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Abstract

Chromatin organization and dynamics is crucial for many aspects of cell biology.
Heterochromatin, tightly packed DNA, is established in early development through
controlled epigenetic processes and needs to be maintained throughout cell
generations to ensure proper gene expression and cell function. Heterochromatin
protein 1 (HP1) is a highly conserved protein that has been used as a marker for
heterochromatin, as by binding to di- and tri-methylated histone H3K9, regulates
heterochromatin structure, gene expression, DNA replication, DNA repair, cell cycle,
cell differentiation and development. Beside phosphorylations of Histone H3 Ser10
that has been shown to modulate HP1a binding to H3K9me3, several studies have also
highlighted the importance of HP1la phosphorylations and histone modifications for
the modulation of HP1 chromatin binding ability and heterochromatin formation. By
generating a human GFP:HP1a cell line, | aimed to identify new regulators of
heterochromatin formation, and | have analysed for the first time on a living organism
one of the known HP1-chromatin binding regulators, Repo-man/PP1. As histone
variants have a crucial role on chromatin organization, | have also analysed and
differentiated the role of two H2A.Z variants, H2A.Z.1 and H2A.Z.2, on chromatin

organization, cell cycle and gene expression.
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1. INTRODUCTION



Approximately 20,000 — 25,000 genes, organized into 23 chromosome pairs, constitute
the human genome. The same genetic information is present in all somatic cells even
though there are more than 200 different cell types in the human body, each of them
with a specific function, size, structure, and shape. This is due to the huge amount of
biological mechanisms that orchestrate chromatin organization and control gene
expression. Alterations on any of these mechanisms can have catastrophic
consequences for the cell and might result in several diseases, thus the importance of
understanding the processes that regulate chromatin organization, gene expression,

and ultimately, cell function.

1.1. Chromatin structure

Four chemical bases make up our DNA: adenine (A), guanine (G), cytosine (C), and
thymine (T). The combination of about 3 million bases, paired as A with T and C with G,
form the human DNA; the same base combination is found in every cell of our
organism. The stretched length of the DNA is about 2m long and needs to be

compacted in a controlled and specific manner in order to fit into a tiny cell nucleus.

The first level of DNA compaction is the nucleosome, where the DNA double helix
wraps around histone proteins to form the basic unit of chromatin. Nucleosomes
consist of 146 base pairs of DNA wrapped around an octamer of the four core histone
proteins: H2A, H2B, H3 and H4 (Luger, Mader, Richmond, Sargent, & Richmond, 1997).
The central histone octamer consists of two H2A/H2B heterodimers and two H3/H4
heterodimers and it is connected to the adjacent nucleosome core through a linker
DNA, which is usually associated with the linker histone protein H1. Nucleosomes are
organized into 10nm chromatin fibers that has been thought to further compact into a
30nm fiber (McGhee et al., 1980) to form chromosomes, the higher degree of DNA
compaction. However, the 30nm chromatin fiber was firstly reported in vitro and there
is some controversy regarding whether it really exist in living cells (Eltsov et al., 2008,

Fussner et al., 2012, Gan, Ladinsky & Jensen, 2013, Razin, Gavrilov, 2014) (Figure 1.1).
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Figure 1.1. Chromatin structure. DNA is wrapped around histones to form the nucleosomes.
Nucleosomes fold into a fiber-like structure of about 30nm, named chromatin fibers, which are further

compacted onto chromosomes (from Creative Diagnostics Blog).



1.1.1. Euchromatin and heterochromatin

Generally, chromatin is not uniform with regards to its architecture, replication timing,
gene distribution and transcriptional activity; instead it is divided into two different
major domains termed heterochromatin and euchromatin. Euchromatin refers to
regions in where chromatin is decondensed and contains actively transcribing genes,
whereas heterochromatin is defined as tightly packed chromatin usually
transcriptionally inactive and found around the nuclear periphery (Figure 1.2.A). Some
heterochromatic regions are specific of each cell type, thus a DNA sequence in one cell
type can be heterochromatic (and be silenced), but euchromatic (and be
transcriptionally active) in another; this type of heterochromatin is known as
facultative  heterochromatin. However, some chromosome regions are
heterochromatic in all cell types and are referred to as constitutive heterochromatin.
Constitutive heterochromatin is mainly composed of repetitive elements, including
satellite and telomeric DNA, and transposable elements. Hence, constitutive
heterochromatin is found in pericentromeres and telomeres, where it has structural
functions, and is important for the silencing of transposable elements that can lead to
genome instability (Figure 1.2.B) (Woodcock, Ghosh, 2010, Nishibuchi & Dejardin,
2017).

Telomeres

B [\

Heterochromatin l '

Centromere

Euchromatin
B Euchromatin

@ Heterochromatin

Figure 1.2. Euchromatin and heterochromatin. A) Heterochromatin corresponds to dark areas in the
cell where chromatin is more compacted, whereas euchromatin is less compacted chromatin,
transcriptionally active (from (Junqueira, Mescher, 2013)). B) Constitutive heterochromatin is usually

found in certain areas of the chromosomes, like the telomeres and the centromeres.



1.1.2. 3D genome organization

Chromatin is not randomly distributed around the nucleus of the cell, and
chromosomes have rather preferred positions within the 3D nuclear space. Although
some indications that different sequences of the genome associate with specific cell
structures were made earlier in the decade (Craig, Bickmore, 1997), it was not until
1999 that Croft and colleagues (Croft et al., 1999) first described this phenomenon for
chromosomes 18 and 19. Using Fluorescent In Situ Hybridization (FISH) they showed
that chromosomes have specific positions within the nucleus. Since then, many studies
on chromosome positioning have been made, and it is now known that chromosomes
organize in a specific manner respect to the centre or periphery of the nucleus, and
with respect to each other, with gene-poor chromatin localized at the nuclear
periphery (Craig, Bickmore, 1997, Boyle et al., 2011). The fact that low gene dense
regions locate to the nuclear periphery does not mean that the genes on those regions
are not transcribed (Mahy et al., 2002). Actually, it has been seen that some genes
relocate outside the chromosome territory at some specific points and that this is
related to transcription activation (Mahy et al., 2002, Chambeyron, Bickmore, 2004,
Brown et al., 2006, Morey et al., 2007). In addition, within chromosome territories, the
positioning of the genes (interior, exterior or surface of the territory) has also

implications in its activity/inactivity (Kurz et al., 1996, Mahy et al., 2002).

Chromosome organization varies between cell types and has profound implications on
gene expression and chromosome-chromosome interactions (Bickmore, Teague, 2002,
Parada et al., 2004). Due to its importance for cell biology, several models for genome
architecture have been since proposed, and as available technologies moved from
individual cell microscopy, mainly by fluorescence in situ hybridization (FISH), to
chromosome conformation capture (3C) and whole-genome Hi-C molecular
approaches, a more detailed map of genome organization has been exposed. With
FISH it was possible to visualize by fluorescent microscopy the nuclei localization of
genes using a fluorescent probe that hybridizes with genomic regions or even whole
chromosomes (Fraser, Bickmore, 2007). In 2002, Dekker and colleagues (Dekker et al.,

2002) introduced 3C, giving the possibility to quantify the interactions between



genomic loci that are in close proximity in the nucleus. Seven years later, they
introduced Hi-C (Lieberman-Aiden et al., 2009), a method that combines 3C with
genome sequencing that allowed researches to identifying long-range interactions
genome-wide in an unbiased way. However, this methods present some limitations,
and recently other methods for 3D genome organization studies have been developed,
including Genome Architecture Mapping (GAM) (Beagrie et al., 2017), split-pool
recognition of interactions by tag extension (SPRITE) (Quinodoz et al., 2018), and
Tyramide signal amplification (TSA)-seq (Chen et al., 2018). One of the limitations of
3C-based methods is the need of proximity ligation, meaning that only DNA regions
that are in close proximity will be ligated and therefore detected. GAM and SPRITE
overcome these limitations as they do not rely on proximity ligation and are able to
detect interactions between genomic regions further apart. TSA-seq development
introduced a “cytological ruler” to be able to study the exact distances between

chromosomes and specific nuclear compartments.

As we understand it now, the genome is organized in a hierarchical way where distant
genomic loci might interact with each other in so-called topologically associated
domains (TADs), on the scale of 500 kilobases (kb) to 1 megabase (Mb) (Dixon et al.,
2012). TADs are defined by DNA sequences regions that interact with each other more
frequently than with others and can be composed of sub-TADs with even higher
interaction frequency (Figure 1.3). The current model postulates that TADs are formed
as a consequence of DNA looping via anchor proteins such as the CCCTC-binding factor
(CTCF)—cohesin complex (Splinter et al., 2006, Hadjur et al., 2009, Rao, Suhas SP et al.,
2014). Actually, deletion of cohesin either by its rapid degradation using an auxin-
inducible degron (AID) (Rao et al., 2018, Vian et. al., 2019) or by depleting the protein
responsible for its loading to chromatin (Nipbl) (Schwarzer et al., 2017) eliminated all
loops domains, although the compartment domains were preserved. Similarly,
knockout of WAPL, the protein responsible for releasing cohesin from the chromatin,
led to the extension of chromatin loops abd increased the interaction frequency

between nearby TADs (Haarhuis et al., 2017).



In the absence of CTCF, compartmental domains and individual TADs are not affected,
as cohesin is still able to maintain the loop; however, in the absence of cohesin, TADs

remain intact, (Zuin et al., 2014, Rao, Suhas et al., , Wutz et al., 2017).

In addition to chromosome loops being organized in TADs, there are other domains
near the nuclear periphery or nuclear lamina, known as lamina-associated domains
(LADs), that also influence chromosome organization. DamID together with ChIP
experiments have shown that LADs are characterized by low-expression gene regions,
indicating that silent chromatin concentrates at the nuclear lamina (Guelen et al,,
2008). However, electron microscopy revealed zones at the nuclear periphery
exempted of heterochromatin, termed heterochromatin exclusion zones (HEZs), which
correlate with the presence of nuclear pore complexes (NPCs), a net of proteins that
mediate all transport between the nucleus and the cytoplasm (Watson, 1959, Swift,
1959, Schermelleh et al., 2008). Generally, gene-dense regions are situated in the
interior of the nucleus, whereas areas with low gene density, and thus low gene
expression, like heterochromatin, locate around the nuclear periphery (Weierich et al.,
2003, Gilchrist et al., 2004, Kiipper et al., 2007). There is also evidence that some
heterochromatin also accumulates at the nucleolar periphery (van Koningsbruggen et

al., 2010, Németh et al., 2010, Pontvianne et al., 2013).

Chromatin organization inside the nucleus is critical for the correct function of the cell,
and it reorganizes if needed for specific situations during the cell lifespan. For instance,
heterochromatin accumulates at the centre of the nucleus in the photoreceptor cells
of nocturnal mammals in order to change gene expression patterns and reduce light
loss in the retina (Solovei et al., 2009). Moreover, during senescence, the nuclear pore
density increases and the nucleoporin TPR is responsible for reorganizing
heterochromatin to the interior of the cell (Lenain et al., 2017, Boumendil et al., 2019).
Heterochromatin also reorganizes during cell differentiation to allow lineage-specific
genome distribution (Guelen et al., 2008, Peric-Hupkes et al., 2010, Kohwi et al., 2013,
See et al., 2019).

The molecular mechanisms by which heterochromatin is tethered to the nuclear
periphery are still poorly understood. The implications of the nuclear periphery (NP) on

chromosome organization were reported early in the XXI century, when Chubb and



colleagues (Chubb et al., 2002) studied the mobility of chromosomes and showed that
the chromatin associated with the NP was less dynamic than the nucleoplasmic one.
Since then, three proteins have been suggested to act as tethers to attach
heterochromatin to the nuclear periphery. One of these proteins is the Lamin B
Receptor (LBR), a nuclear membrane protein that binds to Heterochromatin Protein 1
(HP1) through its interaction with H3K9me3 (Ye, Worman, 1996, Ye et al.,, 1997).
Another protein is the C. elegans CEC-4 protein, which encodes an HP1-like
chromodomain, that has also been reported to interact with the nuclear membrane
and H3K9me1/2/3 (Gonzalez-Sandoval et al., 2015). Finally, Proline Rich 14 (PRR14)
protein has also been reported to act as a tether for heterochromatin binding to the
nuclear periphery. Unlike LBR and CEC-4 proteins, PRR4 is not a membrane protein but
it has a lamina binding domain (LBD) that is regulated by Protein Phosphatase 2A
(PP2A) (Poleshko et al., 2013, Dunlevy et al., 2019).
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Figure 1.3. Hierarchical chromatin organization model. The figure shows a cartoon version of an actual
Hi-C heat map, where the 3D genome is organized in higher-order compartments (A and B) that are
composed of several topologically associated domains (TADs), smaller regions of the genome with
elevated interaction intensity (tones of blue). TADs contain smaller sub-TADs with even higher
interaction frequencies (dark blue) (2D TAD), which are formed from DNA loops anchored by CTCF-
cohesin complexes (3D TAD). Figure adapted from (Mishra, Hawkins, 2017, Rowley, Corces, 2018).



