers could
be a possible reason by which Lsdi KO ESCs fail to undergo
proper differentiation. = However, the aforementioned study
employed tranylcypromine to inhibit the demethylase activity of LSD1,
which has also been reported to block KDM1B [261]. Alternatively,
using publicly available data, we also observed LSD1 occupancy not only

on pluripotency genes but also on a subset of genes induced
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during RA-mediated differentiation, indicating that LSD1 does not
instruct to a particular cell fate [262]. It would be interesting to perform
LSD1 and H3K4me1 ChIP seq of the different cell lines at different time
points to understand better the gene targeted for differentiation or
pluripotency. In addition, from these experiments, we could also learn

about the relative contributions of scaffolding and demethylase activity.

Loss of Lsd1 leads to global DNA hypomethylation

Because targeted deletion of Lsd1 has been shown to induce progressive
loss of global DNA methylation [144, 183], we measured 5mC in genomic
DNA of WT and Lsd1 KOs ESCs using LC-MS/MS. We observed a global
DNA hypomethylation upon Lsd1 deletion, and 5mC levels were similar
to the ones detected in Dnmt1 KO ESCs. Hypomethylation was mainly
observed in distal regions enriched for repetitive elements and enhancers.
Notably, we recovered the hypomethylation phenotype in Lsd1 KO with
the re-expression of both LSD1WT and LSD1MUT, Our data indicate that
even though LSD1 is a critical regulator of DNA methylation, the
demethylase activity of LSD1 is not actively involved in this regulation.
Therefore, assessing site-specific DNA methylation using mouse
methylation microarray in WT, Lsd1 KO, LSD1W": and LSD1MUT cells will
provide insight into the role of the non-demethylase activity of LSD1 in

the regulation of DNA methylation.

Genomic DNA methylation undergoes drastic changes during
differentiation, and specifically, a gain of DNA methylation at a subset of
pluripotency enhancers contributes to their repression upon induction
of differentiation [263]. Thus, to address this defective
differentiation observed in Lsdi KO and LSD1MUT cells, a comparative
analysis of the enhancer methylation status of pluripotency genes and

lineage-specific genes will be needed.
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LSD1 catalytic activity is not required for DNMT1 and UHRF1
expression

Studies have shown that LSD1-mediated demethylation of DNMT1 and
UHRF1 blocks their proteasome degradation and thus promotes their
stability and function [144, 198]. Noteworthy, cells lacking LSD1 exhibited
lower DNMT1 and UHRF1 total protein and chromatin levels, whereas the
expression of DNMT3A and DNMT3B were higher. Indeed, de novo
methylation has been reported to be tightly coupled with unmethylated
H3K4, as each of the DNMT3 enzymes interacts with unmodified histone
H3, facilitating the methylation of CpG sites [75, 264, 265]. Furthermore,
H3 can allosterically stimulate the enzymatic activity of the DNMT3A,
thus promoting DNA methylation at pluripotency gene enhancers during
differentiation [263, 266]. In addition, DNA and H3K9 methylation is
tightly coordinated to reinforce a repressive chromatin state [267].
Although Lsd1 KO ESCs exhibited overexpression of the DNMT3A/3B,
the increased H3K4me1 and decreased H3Kgme2/3 might not allow them

to compensate for the global loss of 5mC.

Noteworthy, the reintroduction of LSD1WT and LSD1MUT in Lsd1 KO ESCs
rescued the DNMT1 and UHRF1 total protein and chromatin levels
without affecting Dnmt: and Uhrft mRNA abundance. Similarly,
treatment of WT ESCs with the catalytic-specific irreversible inhibitor
GSK-LSD1 had no impact on DNMT1 and UHRF1 protein levels, arguing
that DNMT1 and UHRF1 are not substrates of LSD1 as previously
reported. This feature can be explained by the three-dimensional
structure of the catalytic center of LSD1, which specifically engulfs the N-
terminus of histone H3. In addition, the substrate binding pocket can
accommodate only three residues N-terminal to the target lysine residue,