1.1.3. Histones

Canonical histones are generally encoded by multiple genes, mainly organized into
clusters throughout the genome, and their expression is carefully regulated at multiple
levels (Albig, Doenecke, 1997). In metazoans, there are 10-20 functional copies of
these genes for each core histone protein, clustered in two chromatin loci: HIST1
(which comprises about 80% of the histone genes and is located in chromosome 6 in
humans) and HIST2 (located in human chromosome 1) (Wang, Z. et al., 1996). These
histone genes are only transcribed during S-phase, and their deposition on the
chromatin relies on DNA-synthesis, whereby they assemble into nucleosomes behind
the replication fork and at sites of DNA repair (Buschbeck, Hake, 2017). The mRNA of
canonical histones lacks introns and the polyA tail is replaced with a special stem-loop
structure that binds to stem-loop binding proteins and regulates their processing and
translation (Birnstiel et al., 1985). Because canonical histone genes have these unique
transcription properties, the factors involved in histone mRNA biosynthesis are

concentrated in a unique nuclear body called the Histone Locus Body (HLB).

There are also other histones, known as histone variants that are not cell-cycle
regulated and can replace canonical histones at specific times and sites to control
chromatin organization and function. These histones differ from canonical histone
biosynthesis, as they contain introns and a polyA tail and transcribe as most other
genes in the genome. They are also only encoded by one gene and might differ largely
among species (Singh et al., 2018). There are several histone variants for each
canonical histone, except for histone H4 for which no histone variant has been
identified yet in higher eukaryotes. The most studied histone variants are histone
H2A.X, and histone H2A.Z for the canonical histone H2A, and H3.3 and histone H3-like
centromeric protein A (CENP-A) for histone H3. For the purpose of these thesis, the

literature of the variant H2A.Z will be further reviewed later on.

Although nucleosomes are considered the first level of chromatin compaction, they are
just a small fraction of the condensation needed to fit the genome into an interphase

nucleus, revealing that there should be other levels of chromatin condensation.
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Histone proteins consist of a globular C-terminal domain important for nucleosome
formation and a flexible N-terminal tail that protrudes from the nucleosome. In total,
ten flexible tails protrude from the nucleosome core, one N-terminal tail from each
core histone, and two additional C-terminal tails from histone H2A (McGinty & Tan,
2014). These tails are targets for a variety of epigenetic post-translational
modifications, including acetylation, phosphorylation and methylation (Grewal & Rice,
2004), which contribute to the higher levels of chromatin organization and that will
determine chromatin structure. The study of these histone modifications and variants,
together with the changes in the DNA that do not alter the DNA sequence itself, is
referred to as epigenetics. The specific chromatin organization during the different
stages of the cell cycle is crucial for many aspects of cell biology, including gene
expression, cellular differentiation, and genome stability. Identifying the specific
histone modifications and epigenetic marks that are characteristic of each cell cycle
stage, as well as the components that regulate them, is important to understand

chromatin dynamics and therefore, cell biology.

1.1.4. Chromosome segregation

Chromosome segregation is the process in mitosis and meiosis by which two sister
chromatids (or chromosome homologues for meiosis |) separate from each other to

allow proper division of chromatin into the two daughter cells.

There are four key elements to consider in chromosome segregation: the centromeres,
the kinetochores, the assembly of a functional spindle, and the spindle assembly
checkpoint (SAC). Centromeres are regions of the chromosome that link two sister
chromatids together. They are the sites where kinetochores form and attach to the
spindle microtubules, allowing chromatids to be pulled apart towards the spindle
poles. In most eukaryotes, the centromeres are dictated by epigenetic changes rather
than by the DNA sequence itself, and active centromeres are defined by the presence
of the histone 3 variant CENP-A (Sullivan et al., 1994, Warburton et al., 1997). Shortly

before mitotic entry, kinetochores assemble onto centromeres in a process that
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involves the interplay of many protein complexes and remains largely unknown. For an
extensive review of the kinetochore assembly and function see (Musacchio, Desai,

2017).

The chromosome passenger complex (CPC), with Aurora B kinase as the enzymatic
protein of this complex, is crucial for proper chromosome segregation. CPC is
composed of three other proteins: INCENP, Borealin and Survivin. INCENP acts as a
bridge between Aurora B and the sub-complex formed by Borealin and Survivin, which
controls the localization of CPC during mitosis (Klein et al., 2006, Jeyaprakash et al.,
2007, Carmena et al., 2012). During mitosis, CPC recruitment to the centromere
depends on the activity of other proteins, mainly Haspin, Shugoshin (Sgo) and Bub1.
Haspin and Bubl are kinases that phosphorylate H3T3 and H2AT120, respectively;
these histone marks are recognized by the Borealin/Survivin sub-complex (the
H2AT120ph is first recognized by Sgo which can then be recognized by Survivin) and
they are able to recruit the CPC to the centromere (Jeyaprakash et al., 2007, Kelly et
al., 2010, Wang, F. et al., 2010, Yamagishi et al., 2010). Once at the centromere, Aurora
B phosphorylate different kinetochore substrates which will ultimately result in the
activation of the spindle assembly checkpoint (SAC). This machinery is essential to
detect and correct improper kinetochore-microtubule attachments thus safeguarding

chromosome segregation.

Another important regulator of chromosome segregation is cohesin (Tanaka et al.,
2000), a protein complex that holds sister chromatids together from DNA replication to
anaphase, when its removal results in sister chromatids separation. Cohesin ensures
that chromosomes do not separate before all the kinetochores are properly attached
to the microtubules; when the SAC is inactivated, cohesin is then disassembled and
chromatid segregation allowed. Thus, defects in the cohesin complex or its assembly
lead to chromosome segregation defects (Michaelis et al., 1997, Vass et al., 2003,
Vagnarelli et al., 2004). Cohesin is removed from chromosome arms during prophase
by Wapl in a process that involves phosphorylation of several proteins by CDK1, PLK1
and Aurora B (Kueng et al., 2006, Nishiyama et al., 2013). However, cohesin is kept at
the centromeres until anaphase, when the microtubules are properly attached to the

kinetochores and the protease Separase cleaves cohesin from the centromeres,
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enabling chromosome segregation (Waizenegger et al., 2000). Shugoshin and PP2A are
responsible for counteracting CDK1 and PLK1 activity and ensure sister chromatid
cohesion until all kinetochores are attached to the microtubules. A scheme of the
major players in the process is presented in Figure 1.4. For an extensive review on

cohesin please refer to (Makrantoni, Marston, 2018).
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Figure 1.4. Scheme of the key players in chromosome segregation (adapted from (Meppelink et al.,
2015)). During prophase, Wapl is responsible for releasing cohesin from chromosome arms, although a
fraction of cohesin is kept at the centromeres during metaphase. During prometaphase/metaphase, the
CPC is relocalized from the chromosome arms to the centromere by Shugoshin, where it phosphorylates
kinetochore proteins and enables microtubule attachment. Once all microtubules are properly attached,
separase releases cohesin from the centromeres and chromosomes are pulled apart, allowing proper

chromosome segregation.
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1.2. Heterochromatin and epigenetics

As described earlier, heterochromatin is tightly packed chromatin generally silent, and
it is established during early development through controlled epigenetic processes.
Epigenetics has been described as the study of heritable changes in genome function
that do not involve changes in the DNA sequence itself, including DNA methylation,
histone modifications or RNA interference (RNAi), that are crucial for correct

chromatin organization and cell function.

Epigenetic marks are widely used to study changes in the epigenome, and they are
distinctive for each type of chromatin. Euchromatin is characterised by chromatin
acetylation (H3K9Ac, H3K27Ac, H4K16Ac), and by other histone marks like H3K4me1/3,
H3K79me2, and H3K36me3. In contrast, heterochromatin is mainly characterised by
global histone hypoacetylation, but there are also other methylation marks enriched in
this type of chromatin, including tri-methylation of several lysine residues of histone
H3 (H3K9me3, H3K27me3, H3K64me3) and histone H4 (H4K20me3) (Noma, Allis &
Grewal, 2001, Peters et al., 2001, Kourmouli et al., 2004, Schotta et al., 2004, Daujat et
al., 2009) (summarized in Table 1-1). Several histone methyltransferases are involved
in these methylations. H3K9 methylation is driven by several enzymes, including GLP,
G9A, SETDB1, SUV39H1 and SUV39H2. While GLP and G9A are usually responsible for
mono- and di-methylation of H3K9 (Tachibana et al., 2002), SETDB1 and SUV39H are
responsible for telomeric and pericentromeric trimethylation of H3K9, respectively
(Gauchier et al., 2019). H3K9me3 serves as anchoring sites for heterochromatin
protein 1 (HP1), a heterochromatin mark that leads to transcriptional silencing
(Lachner et al., 2001). In contract, only one methyltransferase is known to methylate
H3K27, the PRC2 complex through the EZH2 enzyme (Kim & Kim, 2012). Table 1-1
summarises the main differences between euchromatin and heterochromatin in

regards to their epigenetic landscape.

Epigenetic information needs to be maintained from mother to daughter cells and
potentially from generation to generation to ensure proper genome function.

However, during cell division chromatin undergoes a wave of rearrangements followed
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by subsequent restoration after the passage of the replication fork (Probst et al., 2009)
and mitosis (Vagnarelli, 2013). These rearrangements that enable changes in
epigenetic states and that are important for cell differentiation need to be restored
and maintained for cell lineage preservation, and thus refined mechanisms have been
established to ensure both stability and plasticity of the epigenetic marks. Although
DNA methylation inheritance occurs readily and rapidly through replication, some
histone methylation patterns including H3K9, H3K27, H4K20 and H3K79 are re-
established gradually during the cell cycle in a DNA replication-independent fashion.
Chromatin Assembly Factor 1 (CAF-1) is a replication-specific histone chaperone
important for the inheritance of H3K9me3 in pericentric heterochromatin during DNA
replication, as it also acts as a chaperone for HP1 (Quivy et al., 2004). CAF-1 sequesters
the released HP1 during DNA replication and forms a CAF-1-HP1 complex that will
recruit SETDB1 to monomethylate H3K9 during S phase (Sarraf and Stancheva, 2004).
H3K9mel acts as a substrate for further di- and trimethylation by Suv39H, generating
H3K9me3 marks that will in turn recruit HP1 back to the chromatin. There are other
factors involved in the re-establishment of H3K9me3 in heterochromatin, such as small
RNAs that are processed from heterochromatin encoded transcripts (Muchardt et al.,
2002, Maison et al., 2002, Li, 2014). In the case of H3K27me3, polycomb (PcG) proteins
and H3K27me3 accumulate at polycomb response elements prior to DNA replication in
early S phase (Lanzuolo et al., 2011). In late S phase, by the time these regions are
replicated, PcG levels at those sites are reduced, indicating that PcG-dependent
H3K27me3 mark is inherited by dilution through replication. The replication protein
proliferating cell nuclear antigen (PCNA) is also important for recruiting histone
deacetylases and DNA methylases to the replication fork to ensure proper inheritance
of these epigenetic marks. For an extensive review of how the epigenome is re-
established after DNA replication please refer to Budhavarapu et al.,, 2013. During
mitosis, chromatin also rearranges and many epigenetic marks are removed to allow
proper chromosome segregation. However, some chromatin marks persist through
mitosis, including as H3K27me3, H3K9Ac, H3K27ac, and H3K4me3 (Terrenoire et al.,
2010).
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Table 1-1. List of epigenetic marks for euchromatin vs heterochromatin.