as well as DNMT1 and UHRF1 do not have the same conformation as H3.
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Next, we investigated if the chromatin binding capacity of DNMT1
depends on LSD1 by performing DNMT1 ChIP-seq in WT and Lsd1 KO
ESCs and found that 55 % of DNMT1 binding sites were co-occupied by
LSD1 in WT. Consistent with decreased DNMT1 protein abundance upon
LSD1 loss, we only obtained 27 peaks in Lsd1 KO ESCs In addition, re-
ChIP of DNMT1 on WT, LSD1WT and LSD1MUT ESCs showed that LSD1
could recruit DNMT1 to specific loci, thereby implying that the catalytic
activity of LSD1 is dispensable for such recruitment. Given that we
observed lower levels of UHRF1 on the chromatin in Lsd1 KO ESCs, it
would be interesting to analyze the binding profile of UHRF1 by ChIP-seq
in these cell lines to decipher LSD1 dependency for its chromatin binding.
Altogether, our results show that the demethylation-independent
function of LSD1 is involved in the post-translational regulation of
DNMT1 and UHRF1 proteins, and could regulate the chromatin
recruitment of DNMT1 and UHRF1.

The scaffolding function of LSD1 stabilizes DNMT1 and UHRF1
proteins

To further elucidate the mechanism by which the catalytic activity LSD1
is not essential for DNMT1 and UHRF1 expression, we performed co-
immunoprecipitation assays in WT, Lsd1 KO, LSD1"Tand LSD1MUT ESCs,
and we found that DNMTi and UHRF1 interact with LSD1MUT,
Furthermore, through CHX and MG132 treatments of the aforementioned
cell lines, we showed that the scaffolding function of LSD1 promotes
DNMT1 and UHRF1 protein stability, preventing the ubiquitination-
mediated degradation of DNMT1 and UHRF1. In cancer cells, it has been
reported that the deubiquitinating enzyme USP7 mediates LSD1
stabilization to promote tumorigenesis [268]. Similarly, USP7 is
involved in regulating both DNMT1i and UHRF1 protein stability

[92, 269]. To understand if a similar mechanism operates in our model,
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we examined the expression of USP7 and found no difference in USP7
expression in our cell lines. Through co-IP experiments, we found that
USP7 interacts with LSD1 independently of its catalytic function.
Besides USP7-mediated regulation, we cannot rule out the possibility
that LSD1 recognizes the methyl(s) mark(s) of DNMT1 and
UHRF1 and guide them for deubiquitination. One way to address
this question would be to mutate the known methylated lysine
residue(s) in UHRF1 and DNMT1 and examine their ubiquitination
in LSD1WT and LSD1MUT ESCs. Collectively, our data showed that the
scaffolding function of LSD1 maintains DNMT1 and UHRF1 stabilities.

Summary Paper I

Here we show that LSD1 is dispensable for ESC self-renewal, but the
enzymatic activity of LSD1 is essential for differentiation. In addition, we
found that deletion of Lsd1 leads to a gain of H3K4me1; however, this gain
does not instruct gene expression changes related to stemness. Further,
we demonstrate that loss of Lsdi resulted in global hypomethylation
coupled with decreased levels of DNMT1 and UHRF1 in the ESC. Finally,
we found that the scaffolding function of LSD1 controls the protein
stability of UHRF1 and DNMT1 through interaction with USP7, which

prevents their ubiquitin-mediated degradation.
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Paper II. LSD1 interacts with CHD7 in mouse embryonic stem
cells

Numerous studies have demonstrated that LSD1 can form both
corepressor and coactivator complexes, depending on the target loci and
complex partners [168, 169, 193]. Understanding how LSD1 modulates
specific transcription depending on its network of interactors will shed
light on several cellular processes, including differentiation. Here, we
sought to identify a novel interactor of LSD1 to decipher functional

implications in mouse ESCs.