Euchromatin Heterochromatin

H3K4mel/3 H3K9me3
H3K9Ac H3K27me3
H3K27Ac H3K64me3
H3K36me3 H4K20me3
H3K79me2 HP1
H4K16Ac

1.2.1. Heterochromatin protein 1 (HP1)

1.2.1.1. HP1 structure and domains

HP1 is a family of proteins crucial for the formation of transcriptionally inactive
heterochromatin, and therefore it has been used as a marker for heterochromatin for
many years. In mammals, there are three distinct HP1 proteins: HP1a, HP1pB, and
HP1y. HP1la is encoded by the Chromobox homolog 5 (CBX5) gene, which, in humans,
is located on chromosome 12q13.13; HP1p is encoded by CBX1 on human
chromosome 17g21.32; and HP1y is encoded by CBX3 on human chromosome 7p15.2.
CBX5, CBX1 and CBX3 null mutant mice revealed different phenotypic effects for the
three isoforms. While loss of HP1a did not result in any phenotype in mice, HP1B and
HP1y mutants led to perinatal lethality and infertility, respectively (Aucott et al., 2008,
Brown et al., 2010). Interestingly, Suv39h1 and Suv39h2 mutants are viable, indicating
that the essential function of HP1pB is independent of its interaction with H3K9me3

(Peters et al., 2001).

The HP1 family belongs to a larger superfamily of proteins that contain conserved
chromatin organization modifier (chromo) domains. The chromodomain (CD) is
situated in the amino-terminal half of HP1 proteins, consists of approximately 30-60

amino acids (Jones et al., 2000) and gives the proteins the ability to alter the chromatin
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structure to make heterochromatin. For instance, the chromodomain of HP1 share
60% similarity with that of Polycomb, another repressive complex (Paro, Hogness,
1991). Within the chromodomain superfamily, HP1 proteins form their own family
characterized by the presence of a second unique conserved domain in the carboxy-
terminal half of the protein, known as the chromoshadow domain (CSD) (Lomberk et
al., 2006). Both domains share high level of similarity in their amino acid sequence, but
they have different functions. The CD is responsible for binding to chromatin at
H3K9me2 and H3K9me3, whereas the CSD is involved in homo- and
heterodimerization and interaction with other proteins. These domains are separated
by a variable hinge region that contains a nuclear localization signal (NLS) (Figure
1.5.A). In HP1q, interactions between the C-terminus and the hinge domain stabilize

the dimer in a compact auto-inhibited state (Larson et al., 2017).

The CD and CSD of HP1 are highly conserved among species (Figure 1.5.B) as seen by
alignment of the sequences and suggested by cross-species experiments. The CD from
mouse HP1[ can functionally replace the one of S. pombe HP1 (Wang et al., 2000) and
expression of human HP1a can rescue the lethality of homozygous mutants in the
Drosophila HP1-encoding gene Su(var)2-5 (Norwood et al., 2004), suggesting that both

domains are crucial for HP1 function.

HP1 binds specifically to chromatin containing the H3K9me3 mark, where it mainly
maintains a heterochromatic environment (Bannister et al., 2001, Lachner et al., 2001,
Nakayama et al.,, 2001, Jacobs, Khorasanizadeh, 2002). While HPlo is located
predominantly in constitutive heterochromatin, HP1ly and HP1[B are uniformly
distributed in the nucleus and are found in both hetero- and euchromatic regions

(Horsley et al., 1996, Minc et al., 2000, Fanti et al., 2003).
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Figure 1.5. HP1a protein structure and alignment. A) HP1a presents an N-terminal chromo domain and

a C-terminal chromoshadow domain separated by a variable hinge region containing a nuclear

localisation signal (NLS). B) Both the chromodomain and the chromoshadow domain of HP1a are highly

conserved among vertebrate species.

1.2.1.2.

HP1 binding to chromatin and heterochromatin formation

Several models have been proposed to explain how HP1 is bound to H3K9me3 and

how it is able to maintain a silent chromatin environment. As mentioned earlier, HP1

binds to H3K9me2/3 through its CD, although it has been shown that the CSD is also

important to adopt the proper conformation. The first models proposed that the CDS

binds to H3 sites different from H3K9me2/3 of the nucleosome and the CD binds to

H3K9me3 residues, and both contribute to HP1-chromatin binding (Lavigne et al.,

2009, Dawson et al., 2009a). Another model suggests that two CD bind to two

H3K9me3 residues in the same nucleosome (Canzio et al., 2011, Canzio et al., 2013,

Azzaz et al., 2014, Hiragami-Hamada et al., 2016, Machida et al., 2018, Watanabe et

al., 2018). However, the most recent model, known as the nucleosome-bridge model,

18



postulates that HP1a is able to dimerize through the CSD and that these HP1a dimers
are able to bind through their CD to two H3K9me3 marks in different nucleosomes and
form a bridge that compacts chromatin (Canzio et al., 2011, Canzio et al., 2013, Azzaz
et al., 2014, Hiragami-Hamada et al., 2016, Machida et al., 2018, Watanabe et al,,
2018) (Figure 1.6). Actually, mutation of the CD at tryptophan 40 to alanine
(HP1aeW40A) inhibited HP1 binding to H3K9me3 (Jacobs, Khorasanizadeh, 2002), and
mutation of the CSD at isoleucine 165 to glutamic acid (HP1al165E), which inhibits
dimerization of HP1lo, was able to bind to H3K9me3 but adopted an aberrant
conformation (Brasher et al., 2000, Machida et al., 2018). The structure of the bridge
between H3K9me3-containing nucleosomes by HP1 was nicely shown by cryoelectron
microscope by the Kurumizaka lab (Machida et al., 2018) (Figure 1.6). Although some
studies reported that the ability of HP1a to bind chromatin was weaker than that of
HP1B and HP1y (Fischle et al., 2005, Watanabe et al., 2018), Machida et al. (Machida et
al., 2018) showed that the three HP1 isoforms form a similar nucleosome-bridge

structure.

Further studies revealed that the lower affinity of HP1a in binding H3K9me3 was due
to the lack of HP1la phosphorylation in the E. coli recombinant HP1a, and that
phosphorylation of HP1o at S11-S14, lacking on HP1B and HP1y, increased the affinity
to chromatin binding (Hiragami-Hamada et al., 2011, Nishibuchi, G. et al., 2014,
Watanabe et al, 2018). This exemplifies how important post-translational
modifications are on HP1; the known HP1 PTM have been summarized in Figure 1.7.
Likewise, studies on flies (Zhao et al., 2001) and fission yeast (Shimada et al., 2009)
demonstrated that mutations on specific phosphorylable sites of HP1 lead to defective
heterochromatin silencing. In addition, HP1o. phosphorylation in the hinge domain was
reported to be critical for mitotic progression and shugoshin (Sgol) (a protein that
prevents premature cohesion dissociation and protects the centromere cohesion
during mitosis) loading into centromeres. Moreover, inability to phosphorylate HP1
either by decreasing the responsible kinase or by introducing a non-phosphorylable
HP1 mutant, led to prometaphase arrest and several mitotic defects (Chakraborty,
Prasanth, 2014, Chakraborty et al., 2014). Although several protein kinases responsible

for phosphorylation of HP1o at distinct residues have been identified, including
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nuclear dbf2-related (NDR) kinase and casein kinase Il (CK2), the counteracting
phosphatases still remain elusive (Shimada et al., 2009, Nishibuchi et al., 2014,
Chakraborty, Prasanth, 2014, Chakraborty et al., 2014).

Recent studies on human and fly HP1a led to the identification of liquid droplets on
phosphorylated HP1a solutions (Phos-HP1a), but not on wild type HP1a, HP1pB, nor
HP1y. The ability of Phos-HP1a to phase separate was linked to the ability to form
higher order oligomers beyond dimers (Larson et al., 2017, Strom et al.,, 2017).
Altogether, these points out to the idea that HP1a is phosphorylated in its N-terminal
tail, which triggers HP1a dimerization, followed by binding to H3K9me3, further HP1a
recruitment and higher-order oligomer formation: this ultimately leads to intrinsic
disorder and phase separation. Within the HP1a droplets, repressive factors might
accumulate and might be able to physically sequester and compact the nearby
chromatin, forming HP1 foci visibly detectable by fluorescent microscopy (Larson et al.,
2017, Strom et al.,, 2017). A recent paper by Sanulli et al. (Sanulli et al., 2019)
suggested that HP1 binding to H3K9me3 loosens histone-histone and histone-DNA
interactions, exposing trapped histone core residues. These residues would be able to
interact with the neighboring nucleosome, increasing intrinsic histone core dynamics

and accessibility that leads to nucleosome disorganization and phase separation.

Another known modification of HP1 is peptidyl citrullination, where an arginine
residue is converted to citrulline, a non-encoded amino acid, losing a positive charge
and reducing the hydrogen bonding ability. Wiese and colleagues (Wiese et al., 2019)
found that the CD of HP1y gets citrullinated in embryonic stem cells (ESC) at R38 and
R39, modifying its chromatin binding during stem cell differentiation. In ESC HP1y is
citrullinated to reduce its binding to H3K9me3 and maintain an open chromatin
conformation. Upon differentiation, HP1y citrullination is reduced and allows HP1ly

binding to chromatin and heterochromatin formation.

SUMOylation of the hinge domain of HP1a by SUMOL1 is another HP1 PTM important
for targeting de novo HP1 to pericentric heterochromatin (Maison et al., 2011). HP1a
SUMOylation is enhanced by the Suv39h paralogue Suv39h1, but not Suv39h2, by
directly interacting with Ubc9, an E2-conjugated enzyme necessary for SUMOylation of

several protein (Maison et al., 2016).
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Figure 1.6. Structure of the HP1-dinucleosome bridge complex. A) 3D structure of the HPla-
dinucleosome complex (from (Machida et al., 2018). B) Schematic representation of the HPla-
dinucleosome bridge. The chromodomain of HP1 recognizes the H3K9me3 mark while the

chromoshadow domain dimerises with another HP1 molecule that is attached to another nucleosome.
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Figure 1.7. HP1 post-translational modifications sites. Known HP1a PTMs sites are highlighted in light green (phosphorylation), pink (ubiquitination), blue (sumoylation),

yellow (methylation), and dark green (acetylation). Figure adapted from Phosphosite.

22



1.2.1.3. HP1 during mitosis

During mitosis, HP1 dissociates from the H3K9me3 chromatin marker to allow chromatin re-
structuring required for proper chromosome segregation. Fischle et al. (Fischle et al., 2005)
observed that levels of H3K9me3 during mitosis remain stable, thus HP1 dissociation from
the chromatin is independent from H3K9me3 levels. They observed that the
phosphorylation status of the nearby Ser10 (H3S10) is crucial to regulate HP1 binding to
H3K9me3. In fact, H3S10 phosphorylation by Aurora B at mitotic entry ejects HP1 from its
chromatin binding sites. At mitotic exit the Repo-man/PP1 complex, as explained later on in
more detail, dephosphorylate H3510ph, enabling HP1 binding to H3K9me3 and maintaining
a chromatin repressive environment after each cell cycle (Vagnarelli et al., 2011, de Castro
et al., 2017). Consistently, Aurora B inhibition or knockdown retains HP1 proteins on mitotic
chromosomes but does not alter the localization of HP1 in interphase (Fischle et al., 2005). It
is accepted, then, that Aurora B and Repo-man/PP1, which regulate the H3S10
phosphorylation status, are the main regulators of HP1 binding to chromatin during mitosis.
However, if there are other phosphatases involved in this HP1 dynamics still remains
unknown. In addition, as | have mentioned earlier, HP1 can be phosphorylated, and whether
these phosphorylations, or other modifications, are important for HP1 reorganization

through mitosis is still not known.