To interrogate the role of LSD1 in mouse ESCs, we performed LSD1
immunoprecipitation of nuclear fraction and subjected it to LC-MS/MS.
Our analysis retrieved known interacting proteins of LSD1, such as
ZNF217 and CoREST, which validated our approach [178, 262]. We found
in particular CHD7, an ATPase chromatin remodeler, amongst the most
enriched proteins interacting with LSD1. We then validated the
interaction between LSD1 and CHD7 by co-immunoprecipitation in
mouse ESCs. In addition, we found that this interaction is mediated by the
ATPase/helicase domain and BRK domain of CHD7, which led us to
speculate that LSD1 could interact with CHD?7 to influence chromatin
accessibility in the ESC state. Here, we cannot rule out the possibility that
LSD1 and CHD7 interact indirectly; therefore, performing GST pull-down
with purified proteins would be important to decipher the direct

functional implication of this interaction.

Given that both CHD7 and LSD1 preferentially bind to active enhancers,
marked by H3K4me1, we wondered whether LSD1 and CHD7 target the
same genomic sites. Therefore, we performed CHD7 ChIP-seq in WT
mouse ESCs [188, 224, 231] and found that approximately 61% of CHD7
binding sites are located at distal regulatory elements, as expected.
Additionally, we overlapped CHD7 ChIP-seq with LSD1 ChIP-seq and
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found a subset of overlapping LSD1 and CHD7 target genes that were
enriched for biological processes such as multicellular development, cell
differentiation, and neuronal development, indicating a potential
interplay between CHD7 and LSD1 in the regulation of neuronal
differentiation. Further, we observed an increased level of CHD7 in
chromatin upon deletion of Lsd1 in ESCs indicating that LSD1 could
modulate the binding of CHD7 to its target genes. Therefore, it will be
essential to determine whether LSD1 or CHD7, or both, regulate these co-
bound genes and analyze their expression profiles in ESCs. One way of
approaching this question would be to study LSD1 and CHD7 co-
occupancy by performing CHD7 ChIP-seq in Lsd1 KO cells and LSD1
ChIP-seq in Chd7 KO and then partitioned the binding sites of LSD1 and
CHD7 into three categories: CHD7-specific sites, co-localized sites, and
LSD1-specific sites. This partition would potentially unravel the functions
of the unique and shared binding profiles of CHD7 and LSD1 to regulate

cell-type-specific differentiation.

To gain a deeper insight into how CHD7 and LSD1 govern the pluripotency
network, we employed CRISPR/Casg to generate Chd7 and Lsd1/Chd7 KO
ESCs. Our data showed that CHD7 is dispensable for ESC self-renewal,;
however, Lsd1/Chd7 KO ESCs displayed severe growth defects with an
increase of partially differentiated ESC colonies. Assessing the expression
of core pluripotency markers and SSEA1 will be needed to further
understand the effect of CHD7-LSD1 in ESCs self-renewal.

To interrogate whether Chd7 deletion impacts the ESC transcriptome, we
performed RNA-seq analysis in WT, Chd7, and Chd7/Lsd1 KO cells. We
detected upregulation of genes related to cell differentiation and neuron
projection upon deletion of both Lsd1 and Chd7 in ESCs. In addition,
overlapping CHD7 ChIP-seq with RNA-seq data will shed light on the
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direct effect of co-occupancy of LSD1 and CHD7 on target genes or their

independent functions on transcription regulation.

Next, we examined the impact of Chd7 and Lsdi/Chdy deletion on EB
differentiation. EBs derived from Chd7y KO cells showed diminished
expression of the ectodermal markers Sox11 on day 8 of differentiation. In
contrast, Lsd1/Chd7 KO EBs displayed a defective differentiation similar
to Lsd1 KO, indicating that the defective phenotype observed in the double
KO is predominantly due to the deletion of Lsd1. Noteworthy, the ablation
of Chd7 and Lsd1 led to impaired ectoderm specification. Studies have
shown that CHD7 and LSD1 are involved in neurogenesis in a different
cellular models, therefore generating NPCs from Chd7 KO and double KO
cells, and assessing their subsequent neuronal differentiation potential
will be important to elucidate their roles in early or late neural fate

specification [227, 270].

Summary Paper II

This study uncovers CHD7 as a novel interactor of LSD1. Importantly, we
found that LSD1 and CHD7 co-occupy regulatory sites of a subset of genes
related to cell differentiation and neurogenesis. In addition, we show that
deletion of Chd7 and Lsd1 leads to severe differentiation defects, implying
that interplay between LSD1 and CHD7 is essential for proper

differentiation.
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Paper II1. ZFP207 sustains pluripotency by coordinating OCT4
stability, alternative splicing, and RNA export

The core network of transcription factors OCT4, NANOG, and SOX2
preserve ESC pluripotency. Recently, co- and post-transcriptional
regulatory mechanisms, including AS and the interaction of a subset of
specific RNA with RBPs, have been shown to control gene expression
programs that maintain ESC identity. Here, we sought to study whether
ZFP207 contributes to mouse ES cell identity by modulating co- and post-

transcriptional networks.

Silencing of Zfp207 impairs proliferation and mouse ESC
identity

Zfp207/ZFP207 expression gradually decreases along the course of RA-
induced neuronal differentiation of ESCs. However, we observed a
specific profile in EBs, where Zfp207/ZFP207 decreased, is re-expressed
at day 4 and declined again at later stages of differentiation. To further
characterize ZFP207, we employed CRISPR/Cas9 system to knockout
Zfp207 in mouse ESCs, but observed that deletion of Zfp207 is lethal to
mouse ESCs as previously described [271].Therefore, we pursued our
experiments using short hairpins RNAs -In the metastable state i.e.,
growing the cells in LIF/serum medium, depletion of Zfp207 resulted in
severe growth defects with a marked increase in apoptosis that shifts ESCs
to the differentiated-like phenotype. Additionally, ZFP207-depleted cells
displayed reduced expression of the pluripotency surface marker SSEA1,
alkaline phosphatase activity, and OCT4 protein level but not mRNA
compared to control cells, while the expression of NANOG and SOX2 were
not altered. This data suggested that ZFP207 could regulate OCT4
expression post-transcriptionally. Furthermore, Zfp207 KD showed no
significant change in the expression of pluripotency markers and SSEA1
when culturing naive ESCs in 2il. medium. Altogether, these results

indicated that mouse ESCs display unique gene expression programs in

58



different growth conditions, and that ZFP207 is essential for regulating

the metastable pluripotent state.

Since OCT4 is the master regulator of pluripotency, the defective
phenotype observed in the metastable state could be due to the altered
level of OCT4 upon Zfp207 loss [14]. Through CHX and MGi32
treatments of Zfp2o7 KD, we showed that ZFP207 prevents the
ubiquitination-mediated degradation of OCT4, promoting its stability.
These findings are supported by previously published data showing that
ubiquitination and proteasomal degradation of OCT4 plays a critical role
in regulating its transcriptional activity [272]. In addition, ZFP207 has
been reported to interact with E3 ubiquitin ligase UBR5, highlighting a
potential role in regulating proteasome-mediated degradation, which

needs further investigation [246].

Silencing of Zfp207 leads to defective EB differentiation
EBs derived from Zfp2o7 KD cells showed defective expression of
the ectodermal markers Pax6 and Soxii at day 4 of differentiation,
which coincides with higher ZFP207 protein levels observed
in EB differentiation of WT ESCs. In contrast, the expression of
endodermal Soxi7 and Foxa2 and mesodermal Msx: and T markers
were not affected along the course of differentiation. Moreover, Zfp207
KD EBs displayed the same size as control EBs in both endoderm- and
mesoderm-directed differentiation (Figure 1) and the expression of the
endodermal (Gata6 and Eomes) and mesodermal (Flki and Msx2)
markers were upregulated upon depletion of ZFP207. However, we did
not observe major changes in Gata4 and Msx1 in Zfp207 KD compared
to WT ESCs. Overall, our data showed that ZFP207 affects ectoderm
specification, but it is not required for differentiation towards other