Although the majority of HP1a is removed from the chromatin during mitosis, it has been
shown that a small amount of HP1a remains bound to the centromeric chromatin. There is
now some evidence suggesting a role of HP1a on protecting centromeric cohesion, as well
as other studies showing the importance of HP1a for proper mitotic progression (Inoue et
al., 2008, De Koning et al., 2009). HP1a was one of the first known binding partners of the
chromosomal passenger complex (CPC) (Ainsztein et al., 1998). It has been suggested that
Aurora B-mediated phosphorylation of HP1a at S92 in early prophase is important for HP1a
localization at the centromeres and interaction with the CPC, increasing Aurora B activity at
the centromere (Liu et al., 2014, Abe et al., 2016, Ruppert et al., 2018, Nishibuchi et al.,
2018, Williams et al.,, 2019). In fact, a non-phosphorylatable HP1a mutant (HP1aS92A)
results in increased anaphase bridges and micronuclei formation (Williams et al., 2019).

H3T3 phosphorylation by Haspin phosphorylate H3T3 is also important for CPC
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accumulation at mitotic centromeres (Jeyaprakash et al., 2007, Kelly et al., 2010, Wang et
al.,, 2010, Yamagishi et al., 2010). At the centromere, CPC-HP1 interaction protects
centromeric cohesion by promoting Haspin localization at the centromeres (Yi et al., 2018, Yi
et al., 2019). Likewise, CPC-HP1 binding was shown to be important for Aurora B-mediated
kinetochore phosphorylation, which prevents errors of kinetochore-microtubule attachment
and subsequent chromosome segregating defects (Abe et al., 2016). The main HP1 functions

at the centromere are summarised in Figure 1.8.

In fission yeast, the HP1 homologue Swi6 have been shown to interact with cohesin and be
necessary for proper centromeric targeting and stabilization of cohesin (Bernard et al., 2001,
Nonaka et al., 2002). However, siRNA-mediated depletion of the three HP1 isoforms
independently in human cells did not show any effect on cohesin accumulation at

pericentric chromatin (Serrano et al., 2009).

Prophase Metaphase Anaphase
. . « (Cohesin
. ° @ Haspin
: . @ CPC

QO centromere
= Microtubules
® HP1

P /\ s
@ H3S10 H3S10 @ (0] Separase
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Figure 1.8. Role of HP1 at the centromere. During mitotic entry, Aurora B from the CPC is responsible for
phosphorylation H3S10 from the chromatin, which will eject HP1 from the chromosomes. However, a portion
of HP1 is retained at the centromeres where it is important to keep Haspin nearby, which protects cohesin
release until microtubules are properly attached. Only proteins relevant to HP1 function at the centromere are

shown.
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1.2.2.  Other heterochromatin marks: H3K27me3

Another important mark for heterochromatin is the trimethylation of lysine 27 on histone
H3 (H3K27me3). Methylation of H3K27 seems to be gradual (from mono-methylation, to di-
and finally tri-methylation) and more abundant than H3K9 methylation; embryonic stem
cells (ESCs) have about 80-90% of total H3K27 methylated (20% mono-methylated, 50% di-
methylated, and 10-20% tri-methylated) compared to about 50% of H3K9 being methylated
(Peters et al., 2003). H3K27me2/3 is found in facultative heterochromatin, while H3K27mel
is found in constitutive heterochromatin (telomeres and centromeres). However,
enrichment of H3K27me1l throughout the gene body associates with actively transcribed

genes (Cui et al., 2009, Margueron, Reinberg, 2011).

H3K27 methylation is carried out by Enhancer of Zeste 2 (EZH2), a methyltransferase
member of the Polycomb Repressing Complex 2 (PRC2) (Czermin et al., 2002, Kuzmichev et
al., 2002, Cao et al., 2002). PRC2, together with Polycomb Repressing Complex 1 (PRC1),
belongs to the polycomb group (PcG) proteins, a family that epigenetically alters chromatin
in order to repress gene expression, mainly of genes related to proliferation and
differentiation. PRC2 is well conserved among several species and loss of function during
development results in early embryonic lethality in mice (O'Carroll et al., 2001).
Interestingly, loss of H3K27 methylation results in increased H3K27 acetylation in ESC,
indicating that PRC2 prevents H3K27Ac, a mark of active chromatin (Tie et al., 2009, Pasini
et al., 2010).

There is some evidence that H3K27me3 and H3K9me3 are somehow linked and that the
levels of one might affect the other. Some studies have shown that knockdown of Suz12, an
important component of the PRC2 complex, results in loss of H3K9me3 (Cecile et al., 2007).
Likewise, several studies in animal cells and plants have shown that altered H3K9me3 lead
to changes in the H3K27me3 distribution (Peters et al., 2003, Mathieu et al., 2005, Lindroth
et al., 2008, Deleris et al., 2012, Hagarman et al., 2013, Reddington et al., 2013, Jamieson et
al., 2016). Similarly, studies in fungi showed that HP1 knockout or simple mutations on the
HP1 CD results in a dramatic redistribution of H3K27me3, suggesting that HP1 binding to

H3K9me3 is required to affect H3K27me3 organization (Jamieson et al., 2016). At the same
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time, H3K27me2/3 has been proved to regulate HP1 binding to chromatin. Actually, either
loss of EZH2 or Suzl2, or overexpression of H3K27me3 demethylases resulted in HP1
proteosomal degradation and are therefore important for HP1 stability (Boros et al., 2014).
In addition, H3K27me3 enhances HPla binding to H3K9me3 and loss of H3K27me3 is

sufficient to dissociate HP1a from chromatin (Boros et al., 2014).

The behaviour of H3K27me3 during mitosis is similar to H3K9me3; the phosphorylation
status of the nearby amino acid (H3528) is important for PRC2 binding to H3K27 and further
lysine methylation. H3S28 is phosphorylated in early mitosis by Aurora B, an action
counteracted by Repo-man/PP1 phosphatase complex at anaphase, which mediates H3528
dephosphorylation and subsequent PRC2-driven methylation of H3K27, playing a role in
gene expression regulation (Vagnarelli et al., 2011, de Castro et al., 2017). NIPP1 (Nuclear
inhibitor of PP1), a PP1 regulatory subunit that inhibits PP1, also plays an important role on
H3K27me3 regulation through mitosis. NIPP1 can bind to phosphorylated EZH2 and block its
dephosphorylation (normally carried out by PP1), thus keeping EZH2 bound to chromatin
(Minnebo et al., 2012, Van Dessel et al., 2010). Altogether this evidence demonstrates the
presence of a tightly regulated interplay between different histone modifications and

heterochromatin marks to form and maintain a repressive environment.

1.3. Histone variant H2A.Z

The histone variant H2A.Z was originally identified in 1980 in mouse cells (West, Bonner,
1980), and the human H2A.Z gene was cloned ten years later by the same lab (Hatch,
Bonner, 1990). Later studies in Drosophila (van Daal, Elgin, 1992) and mice (Faast et al.,
2001) showed an essential role of this histone variant, since H2A.Z knockout led to early
embryonic lethality. However, in S. cerevisiae H2A.Z depletion was not lethal (Jackson,

Gorovsky, 2000), possibly pointing out to a difference on the role of H2A.Z within species.

As most proteins, H2A.Z is subject to PTM, including acetylation, methylation,

phosphorylation, sumoylation, and ubiquitination. H2A.Z PTMs dictate its loading to the
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chromatin as well as its transcriptional output. The residues that are subjected to

modifications are summarised in Figure 1.10.

H2A.Z shares around 60% homology with H2A, with the main differences lying in the amino-
and carboxy-terminal regions and the L1 loop. The overall structure of the H2A.Z and H2A
containing nucleosomes are quite similar, although some differences at the C-terminal
domain result in an extended acidic patch that extends across the surface of the H2A.Z
octamer and exposes the cavity in the center of the nucleosome (Figure 1.10.A). Studies in
Drosophila and Xenopus indicated that the acidic patch is important for development.
Studies in ESCs showed that a mutant form of H2A.Z, with the three distinct amino acids
from the acidic patch are mutated to the H2A ones, is less associated with chromatin and
have increased mobility. Cells transfected with this mutant also failed to differentiate
properly (Subramanian et al., 2013). Another significant difference between the H2A and
H2A.Z structures is at the L1 loop, which is linked to an increase of flexibility in the H2A.Z
variants (Horikoshi et al., 2013) (Figure 1.9.B).

1.3.1. H2A.Z variants

H2A.Z in vertebrates is present as two isoforms, known as H2A.Z.1 and H2A.Z.2 encoded by
the H2AFZ and H2AFV genes, respectively. At the same time, H2A.Z.2 has two alternatively
spliced variants, termed H2A.Z.2.1 and H2.Z.2.2. The two H2A.Z variants only differ in three
amino acids (Figure 1.10), they have similar nuclear distribution and PTMs with a similar,
though not identical, genome distribution (Dryhurst et al., 2009). Furthermore, H2A.Z.1 and
H2A.Z.2 are differentially expressed among human tissues: H2A.Z.1 expression is high in the
brain of adult and foetal tissues, while H2A.Z.2 is higher in adult liver and kidney samples
(Dryhurst et al., 2009). The promoters of both H2A.Z.1 and H2A.Z.2 also differ: while H2A.Z.1
presents a usual promoter similar to other histone variants, H2A.Z.2 promoter lacks a TATA
box and the CAAT regions and CG elements do not correspond with those identified in
H2A.Z.1 (Dryhurst et al., 2009). In addition, there are structural differences in the L1 loop of
both variants, and they present different nucleosome mobility in cells (Horikoshi et al.,

2013).
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These differences between both variants might seem small, but they are rather significant in
terms of functionality. One of the first differences on their individual activity was shown
early in this decade by Matsuda and colleagues (Matsuda et al., 2010), who were able to
individually knockout each of the H2A.Z variants in DT40 chicken cells. They showed that
H2A.Z.2-deficient cells present a slower cell proliferation rate compared to WT and H2A.Z.1-
deficient cells, and that this is due to an increased apoptotic rate. Later on, other studies
aimed at deciphering differences between H2A.Z.1 and H2A.Z.2 have been conducted,
although many studies nowadays still study these two variants as one. In agreement with
Matsuda et al., knockdown of H2A.Z.2 in human metastatic melanoma cells led to

downregulation of cell—cycle promoting genes (Vardabasso et al., 2015).

Not so many studies have been conducted on H2A.Z.2.2, a shorter spliced variant of H2A.Z.2
(Figure 1.10). However, it has been shown that, although it interacts with Tip60 and SRCAP
chaperones, H2A.Z.2.2 gets only partially incorporated into the chromatin. This seems to not
be caused by the shortened length, but rather to its unique amino acid sequence at the C-
terminus domain (Bonisch et al., 2012a). Due to its difference on the C-terminus sequence,
studies comparing H2A.Z.2.1 and H2A.Z.2.2 might be important to determine specific roles

and characteristics of this C-terminal domain.
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Figure 1.9. Main differences between H2A and H2A.Z. A) Surface rendering of the H2A and H2A.Z nucleosome
center. The H2A (orange) and H2A.Z (light brown) structures are shown with H2B (red), H3 (blue), and H4
(green). The divergent residues (turquoise) are highlighted with arrows. Below, the C-terminal sequences of
H2A and H2A.Z with the acidic patch highlighted in turquoise. From (Subramanian et al., 2013). B) Structural
comparison of the L1 loop of H2A, H2A.Z.1 and H2A.Z.2 nucleosomes. From (Horikoshi et al., 2013).
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Figure 1.10 Alignment of the three human H2A.Z protein sequences. Highlighted in grey, the three different
amino acids between H2A.Z.1 and H2A.Z.2; highlighted in yellow, amino acids not conserved between
H2A.Z.2.1 and H2A.Z.2.2. Colour dots represent the sites for post-translational modifications (from (Giaimo et

al., 2019)).
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1.3.2.  Mechanisms of H2A.Z loading

Incorporation of H2A.Z onto chromatin is a complex mechanism involving the coordination
of many proteins. In yeast, the loading is driven by the ATP-dependent chromatin-
remodelling complex, Swi2/snif2-related 1 (SWR1) (Mizuguchi et al., 2004, Kobor et al.,
2004, Wu et al., 2005, Luk et al., 2007, Zhou, Z. et al., 2008, Wu, W. et al., 2009, Ranjan et
al., 2013). SWR1 is composed by several subunits (Figure 1.11) and its 3D structure has been
determined by electron microscopy (Nguyen et al., 2013). The SWR1 complex partially
unwrap the DNA from the histone core, and the subunit Swrl acts as a chaperone to
exchange one H2A at a time, forming a transient heterotypic nucleosome composed of H2A,
H2A.Z and H2B (Luk et al., 2010, Hong et al., 2014). A H2A.Z-specific chaperone has been
identified, Chzl, although it can be replaced by other chaperon-like proteins for histone
replacement, as Chz1 knockout in yeasts do not present impaired H2A.Z deposition (Luk et
al., 2007, Dronamraju et al., 2017, Wang, Y. et al., 2019). Other complexes are also
necessary for the loading of H2A.Z, including NuA4 and Ino80. Esal (Tip60 in mammals) is an
acetyltransferase from the NuA4 complex that acetylates the N-terminal domain of
canonical H4 and H2A, required for SWR1 recruitment to the nucleosomes (Keogh et al.,

2006, Auger et al., 2008, Altaf et al., 2010, Ranjan et al., 2013).

In mammals, there are two homologues of SWR1: Snf2-related CBP activator protein
(SRCAP) and the Protein 400/60kDa Tat-interactive protein (p400-Tip60) complexes, both
able to mediate the exchange (Doyon, Coté, 2004, Mizuguchi et al., 2004, Ruhl et al., 2006).
YL1, the Chz1 homologue, is a subunit of both the p400-Tip60 and SRCAP complexes that
binds to H2A.Z-H2B dimers through its N-terminal domain allowing the interchange
between dimers H2A-H2B and H2A.Z-H2B (Cai et al., 2005, Latrick et al., 2016). YL1 has been
reported to be involved in both H2A.Z.1 and H2A.Z.2 loading to the same extent, as the
same decrease in deposition of both variants is observed in DT40 cells depleted of Arp6, an
actin-related protein present in the SRCAP complex (Matsuda et al., 2010, Yoshida et al.,
2010, Maruyama et al., 2012).

The mechanistic removal of H2A.Z from the chromatin has been less studied, although

ANP32E, a member of the p400/Tip60 complex, has been identified as a chaperone
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responsible for this removal (Obri et al., 2014). Due to the high degree of regulation on
H2A.Z deposition, it is expected that other proteins involved in regulating its removal exist,

although this aspect is still in need of further analysis.

Figure 1.11. Schematic representation of the yeast SWR1 complex (from (Nguyen et al., 2013)).
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Table 1-2. Composition of the NuA4, SWR1, p400/tip60 and SRCAP complexes (from (Giaimo et al., 2019))

Yeast Mammalian
NuA4 SWR1 P400/Tip60 SRCAP
Tral TRRAP
Eafl Swrl Ep400 SRCAP
Bdf1l BRD8 (TRCp120) BRD8 (TRCp120)
Epll EPC-like (EPC2)
ECP1
Esal Tip60
Eaf2 Eaf2 DMAP1 DMAP1
Rvb2 Rvb2 Tip49b (Ruvbl2) Tip49b (Ruvbl2)
Rvb1 Rvb1 Tip49a (Ruvbll) Tip49a (Ruvbll)
Arp4 Arp4 BAF53a (Actl6a) BAF53a (Actl6a)
Yng2 ING3
ARP6
Eaf7 MRGBP
Actl Actl Actin
Eaf3 MRG15(Morf4l1)
MRGX(Morfal2)
Vps72 YL1 YL1
Eaf5
Yaf9 Yaf9 GAS41(Yeats4) GAS41(Yeats4)
Eaf6 FLJ11730(Meaf6, hEaf6)
Vps71 Znf-HIT1

1.3.3. H2A.Zlocalization in the genome

H2A.Z is highly enriched at transcriptional start sites (TSS), mainly at the +1 nucelosome, of
active and repressive genes, as showed by genome-wide localisation experiments in several
organisms (Guillemette et al., 2005, Li et al., 2005, Petter et al., 2011, Raisner et al., 2005,
Whittle et al., 2008, Bagchi et. al., 2020). Enrichment and proximity of H2A.Z-containing
nucleosomes to the TSS, as well as the PTMs of H2A.Z, influences gene expression (Bargaje
et al., 2012). H2A.Z has been linked to RNA polymerase Il (RNApolll) and it was shown to be
excluded from gene bodies by RNApolll-related remodelers, as FACT and Spt6 mutants
increased H2A.Z levels at coding regions in buddying yeast (Jeronimo et al.,, 2015).

Additionally, H2A.Z depletion led to impaired RNApolll recruitment at TSS in specific
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conditions (Adam et al., 2001, Hardy et al., 2009). Some studies also reported enrichment of
H2A.Z at promoters, enhancers, and intergenic regions marked by H3K4me3 (alone or by
coexistence with H3K27me3), but it was absent from nucleosomes of differentiated cells
marked solely by H3K27me3 (Dryhurst et al., 2009, Ku et al., 2012, Hu et al.,, 2013,
Creyghton et al., 2008, lllingworth et al., 2012). However, it seems to be the opposite in
embryonic stem cells, where H2A.Z associates with transcriptionally repressed genes
marked by H3K27me3 and it colocalizes with the Polycomb complex, (Creyghton et al.,

2008, lllingworth et al., 2012).

H2A.Z is excluded from regions with high DNA methylated sites, and H2A.Z-enriched
nucleosomes displayed low levels of DNA methylation in several organisms (Zilberman et al.,
2008, Conerly et al., 2010, Zemach et al., 2010, Murphy et al., 2018). Loss of global DNA
methylation associates with a gain of H2A.Z occupancy, while increased H2A.Z occupancy,
obtained via loss of function of ANP32E, leads to reduced DNA methylation (Murphy et al.,
2018, Zilberman et al., 2008). Valdés-Mora and colleagues (Valdés-Mora et al.,, 2012)
showed that it is mainly the acetylated H2A.Z which anticorrelates with DNA methylation, as
well as with H3K27me3. Other studies also showed the link between H2A.Z acetylation and
active chromatin (Bruce et al., 2005), while H2A.Z ubiquitination is associated with

transcriptional repression (Sarcinella et al., 2007, Draker et al., 2011).

1.3.4. Roles of H2A.Z

H2A.Z has been associated with several biological processes. Many studies revealed an
important role of H2A.Z in transcription regulation; however, whether it promotes or
represses transcription appears to depend on the gene, chromatin complex, and PTMs of
H2A.Z itself. In Drosophila, H2A.Z acetylation and subsequent incorporation onto the
chromatin are involved in the regulation of the Notch (Giaimo et al., 2018) and Wnt
(Chevillard-Briet et al., 2013, Rispal et al., 2019) signalling pathways, directly linked to cell
proliferation. In human cells, H2A.Z depletion induced p21 expression in a p53-dependent

manner and led to premature senescence (Gévry et al., 2007, Bellucci et al.,, 2013). In
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addition, H2A.Z was shown to be incorporated at the promoter regions of oestrogen
receptor target genes, and its depletion led to defects on oestrogen-signalling, including cell

proliferation (Gévry et al., 2009).

H2A.Z seems also to play a role in DNA repair mechanisms. H2A.Z was found to deposit at
Double Strand Breaks (DSB) soon after DNA damage occurs (Kalocsay, Hiller & Jentsch, 2009,
Xu, Y. et al., 2012), but it was rapidly removed by the chaperone Anp32. This exchange of
H2A.Z nucleosomes is important to trigger a conformational change on the nearby
chromatin necessary for the DNA damage checkpoint activation. The early deposition of
H2A.Z to DSBs required the sumoylation of H2A.Z (Kalocsay et al., 2009) and it appeared to
be specific for H2A.Z.2 (Nishibuchi et al., 2014). Damaged chromatin has been long reported
to re-localize to the nuclear periphery to finalize the repair, and this also seems to be

dependent on sumoylation of H2A.Z (Kalocsay et al., 2009, Horigome et al., 2014).

A role of H2A.Z in cognitive function has also been reported. H2A.Z mice knockouts have
learning and memory difficulties (Shen et al., 2018), and H2A.Z is incorporated in the
hippocampus and the cortex of mice in response to fear conditioning, where it regulates
gene expression and prevents recent and remote memory formation (Stefanelli et al., 2018,

Zovkic et al., 2014, Narkaj et al., 2018).

Possibly related to its role on the regulation of several cell cycle-related genes,
overexpression of H2A.Z has been reported in many cancers, including breast (Hua et al.,
2008), prostate (Slupianek et al., 2010, Valdés-Mora et al., 2012), bladder (Kim et al., 2013),
liver (Yang, B. et al., 2018), and malignant melanoma (Vardabasso et al., 2015), and it is
being investigated as a possible target for cancer therapy (Rangasamy, 2010). Accordingly,
H2A.Z has been shown to play a role on the epithelial-mesenchymal transition (EMT), a

feature of cancer cells (Domaschenz et al., 2017).

Another studied role of H2A.Z is on heterochromatin regulation. HP1a, but not HP1pB or
HP1y, was found to preferentially interact with nucleosomes containing H2A.Z and H2A.Z-
depleted cells disrupted HP1a binding (Rangasamy et al., 2004, Fan et al., 2004). Recent
evidence suggests that H2A.Z and H3K9me3 can cooperate to enhance the binding of HP1a
to chromatin and that surprisingly, H2A.Z can substitute for H3K9me3 on promoting HP1a-

chromatin binding (Ryan, Tremethick, 2018). On chromosomes, H2A.Z is enriched at
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pericentric heterochromatin, where it interacts with some centromere binding proteins like
INCENP (Rangasamy et al., 2003, Greaves et al.,, 2007, Boyarchuk et al., 2014). This
enrichment of H2A.Z at centromeres might explain the role of H2A.Z in chromosome

segregation reported by Rangasamy and colleagues (Rangasamy et al., 2004).

1.4. Protein phosphatases

1.4.1. Protein kinases and phosphatases in chromatin regulation

Many factors are involved in controlling chromatin organization, ranging from ATP-

dependent chromatin remodelling complexes to non-histone chromosome proteins.

One of the most important post-translational modifications is the reversible protein
phosphorylation, with more than 70% of eukaryotic cellular proteins being regulated by this
modification (Olsen et al., 2010). Phosphorylation mainly occurs at serine (Ser), threonine
(Thr), tyrosine (Tyr) and Histidine (His) residues. This switch in the phosphorylation status is
regulated by the activity of protein kinases and phosphatases. While kinases add a
phosphate group to its substrate, phosphatases counteract these actions by removing the
group. Alterations of the levels or activity of these enzymes could therefore alter the

phosphorylation status of proteins leading to several pathological conditions.

Kinases and phosphatases are classified depending on whether they act at a Tyr or at a
Ser/Thr residue. The number of Tyr kinases is similar to that of Tyr phosphatases (around
100 each). However, in the case of Ser/Thr, there are around ten times more kinases (about
400) than phosphatases (about 40) (Moorhead et al., 2009). These Ser/Thr phosphatases are
highly regulated by regulatory protein subunits that bind to the catalytic domain and
influence the localization, specificity and activity of the phosphatase catalytic subunit
(Rebelo et al., 2015, Bollen et al., 2010a). The complex between catalytic and regulatory
subunit is referred to as “holoenzyme” and represents the specific phosphatase within the

cells.
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When cells enter mitosis, chromatin is subjected to several changes that allow its
condensation and re-modelling into distinct rod-shaped structures known as mitotic
chromosomes. Phosphorylation of histone H3 at Ser10 and Ser28 by Aurora B kinase have
been correlated with chromosome condensation and are crucial events during mitotic entry;
however, Aurora B knockdowns have normal chromosome structure, indicating that it is not
directly involved in the chromatin condensation process (Ajiro, Yasuda & Tsuji, 1996, Van
Hooser et al., 1998, Hendzel et al., 1997, Goto et al., 1999). Phosphorylation of histone H3 at
Thr3 by Haspin is also an important event during mitotic entry but not affecting chromatin
condensation (Markaki et al., 2009, Dai, Higgins, 2005). All these mitotic phosphosites of
Histone H3 (T3, S10 and S28) are removed during mitotic exit by the Repo-man/PP1
holoenzyme (Vagnarelli, P. et al., 2011, Qian et al., 2011). This complex gets fully activated
and stabilised at anaphase onset and PP1 is recruited to the chromatin via its targeting
subunit Repo-Man. Despite the importance of these phosphorylations during mitosis,
studies on different species indicate that the role of these modifications might vary between
organisms. In vertebrates, phosphorylation of H35S10 and H3S28 was shown not to be
required for chromosome condensation (Xu et al., 2009). Moreover, studies in fission yeast
proved that mutation of H3S10 to a non-phosphorylable residue leads to impaired
chromosome segregation but not chromosome condensation (Mellone et al., 2003). On the
contrary, the same mutation in S. cerevisiae did not show any mitotic defect (Hsu et al.,
2000). Similar to H3S10ph, H3Y41ph by JAK2 kinase has also been reported to be involved in
HP1 release from chromatin, as there are reports that indicate that HP1a. is able to bind this

residue via its chromodomain (Dawson et al., 2009b).