lineages.
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Figure 8. ZFP207 is not essential for mesoderm and endoderm
differentiation. (A) Representative bright-field images (20x (top) and 10x
(bottom) magnification) and (B) quantification of embryoid bodies (EB)
generated from scramble (shScr) and ZFP207-depleted (sh1 and sh2) ESCs at day
4 of endoderm differentiation. Scale bars: 200 uM. (C) RT-qPCR of the specified
endodermal markers in shScr, sh1 and sh2 mouse ESCs at day 4 of endoderm
differentiation. mRNA levels are relative to the expression of shScr at day 4. (D)
Bright-field images (20x (top) and 10x (bottom) magnification) and (E)
quantification of EB on day 4 of mesoderm differentiation. Scale bars: 200 uM.
(F) RT-qPCR of the mesodermal markers in shScr, sh1 and sh2 mouse ESCs at
day 4 of mesoderm differentiation. mRNA levels are relative to the expression of
shScr at day 4. Data are presented as mean + SEM or representative images of n
> 3 independent biological experiments. * p<0.05, ** p<0.01. C and F: unpaired
Student’s t-test.

ZFP207 is essential for early neuronal differentiation

To elucidate whether ZFP207 is involved in early or late neural cell fate
specification, we differentiated Zfp20o7 KD and control cells into i)
neuronal progenitor cells (NPC); and ii) terminal differentiation of
neuroectoderm cells.Notably, neurospheres and terminal differentiated
ESCs depleted of ZFP207 were not able to activate Pax6, Sox1, Sox11, and

Nestin, indicating that neuronal differentiation is stalled at an early
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stage. In addition, the neuronal cytoskeletal markers NESTIN and
TUJ1 were detected in neuronal projections in control cells at day
8 of differentiation; however, Zfp207 KD cells died on day 6 of
differentiation and thereby, we could not characterize these cells
at later stages. Nevertheless, a large population of Zfp207 KD cells
stained positive for TUNEL and caspase 3 at days 4-5 of
differentiation and presented a decreased incorporation of BrdU.
Taken together, these findings suggest that ZFP207 is essential for
NPC survival, proliferative capacities, and subsequent neuronal

differentiation.

To demonstrate the specificity of the phenotype observed upon deletion
of Zfp2o7, we engineered a rescue cell line in which we
expressed exogenous ZFP207 in mouse ESCs depleted of endogenous
Zfp207 by shRNA2. Re-expression of ZFP207 (isoform 3) recovered
ESC self-renewal; however, it could not fully rescue the defective
differentiation phenotype, indicating a complex regulatory mechanism
controlled via ZFP207 isoform switching that occurs during
expressed in differentiated cells whereas the isoform 3, skipping exon 9,
was more abundant in undifferentiated mouse ESCs. This pattern is
contrary to human ESCs where the predominant isoforms of ZFP207 are
isoforms A and the C, retaining exon 9, whereas the isoform B, skipping
the exon 9, is expressed upon differentiation [254]. Notably, such isoform
switching is reported to be regulated by the splicing factor SRSF11 during
somatic cell reprogramming of human fibroblasts [255]. In our case,
depletion of Srsfi1 in mouse ESCs resulted in increased retention of exon
9 (i.e., isoforms 1 and 2), confirming that SRSF11 modulates Zfp207
isoform switching also in mouse ESCs. Reintroduction of each of the three
isoforms of Zfp207 would be crucial in elucidating the role of ZFP207

during differentiation.
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ZFP207 does not transcriptionally regulate the ectodermal
lineage

To investigate the mechanism by which ZFP207 hinders neuroectodermal
specification, we performed a global transcriptomic analysis in control
and Zfp207 KD cells. We did not detect aberrant transcriptional programs
associated with stemness or neural lineages upon silencing of Zfp207. It
was previously shown in human ESCs that ZNF207 co-localizes with core
pluripotency factors across the genome. These protein complexes regulate
the expression of specific pluripotency factors and of neural genes [254].
Whether the genomic binding sites of mouse ZFP207 are distinct or if it
can directly bind to its targeted genes, in comparison with its human

homolog, needs to be further investigated.