Histone H1 is also phosphorylated during mitosis and S phase and it has been related with
chromatin decondensation, rather than with chromatin condensation (Roth, 1992). CDK2
phosphorylates H1, which disrupts H1-HP1 binding and destabilizes compacted chromatin,
enabling proper cell cycle-progression (Halmer, Gruss, 1996, Hale et al., 2006). To our
knowledge, the phosphatases involved in H1 dephosphorylation are still not known. Histone
H2A and H2B phosphorylations at specific sites have also been related to chromatin
organization. In particular, H2AY119ph by Aurora B is thought to regulate chromatin
structure and function during mitosis (Brittle et al.,, 2007), and H2BS14ph facilitated

apoptosis-related chromatin condensation (Cheung et al., 2003). Finally, phosphorylation of

36



histone H4S1 was also correlated with chromatin condensation during mitosis (Barber et al.,

2004).

Altogether it is clear that histone modifications, and phosphorylations specifically, are very
important for gene expression regulation. Several studies have been conducted to
determine the specific roles of the phosphorylation sites that regulate transcription;
however, new studies should focus on the identification of the phosphatases responsible for
removing phosphorylations from histones and chromatin remodelling proteins, in order to

have a better picture on how chromatin is maintained and regulated.

1.4.2. Protein phosphatase 1

Protein phosphatase 1 (PP1) belongs to the protein phosphatase subgroup of
Serine/Threonine phosphatases (PPP), together with PP2A, PP2B and PP4, PP5, PP6, and
PP7. All PPP subunits have a catalytic subunit with the same structural fold and catalytic
mechanism, and have at least one regulatory subunit (Shi, 2009). PP1 and PP2A are the
most characterized PPP proteins and are responsible for 90% of the protein phosphatase
activity in eukaryotic cells (Bollen et al., 2010, Heroes et al., 2013). In mammals, three genes
encode PP1 isoforms: PPP1CA, PP1CB and PP1CC, which encode for PP1a, PP1B, and PP1y,
respectively (Sasaki et al., 1990, Barker et al., 1993, Barker et al., 1994). The amino acid
sequence of the three isoforms is 90% identical, with slightly differences especially in the N-

and C-terminal domains.

PP1 can interact with many different proteins. Traditionally, these proteins have been
known as PP1 interacting proteins (PIPs), which are able to form stable complexes; recently,
a new term for these PP1 subunits have emerged: RIPPOs (Regulatory Interactor of Protein
Phosphatase One) (Wu et al., 2018), due to the possibility of confusing PIP with the acronym
for phosphatidylinositol phosphates. It is not known the exact number of RIPPOs identified
to date, although it has been suggested that PP1 can form complexes with around 650
mammalian proteins (Bollen et al., 2010). These proteins have been classified in 4

categories: i) inhibitors of the catalytic subunit; ii) substrate-specifying subunits; iii) targeting
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subunits; iv) substrates. As indicated by the name, the catalytic subunit inhibitors block the
access to the docking site of PP1 and inhibit the dephosphorylation of all substrates.
Substrate-specifying subunits, also known as poor inhibitors, inhibit selectively the
dephosphorylation of only a subset of substrates. The targeting subunits can target PP1 to
different compartments including plasma membrane, mitochondria, nucleoli and chromatin,
bringing PP1 into close proximity to specific substrates. PP1 substrates can be classified
depending on their affinity for the catalytic subunit. Some substrates have high affinity for
PP1 and are able to form stable complexes. However, there are others that only interact
weakly with the catalytic subunit, and they require additional binding sites provided by
RIPPOs. Substrates can be selectively dephosphorylated on a single site or at multiple sites.

Some RIPPOs are both substrates and regulators of PP1 (Bollen et al., 2010).

How PP1 is able to interact with so many different proteins depends on a specific surface
groove, which is mediated by docking motifs of about four to eight residues long known as
SLiMs (short linear motifs). However, PP1 surface would only allow the interaction with
about 30 non-overlapping proteins simultaneously, much lower than the total of RIPPOs,
indicating that some must share docking sites on PP1. Nevertheless, a unique combination
of the PP1 binding motifs and the exact sequence allows a high specific RIPPO-PP1
interaction (Figure 1.12) (Egloff et al.,, 1997, Hurley et al., 2007, Bollen et al., 2010).
Altogether, it seems that selectively blocking specific docking sites of PP1 with small-
molecule compounds could be an approach to disrupt a subset of PP1 holoenzymes and
may have a therapeutic potential for different disease, including HIV (Ammosova et al.,
2012, Lin et al., 2017). Inhibiting the catalytic subunit would have profound implications as it
might block all PP1 functions; with this approach PP1 docking sites can be selectively

targeted to disrupt only a subset of interactions and functions (Bollen et al., 2010).

The most common PP1 SLiM is the RVXF motif, present in about 90% of the validated RIPPOs
(Bollen et al., 2010). It generally conforms to the consensus sequence K/R - xo-1 - V/I -y -
F/W, where x is any residue and y usually a phosphorylatable residue (Wakula et al., 2003,
Nasa et al., 2018). Although the binding of the RVxF motif in itself does not change the PP1
conformation and activity of PP1, it serves to anchor the RIPPO and bring it closer to PP1,
allowing the interaction of the other SLiMs with PP1 to form the final holoenzyme complex

(Egloff et al., 1997, Hurley et al.,, 2007, Ragusa et al., 2010, Carmody et al., 2008).
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Interestingly, not all proteins that present the RVxF motif can bind PP1, thus the presence of
an RVxF consensus sequence is not sufficient to classify a protein as a RIPPO (Wakula et al.,

2003).

Other SLiMs comprise the SILK-type docking motif and the myosin phosphatase N-terminal
element (MyPhoNE). The SILK domain is found in seven RIPPOs and contains the consensus
sequence G/S | L R/K. SILK is always positioned N-terminal to the RVxF motif and, similarly, it
serves as an anchoring site (Wakula et al., 2003, Hendrickx et al., 2009, Hurley et al., 2007).
MyPhoNE, present in six RIPPOs, serves another function and it provides substrate selection.
The consensus sequence is R x x Q V/I/L K/R x Y/W, where x can be any residue, and it is also
always N-terminal to the RVxF motif (Hendrickx et al., 2009, Bollen et al.,, 2010). The
detailed study of the interaction between PP1 and Spinophilin, a neuronal PP1 regulator, led
to the identification of a new SLiM, also present in neurabon, termed SpiDoC (Spinophilin
Docking site for the C-terminal groove), which blocks the recruitment of other substrates via
the C-terminal groove of PP1 (Ragusa et al., 2010). In addition, studies on Inhibitor-2,
another PP1 interactor, identified a conserved docking site for the hydrophobic and acidic
grooves (IDoHA), which emanates from the catalytic subunit and inhibits phosphatase

activity allosterically (Hurley et al., 2007).
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Figure 1.12. The PP1 binding code. PP1 presents multiple surface grooves that interact with RIPPOs SLiMs
(middle). The most abundant ones are shown. RIPPOs adopt different combinations of docking sites to form

unique PP1 holoenzymes. Adapted from (Heroes et al., 2013).

Studies on position-effect variegation (PEV) in Drosophila identified PP1 as a suppressor of
variegation, Su(var)3-6 (Baksa et al.,, 1993), which support the idea of PP1 as
heterochromatin regulator. Chromosomal rearrangements or transpositions can lead to
euchromatic genes being moved to nearby heterochromatic regions, which might suppress
the expression of genes that are usually activated. Diverse mutagenesis experiments
identified several genes that enhanced the expression of variegated genes (enhancers of
variegation, E(var)), and some that suppressed its expression (suppressors of variegation,
Su(var)). Su(var)3-6, which encodes for PP1, was one of these genes that, once mutated,
suppressed the expression of variegated genes, meaning that in normal conditions Su(var)3-

6 acts as an enhancer of heterochromatin formation (Baksa et al., 1993).
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Taken together, it is clear that protein phosphatases play crucial roles in the regulation of
chromatin structure and dynamics. For a recent review on the role of protein phosphatases
on chromatin organization please refer to (Gil, Vagnarelli, 2018). However, only a few
phosphatase complexes and related molecular mechanisms have been identified to date.

III

Considering the broad spectrum of phosphatase holoenzymes present, it is “normal” to
think that these studies are just the tip of the iceberg and many more complexes are yet to

be discovered.

1.4.3. Repo-man/PP1 holoenzyme

1.4.3.1. Repo-man as a PP1 targeting subunit

Repo-man is a PP1 targeting subunit encoded by the CDCA2 (Cell Division cycle Associated 2)
gene, localized on chromosome 8 (8p21.2) in humans. CDCA2 was first identified as a cell
cycle gene (Walker, 2001) until 2006, when Trinkle-Mulcahy et al. (Trinkle-Mulcahy et al.,
2006) identified Repo-man as a targeting subunit of PP1, responsible for recruiting PP1 onto
the chromatin at anaphase onset (Recruits PP1 onto Mitotic chromatin at anaphase). As the
majority of PP1 targeting subunits, Repo-man possesses the conserved RVXF (RVTX in
humans), which mediates PP1 binding. Mutation of the RVXF motif of Repo-man disrupts
PP1 binding, although it does not affect Repo-man binding to chromatin (Trinkle-Mulcahy et
al., 2006). Repo-man binds specifically to the B- and y-isoforms (the latter more efficiently),
but not the a-isoform of PP1 (Kumar et al., 2016, Trinkle-Mulcahy et al., 2006, Vagnarelli et
al., 2011). Repo-man also possesses a conserved PP2A binding domain through which it

forms the phosphatase complex Repo-man/PP2A (Qian et al., 2013) (Figure 1.13).

Studies using isothermal titration calorimetry (ITC) showed that Ki-67 and Repo-man bind
PP1y;.323 following an identical mechanism with nearly equivalent affinities. They form a
classical B-hairpin on the top of PP1 that extends from the PP1 RVxF binding pocket towards

the PP1 N-terminal domain and then back again. This novel interaction domain, not found in
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any other RIPPO, is known as the KiR-SLiM (Ki-67-Repoman Small Linear Motif) (Kumar et al.,
2016) (Figure 1.14).
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Figure 1.13. Repo-man structure and alignment of different species. A) A diagram showing the main
functional domains of human Repo-man. B) The PP1-binding and the PP2A-binding motifs (blue) are highly

conserved in vertebrates, as well as their main phosphorylation sites (green).
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Figure 1.14. Repo-man:PP1 and Ki-67:PP1 holoenzyme complex (from (Kumar et al., 2016)). A) Ki-67 and Repo-
man present a similar PP1 binding domain. The sequences corresponding to the RVxF domain (blue) and the
KiR-SLiM domain (beige) are underlined in grey. B) Close-up of the Ki-67 (pink) and Repo-man (blue)
interaction with PP1. Ki-67 residues 503-516 and Repo-man residues 390-403 bind the PP1 RVxF and OO
binding pockets (cyan surface; the Ki-67 and Repo-man RVxF and ®® SLiM residues are labelled). Ki-67
residues 517-535 and Repo-man residues 404—422 bind the KiR-SLiM binding pocket (beige surface).