ZFP207 regulates alternative splicing in mouse ESCs

GO analysis of the RNA-seq data revealed enrichment for categories
related to RNA binding and RNA processing in Zfp2o7 KD ESCs,
indicating a potential role of ZFP207 in controlling RNA AS. To further
examine ZFP207 function in the regulation of AS in mouse ESCs, we
determined DSE in Zfp207 KDs by mapping RNA-seq and reads to exon
junctions. GO analysis of the biological processes revealed enrichment for
categories related to splicing, RNA transport and export from the nucleus,
neurogenesis, and mitotic spindle midzone assembly, among others. We
randomly selected AS events that are linked to ESC function, AS factors,
and neural factors, among others, and validated those events by
performing RT-PCR, using primers flanking the exons of interest. We
observed that the majority (eight out of ten) of the splicing switch events
validated in KD1 and KD2 ESCs were also prevalent in neuronal
differentiation. Moreover, we found that ZFP207 may regulate the
transcription of spliceosome components such as Mbnl2 and Rbm3,

which have been described to be involved in differentiated cell-like
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phenotype when aberrantly expressed. Indeed, upregulation of MBNL
proteins in ESCs has been reported to promote differentiated cell-like AS
patterns [163], whereas RBM3 is essential for the temperature-associated
regulation of brain development and neural stem cell development. In
addition, ZNF207 interacts with numerous spliceosome factors, including
U2AF65, SFRS1, SFRS6, and SF3a3 in cancer cells; however, how this
interaction regulates splicing is not clearly established yet [250, 252].
Treating mouse ESCs with Pladienolide B inhibitor will be a first step in
assessing the effect of ZFP207 KD in self-renewal and differentiation due
to splicing defects. Altogether, these findings indicate that silencing of
Zfp207 elicits aberrant AS patterns that resemble the differentiated cell-
like pattern, consequently influencing mouse ESC identity and blockade

of neural lineage.

ZFP207 is a novel RBP

We examined the innate binding propensity of ZFP207 to RNA in mouse
ESCs by employing a modified in vitro RIP protocol and found 1,400
transcriptome-wide binding events for ZFP207, and among which
~67.28% correspond to coding sequences of protein-coding genes.
Noteworthy, three out of five of the top binding sites (Marf1, Saer and
Nsdi1) were found at exon—exon junctions implying that ZFP207 interacts
with the exon-exon junction complex. Enrichment analysis showed that
ZFP207-bound transcripts were associated with neurogenesis, RNA
splicing and mRNA processing. Furthermore, we overlapped our in vitro
RIP-seq and AS datasets and found that 13.7% of DSEs were directly
bound by ZFP207, suggesting that ZFP207 could directly regulate AS by
binding to specific transcripts, which was validated by in vivo ZFP207 RIP
followed by RT-qPCR. Since RBPs have been reported to modulate mRNA
fate, such as nuclear export, localization or nuclear decay [273], we
employed RNA FISH to identify the distribution of bulk poly(A)+RNAs
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upon silencing of Zfp207. Indeed, we detected mRNA accumulation in
nuclear poly(A)+ foci in ZFP207 depleted cells compared to control cells,
indicating that ZFP207 could be involved in mRNA export. Although we
observed a global nuclear export upon depletion of ZFP207, it remains to
determine if the distinct Zfp207 isoforms could target a specific set of

RNA related to pluripotency and differentiation.

Summary Paper III

Here, we show that depletion of ZFP207 decreases OCT4 protein stability
and elicits aberrant AS switches that resemble a differentiated cell-like
phenotype. Importantly, we found that ZFP207-depleted mouse ESCs
cannot undergo neuronal differentiation. Finally, we identify ZFP207 as a
novel RBP that may modulate mRNA nuclear export. Collectively, we
found that ZFP207 fine-tunes the balance between pluripotency and
neuronal differentiation in mouse ESCs via regulating multiple co- and
post-transcriptional programs. This study reveals an additional layer of

gene expression programs that coordinates neurogenesis.
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General discussion