1.4.3.2. Regulation of Repo-man throughout mitosis

In interphase, 20% of Repo-man/PP1 is localised on chromatin (De Castro et al, 2017),
closely associated with histone H2B (Vagnarelli et al., 2011) and it has been proposed to
play an important role in regulating the DNA damage response (Peng & Maller, 2010). Upon
mitotic entry, Repo-man disperses in the cytoplasm and re-locates to the segregating
chromatin at anaphase onset, where it de-phosphorylates histone H3 at three major sites:
Thr3 (Vagnarelli et al., 2011, Qian et al., 2011), Ser10 (Vagnarelli et al., 2011), and Ser28 (de
Castro et al., 2017). During mitosis, Repo-man/PP1 contributes to chromosome organisation

and dynamics, and nuclear envelope reassembly during mitotic exit (Vagnarelli et al., 2011,

de Castro et al., 2017).
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Repo-man activity and localisation is controlled by CDK1-Cyclin B phosphorylation. At the
beginning of mitosis, CDK1-Cyclin B phosphorylates Repo-man on different sites, including
S400, T412, and T419 (Vagnarelli et al., 2011, Qian et al., 2011), which decrease Repo-man
affinity for PP1 (Kumar et al., 2016) and chromatin, thus preventing Repo-man early binding
to chromosomes. It was shown that, when T412 is mutated to an Alanine (cannot be
phosphorylated by CDK1), Repo-man could bind to chromosomes in early mitosis (Vagnarelli
et al.,, 2011). T412 phosphorylation also prevents PP1 from binding to the RVTF motif
(Vagnarelli et al., 2011), making sure Repo-man is not fully activated before anaphase onset.
Phospho-deficient mutations on all three CDK1 sites together (S400, T412, T419) increased
the binding to PP1, suggesting that phosphorylation at these sites opposes the Repo-
man/PP1 interaction. Aurora B kinase also contributes to Repo-man localisation and PP1-
binding regulation via phosphorylation at Ser893 and T394, respectively (Qian et al., 2015,
Kumar et al.,, 2016). Phosphorylation of Ser893, which can be counteracted by Repo-
man/PP2A blocks Repo-man binding to mitotic chromatin (Vagnarelli et al., 2011, Qian et al.,
2011), whereas T394ph inhibits PP1y binding (Kumar et al., 2016). At anaphase onset, CDK1
levels drop, and different phosphatases are involved in the fully activation of the complex.
Firstly, a yet-unidentified phosphatase dephosphorylates T412 and allows Repo-man/PP1
complex formation. Ser893 is dephosphorylated by PP2A (Vagnarelli et al., 2011, Qian et al.,
2011), and other phosphatases, including PP1, dephosphorylate other sites, contributing to

Repo-man targeting to chromatin (Vagnarelli et al., 2011).

As mentioned, Repo-man/PP1 dephosphorylates different sites on histone H3. H3T3
represents a docking site for the Chromosome Passenger Complex (CPC), an important
complex for the regulation of the spindle assembly checkpoint (SAC); therefore,
dephosphorylation of this site is important for the re-location of the CPC from the
centromere to the spindle and proper progression through mitosis (Jeyaprakash et al., 2007,
Kelly et al.,, 2010, Wang et al., 2010, Yamagishi et al., 2010). H3S10 is important for HP1
binding to chromatin. HP1 recognizes tri-methylation of H3K9 but, in early mitosis, Aurora B
phosphorylates H3510, which ejects HP1 from the chromatin (Fischle, et al., 2005). Repo-
man/PP1 is responsible for removing the phosphate group of H3510 and is necessary for
HP1 binding to chromatin at the end of mitosis, participating in the generation of a

repressive chromatin environment within the nucleus (Castro, et al., 2017) (Figure 1.15).
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Finally, Repo-man/PP1 is also responsible for dephosphorylation of H3528. H3528ph helps
to modulate the binding of PRC2 and the expression of polycomb-regulated genes (Sawicka,

Seiser, 2012), contributing to cell cycle progression (Figure 1.15).
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Figure 1.15. Module of CDCA2/PP1 function during mitosis. A) The cartoon represents the dynamics of HP1
during mitosis. At mitotic entry (A), Aurora B kinase phosphorylates H3S10, which ejects HP1 from the
chromatin. During mitotic exit (A’), CDCA2/PP1 phosphatase complex dephosphorylates H3510, enabling HP1
binding to chromatin and triggering heterochromatin formation. B) The cartoon represents the dynamics of
PRC2 during mitosis. At mitotic entry (B), Aurora B phosphorylates H3S28, which ejects PRC2 from the
chromatin. During mitotic exit (B’), CDCA2/PP1 is responsible for dephosphorylating H3S28, enabling PRC2

binding to chromatin and gene silencing.
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1.5. Aims of the thesis

Chromatin organization has become a crucial area of study on cell biology for its impact on
gene expression. Understanding how chromatin is organized and regulated might not only
increase our knowledge on fundamental aspects of cell biology, but it might also shed light
into understanding the origin of some diseases and identify new targets for drug therapy. In
this research project | aimed to identify new regulators of heterochromatin formation and

maintenance by:

Developing a Hela GFP:HP1la cell line to use as a screening tool to identify new

regulators of heterochromatin maintenance.
- Studying the role of protein phosphatase 1 (PP1) on HP1a organization.

- Analysing CDCA2, a PP1 subunit involved in heterochromatin regulation, during

development, using zebrafish as a model organism.

- Examining and distinguishing the two H2A.Z variants (H2A.Z.1 and H2A.Z.2) on their

role on chromatin organization, gene expression and cell cycle.
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2. MATERIALS AND METHODS
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Cell culture methodology

2.1. Tissue culture

Hela Kyoto (human cervical cancer cells) and MRC5 (human fibroblasts) cells were cultured
in DMEM high glucose, GlutaMAX™ supplement (Gibco, 10566016), with addition of 10%
foetal bovine serum (FBS) (Labtech, FB-1001-500), and 5% penicillin/streptomycin (Gibco,
15140122) at 37°C in 5% CO; humid incubator. Cells at 80-90% confluence were passaged
(1:10) by trypsinization with TryplE Express (Gibco, 12604013) to de-attach the adherent

cells.

Zebrafish PAC2 fibroblasts cells, acquired from 24-hpf (hours post-fertilization) zebrafish
embryos, were a kind gift from Peter Cenijn (University of Vrije, The Netherlands). They
were cultured in Leibovitz L-15 medium (Gibco, 11415) supplemented with 15% FBS, 5%
penicillin/streptomycin at 28°C in a 0% CO; incubator. Cells at 80-90% confluence were

passaged (1:5) by trypsinization with TryplE Express.

Chicken B cell lymphoma DT40 cells carrying a LacO array integrated at a single locus
(Vagnarelli, P. et al., 2006) were cultured in RPMI Medium 1640, GlutaMAX (Gibco,
61870036) supplemented with 10% FBS, 1% penicillin/streptomycin and 1% chicken serum,

at 39°C in 5% CO; humid incubator. The cells were passaged 1:20 two to three times a week.

2.1.1. DNA and siRNA Transfection

For RNAi and transient DNA transfection, the JetPRIME® transfection reagent (refer to Table
7-1) was used. 1,5x10° cells were plated in 6-well plates 24 hrs before transfection in order
to get 70-80% confluence at the time of transfection. 5uL of siRNA (stock solution 20 uM)

(Table 1-1) and/or 1uL of DNA, depending on the experiment and unless otherwise
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specified, were mixed with 200uL of JetPRIME® buffer and 4puL of JetPRIME® reagent and
incubated at room temperature (RT) for 15 min. The reaction was added to 2 mL of fresh
medium and the old medium was replaced. Cells were grown at 37°C for 24, 48 or 72 hrs,

depending on the experiment.

Table 2-1. siRNA sequences used for the knockdown experiments.

Target mRNA siRNA name siRNA sequence (5’ to 3’)

Control CGUACGCGGAAUACUUCGAATIT
G9A.1 GAGUUUGGCAUGAGGCUA
G9A
G9A.2 GAGUUUGGCUAUGAGGCUA
Ki-4 4392420 (Thermo Fisher Scientific)
Ki-67 Ki-5 GCAUUUAAGCAACCUGCAA
Ki-G CGUCGUGUCUCAAGAUCUALt
PPla PPla CCGCAUCUAUGGUUUCUAC
PP1B PP1B UUAUGAGACCUACUGAUGU
PP1y PP1y GCAUGAUUUGGAUCUUAUA
PNUTS PNUTS ACAAUUGGCUGACGUAUUC
GCAGACCCGUUCACCAGAA
(pool) GAACGAGUAAAUGUGAAUA
GAAACAACCAGACUAUUCG
PTEN PTEN GUUAGCAGAAACAAAAGGAGAUAUC
Sds22 Sds22 AGUUCUGGAUGAACGACAATT
CDCA2 Repo-man UGACAGACUUGACCAGAAA
NIPP1 NIPP1 GGAACCUCACAAGCCUCAGCAAAUU
H2A.Z.1 1 GUACCUCACCGCAGAGGUA
H2A.Z.1
H2A.Z.1_2 GCCGUAUUCAUCGACACCU
H2A.Z.2_1 AUUUGUAUGUUCUUAGACU
H2A.2.2 H2A.Z.2_2 CUUAGACUCGAAGUUUGAU
H2A.Z.2_3 UUUGUAUGUUCUUAGACUC
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Target mRNA siRNA name Target sequence (5’ to 3’)

MYH9 MYH9_2 CACGGAGATGGAGGACCTTAT
MYH9_3 AACCGGGACGAAGCCATCAAA

RBL2 RBL2_6 ACCCTATATTAGGAAACTTTA
RBL2_8 CTCCAACCACATTATACGATA

2.1.2. Transfection with Neon electroporation system

PAC2 cells and DT40 cells were transfected by electroporation using the Neon™ transfection
system. 10° cells (PAC2) or 2.5x10° cells (DT40) were used in each transfection. The correct
volume of cells was harvested and washed with PBS. Cells were pelleted at 1500 g for 5
mins, and the cell pellet was re-suspended in 10ul of buffer R (provided in the kit) and 1ug
of DNA. Cells mixed with the DNA were picked up with the Neon pipette and placed in a
cuvette filled with 3ml of Buffer E (provided in the kit), where an electric current (1600V,
10ms, 3 pulses) was applied. Cells were left overnight to grow in 24 well plates with 400 pl

of media.

2.1.3. Generating stable cell lines

GFP:HP1a stable cell lines were performed using the GFP:HP1a construct, a gift from Prof
Eric Schrimer, WTCCB, Edinburgh. This plasmid is cloned into the pEGFP-C1 vector (shown
below, Figure 2.1) using the BamHI and EcoRI restriction sites. HeLa and MRC5 cells were
transfected with 1 or 2.5pg/ml of the GFP:HP1a plasmid with the JetPRIME® transfection
reagent, as described previously. After 24 hrs, cells were plated at low density in selective
medium containing 2mg/ml of geniticin (Gibco, G418) in 10cm dishes. After 10 days, single
clones were collected and analysed for expression of GFP:HPla using a fluorescent
microscope. Positive clones were grown in selection until the cell line was established and

the medium was changed to standard conditions.
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2.1.4. Drug treatments

The drugs in this study were used as follows: chaetocin (Sigma Aldrich, C9492) was used at
a final concentration of 1uM for 48 hrs; 5-azacytidine (sigma Aldrich, A2385) was used at a
final concentration of 4uM for 48 hrs; nocodazole (Sigma Aldrich, M1404) was used at a

final concentration of 100ng/ml for 3 hrs.

2.2. Immunofluorescence

Hela GFP:HP1la cells were fixed in 1ml of ice-cold 100% methanol for 5 min at RT for HP1
analysis. Otherwise, cells were fixed in 1ml of freshly-made 4% PFA for 5 min at RT. Once
fixed, cells were permeabilized in PBS / 0.2% triton for 2 min at RT and blocked with PBS /
1% bovine serum albumin (BSA) for 30 min at 37°C. Blocked cells were then incubated for 30
min at 37°C with the specific antibodies in 1% BSA (Table 2-2), and washed 3 times in PBS
before exposure to the fluorescence-labelled secondary antibodies in 1% BSA (1:200) for 30
min at 37°C. Coverslips were then mounted in Vectashield mounting medium (Vector labs,
H-1200) containing DAPI, and analysed in the NIKON Ti-E super research Live Cell imaging

system.