ESCs derived from the inner cell mass of a blastocyst have proven to be
invaluable models for understanding dynamic gene expression programs,
as they can be maintained in an undifferentiated state and can undergo
differentiation when growing in special culture conditions. The central
dogma of molecular biology states that gene expression follows a
unidirectional flow in which DNA is transcribed into RNA and then
translated into protein. However, advances in technologies have revealed
that gene expression is regulated at multiple interconnected levels, and it
is precisely and temporally controlled for proper cellular homeostasis.
ESC fate transition occurs through a series of changes in multiple layers
of gene expression regulation, such as histone modifications, DNA
methylation, nucleosome remodeling, and AS switching, amongst others
[28, 29]. In this thesis, we aimed to delineate mechanisms that modulated
ESC self-renewal and pluripotency by studying specific factors namely: i)
LSD1; ii) CHD7; and iii) ZFP207, which function in one or more of the
aforementioned layers of gene expression regulation. These studies, when
integrated, can provide a better understanding behind the interplay of
DNA and histone modification (Paper I), chromatin remodeling and
histone methylation (Paper II), and AS and DNA binding proteins such as
ZFP207 (Paper III).

The functional capability of stem cells to maintain tissue homeostasis and
replenish tissues throughout life via self-renewing are conceptually
similar to the proliferative potential of cancer cells. Hence, during self-
renewal, stem cells have to avoid cell cycle exit and differentiation,
whereas during differentiation, stem cells must evade uncontrolled
proliferation. In addition, during tumorigenesis, cancer cells evolve

rapidly to generate a heterogeneous cancer cell population, each having
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distinct phenotype and functions that parallel the development of
differentiated progeny from stem cells. Therefore, understanding the
regulatory pathways controlling the balance between undifferentiated and
differentiated states is fundamental to understanding how the mis-
regulation of these processes causes human diseases such as cancer.
Moreover, aberrant epigenetic mechanisms have emerged as key players
in tumorigenesis [274, 275]. Indeed, LSD1 is overexpressed in different
cancers, which makes it a prime therapeutic target for cancer treatment
[276, 277]. Several LSD1 inhibitors are used in clinical trials for the
treatment of hematological and solid cancers. Many of them, as for
example tranylcypromine, target the demethylase activity of LSD1. In
Paper I, we found that the scaffolding property of LSD1 is equally essential
to the enzymatic activity as catalytically dead LSD1 can maintain DNMT1
and UHRF1 stability, thereby regulating global DNA methylation in
mouse ESCs. Abnormal DNA methylation and DNMTs expression are
associated with oncogenesis [278]. 5-aza-2’-deoxycytidine, widely used in
the treatment of hematological malignancies, gets incorporated in DNA
during replication, preventing further methylation of DNA [279]. Here,
we cannot reject the possibility that the scaffolding activity of LSD1 in
recruiting DNMT1 can also operate in cancer cells. Therefore, targeting
only the demethylase activity of LSD1 might not be sufficient for efficient

cancer treatment [211].

In paper II, we identified the chromatin remodeler CHD7 as a novel
interactor of LSD1. Whether LSD1 functions as scaffold for CHD7, or LSD1
and CHD7 compete for the binding to the same genomic regions needs to
be further elucidated. The observation that CHD7 binds to H3K4me1
genome-wide is another example of the complex interplay amongst

distinct layers of gene expression that control pluripotency.
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In Paper III, we identify ZFP207 as a novel RBP that can bind transcripts
associated with RNA splicing and mRNA processing. Depletion of ZFP207
promotes aberrant AS events that are similar to differentiated cells,
consequently, influences ESC identity. This Paper clearly demonstrates
that switching AS forms can influence cellular identity by either
promoting self-renewal or differentiation. Such studies are needed to
understand the functions of AS switches and to developing new antitumor
drugs. Indeed, it has been reported that ZNf207 is associated with
aberrant splicing in tumor cells; however, how it regulates the splicing is

not fully elucidated [252].

Overall, this thesis sheds light on the intricate regulation of gene
expression that modulates pluripotency and differentiation. The
complexity of cellular differentiation is clearly highlighted by the
involvement of various regulator proteins and their interactors, which

depend on the pluripotent state and the extracellular stimulus.
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