Table 2-2. List of antibodies used for immunofluorescence

Antibody Species Company Cat. number Dilution

CDCA2 Rabbit  Abcam Ab45129 1:250
CDCA2 58A Rabbit  (Vagnarelli et al., 2006) 1:250
Zebrafish CDCA2 21 Rabbit Home made 1:200
Zebrafish CDCA2 22 Rabbit Home made 1:200
a-tubulin Mouse Sigma Laboratories Ltd T5168 1:1000
HP1la Mouse  Merck MAB3584 1:500
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H2A.Z Rabbit  Cell Signaling Technology 2718 1:200

H3K27me2/3 Mouse  Active Motif 39535 1:500
H3K9me3 Rabbit  Active Motif 39161 1:500
Lamin A+Lamin C Rabbit  Abcam ab108595 1:2500
mAb414 Mouse  Covance MMS-120R 1:500
Rabbit 711-585-152
Texas Red — Jackson Immunoresearch 1:200
Mouse 115-076-062
Rabbit 715-095-150
FITC — Jackson Immunoresearch 1:200
Mouse 715-545-150

2.3. Immuno-fiber FISH

DT40 cells were transfected with the Neon™ transfection system as explained earlier. The
following day, cells were spin down at 1000 g for 5 min, resuspended in 300ul of 75mM KClI
and added to the cytospin at 100 g 5 min. The cells were collected in a slide and treated
with 50ml of ULB buffer (see below) for 13 min before being fixed with 4% formaldehyde in
PBS at RT, washed, and permeabilized in 0.2% Triton/PBS for 2 min at RT. Cells were washed
and blocked in 1% BSA for 1h. Cells were then immunostained as explained earlier. Once the
staining was finished, cells were incubated in 0.1M HCI for 10 min at RT, washed in 2xSSC for
3 min, and incubated in 70% ethanol for 3 min. LacO probe was labelled with fluorescein-12-
dUTP by someone else using the Nick translation kit. 6ul of labelled LacO probe were mixed
with 14ul of hybridization buffer (Fischer Scientific, 89-028-827) and incubated for 5 min at
73°C. Without allowing the slide to dry, 10ul of probe + hybridization buffer were applied
and it was covered with a square coverlip and closed with rubber cement. The slide was
incubated for 5 min at 85°C and overnight at 39°C in a humid box. The next day, the slide
was incubated in 2xSSC for 10 min at RT, followed by 10 min at 60°C with 0.4x SSC.

Chromatin was finally stained with Vectashield and cells were mounted for the microscope.
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2.3.1. List of solutions

ULB buffer

e 25mM Tris pH 7.5 (Invitrogen, 15504-020)
e 0.5M NaCl (Sigma Aldrich, S3014)
e 1% Triton (Fischer Scientific, BP151-100)

e 0.5mM Urea (Acros Organics, 424585000)

2.4. Fluorescent microscopy and statistical analysis

All cell images presented were taken using the Nikon Eclipse Ti-E inverted microscope
system. Images were taken with 100x objective in Z stacks (0.3 um steps), deconvolved
using the Nikon ElementAS software to eliminate the out of focus light, and presented as
maximum intensity projection. For the intensity and nuclear shape analyses, the Nikon
software ElementAS was used. For fluorescence intensity analyses, nuclei were
automatically detected by the program and the ROl sum intensity in the area was recorded
for each channel. All the analyses were conducted by first subtracting the background from
a region of the same area within each image. For the circularity studies, nuclei were also

selected automatically and the circularity ratio tools were used for each object.

For analysing the accumulation at the nuclear periphery, the 25 first and last data points
obtained from the line scan analyses on the DAPI channel were considered “the periphery”.

A mean was taken from the centre and the periphery/centre intensity ratio was calculated.

2.4. Fluorescence-activated cell sorting (FACS)

Cells were cultured in 6-well plates and transfected with siRNA as explained earlier. Once

the cells were ready, they were detached with TrypleExpress and washed with PBS. Cells
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were pelleted at 4°C and the supernatant was removed, leaving a few pl to resuspend the
cells. Cells were vortexed and 5ml of 70% ice-cold ethanol were added dropwise. After the
samples were incubated 30 min at RT, they were centrifuged at 1000g for 4 min, washed
with 1ml of PBS and the supernatant was discarded. The pellet was resuspended in 200ul of
RNase A/PBS (100pg/ml) and incubated for 2 hrs at 37°C in the dark. Propidium iodide
(Fisher Scientific, P3566) was added at a final concentration of 5ug/ml just before analysing
the samples by flow cytometry using the ACEA Novocyte flow cytometer. The analysis was

performed using the NovoExpress® software.

2.5. Statistical analyses

The statistical analyses for the HP1 distribution studies were done by using the chi-square
test, whereas for the nuclear intensity and the circularity, the Mann-Whitney U test was
used. P values were represented as follows: ns (p > 0.05), * (P £0.05), ** (P <0.01), *** (P <

0.001).

2.6. RNA extraction

The RNeasy Powerlyzer Tissue & Cells Kit was used for RNA extraction (refer to Table 7-1).
Cells were collected in culture media and counted using a haemocytometer. Cells were
pelleted at 2000 x g for 5 min and the supernatant was discarded. 300 uL of solution TR1
containing 1% of B-mercaptoethanol were used to re-suspend the cells. The lysate was
transferred to a 2mL tube and vortexed for 2 min. Solution TR1 lyses the cells, releasing the
RNA. 300 pL of solution TR2 (70% ethanol) was added to establish optimal binding
conditions for RNA on the Spin Filter membrane. The lysate was then transferred onto the
Spin Filter and centrifuged for 1 min at 10000 x g. The Spin Filter was washed with 500 uL of
solution TR3 (wash buffer) by centrifugation for 1 min at 10000 x g, in order to remove the

proteins from the column. To remove the salts, the solution was washed twice with 500 plL

54



of solution TR4 by centrifugation for 1 min at 10000 x g. The Spin Filter was then centrifuged
for 2 min at 13000 x g to dry the membrane completely and RNA was finally eluted with
RNase-free water by centrifugation for 1 min at 10000 x g. RNA was stored at -80°C until

needed.

2.7. Differential gene expression

2.7.1. cDNA retro-transcription

Thermo Scientific RevertAid First Strand cDNA synthesis kit (refer to Table 7-1) was used for
cDNA synthesis. Before cDNA synthesis, genomic DNA was removed from the sample by
mixing 1 pg of RNA with 1 pL of 5X Reaction Buffer with MgCl, and 1 pL of DNase | (RNase-
free) and up to 10 pL of RNase-free water, and incubated at 37°C for 30 min. The reaction
was finished by adding 1 pL of 50mM EDTA and incubating at 65°C for 10 min. Total RNA
was then combined into a sterile tube on ice with the reagents indicated in Table 2-3.

Components were added in the indicated order.

Table 2-3. Reverse transcription reaction

Component Volume

Template DNA 1-2 g

Oligo(dT)18 or Random Hexamer primer 1l

N-free water Upto 12 ul
5x Reaction Buffer 4 pl
RiboLock RNase Inhibitor (20U/uL) 1l
10 mM dNTP Mix 2ul
RevertAid M-MuLV RT (200U/uL) 1l
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The components were mixed gently and centrifuged briefly. For oligo(dT)is synthesis, the
mix was incubated for 60 min at 42°C, whereas for the Hexamer primed synthesis, the mix
was first incubated for 5 min at 25°C followed by 60 min at 42°C. The reaction was

terminated by heating at 70°C for 5 min. cDNA was stored at -80°C until used.

2.7.2. Quantitative Polymerase Chain Reaction (qPCR)

Gene expression was analysed by gPCR using primers designed with the Primer BLAST tool
from NCBI website (Table 2-4). The melting temperature of all primers was set at 60°C, its
length was about 20 nucleotides, and the target sequence to be amplified no longer than

200bp. Primers were synthesized by Eurofins Genomics (Germany).

The gPCR master mix for each gene was prepared by following reaction components inTable
2-5. 20ul of master mix was added into a 96 well plate and the plate was placed in a

QuantStudio 7 Flex Real-Time PCR Machine with the parameters shown in Table 2-6.

Table 2-4. Set of qPCR primers

Target gene Primers Sequence (5’ to 3’)
Forward  GCTGGAAAGGACTCCGGAAA
oAzl Reverse =~ GTTCAAGTACCTCTGCGGTGA
Forward ~ GAGAGCTGGGCTACAGTTTC
HoAz2 Reverse ~ AGCACCTCTGCAGTGAGGTA
Forward  TGACTCCCAGAAGGGTGACT
RBL2 Reverse ~ CCCTCCATCAGAGGGGCTAT
Forward ~ AGGGCTCATCTACACCTATT
MYH9

Reverse CATCTCGTGCCTCTTCTTG
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Table 2-5. gPCR reaction mix

Component Volume

Maxima SYBR Green Master mix (2X) 12.5uL

Primer mix (10uM) 0.75uL
cDNA 1pL
N-free water Up to 25 uL

Table 2-6. QuantStudio 7 qPCR reaction parameters

Temperature Time Number of cycles

50°C 2 1
95°C 10 1
95°C 15”

0 , 40
60°C 1
95°C 15” 1
60°C 1 1
95°C 15” 1

2.7.3. Statistical analysis

For quantification of gene expression the cycle of threshold (Ct) for each gene transcript was

determined and the relative expression (RE) was calculated in Excel as follows:

RE = Z-AACt
AACt = ACtsampIe — ACtcontrol

ACt = Cttarget gene — Ctreference gene (GAPDH)

The mean and standard deviation (SD) of RE values was calculated from three biological
replicates for each condition and a one-sample Student’s t-test was performed to compare

gene expression between control and treated samples.
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2.8. Western Blotting

2.8.1. Cell lysate preparation

Cells were transfected with siRNA in 6-well plates as explained earlier. Once ready, cells
were counted and collected by centrifugation at 1200g. Cells were washed in PBS,
centrifuged, and re-suspended in PBS + protease and phosphatase inhibitors (refer to the
section 2.7.4). Cells were centrifuged again for 5 min at 4°C and the pellet was re-suspended
in 1X Laemmli buffer (refer to the section 2.7.4); 30ul of Laemmli buffer was used for every
5x10° cells. Cells were homogenised by hand pestle for 1 min and boiled at 95°C for 5 min.
This was repeated 3 times for each sample. The protein lysate was kept at -20°C until

needed and the samples were boiled 5 min at 95°C before loaded on the gel.

2.8.2. Mouse tissues lysate preparation

Mouse tissues were a kind gift from Dr. Su-Ling Li from Brunel University London.

Protein extraction from mice tissue was performed using a TissueLyzer machine (Qiagen,
85300). Samples were mixed with a solution of PBS and protease and phosphatase
inhibitors (refer to the section 2.7.4), put on the TissuelLyser machine, spined down for 20
min at 4°C, and the supernatant was kept in the -80°C fridge until used. A Coomassie
Bradford protein assay (ThermoFisher, 23200) was used to determine the protein
concentration of each sample. Briefly, a set of diluted albumin (BSA) standards was
prepared as indicated in the kit and a standard curve was plotted with the measurements
for each BSA standard, acquired with a spectrophotometer set to 595nm vs. its
concentration. Our sample was mixed with the Coomassie reagent and measured on the
spectrophotometer, and its concentration was determined using the previous standard
curve. 20ug of each tissue mixed with 1x Laemmli sample buffer (refer to the section 2.7.4)

were loaded on a SDS-PAGE electrophoresis gel.
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2.8.3. SDS-PAGE gel electrophoresis, transfer and visualization

Proteins were separated with 7.5% polyacrylamide gel, run in 1X running buffer (refer to the
section 2.7.4) at 135V, and transferred onto the nitrocellulose blotting membrane (GE
Healthcare Life Science, 10600003) for 2 hrs in 1X transfer buffer (refer to the section 2.7.4)
at 200mA. The membrane was blocked overnight with 5% milk in PBS-Tween at 4°C. The
next day, the primary antibody (Table 2-7) was diluted in 3% milk in PBS-0.1%Tween (PBT)
and applied to the membrane for 1 hr at RT. The membrane was washed three times with
PBT for 5 min at RT. The appropriate HRP secondary antibody (Table 2-7) was diluted in 1%
milk in PBT and applied for 1 hr at RT. The membrane was washed three times with PBT for
5 mins at RT. Pierce® ECL substrate (Thermo Scientific, 32209) was used to detect the HRP

secondary antibodies. The membrane was visualized by using the Curix 60 processor, Agfa.

Table 2-7. List of antibodies used for Western Blots

Antibody Species Company Cat. number Dilution
CDCA2 Rabbit Proteintech 17701-1-AP  1:300

CDCA2 Rabbit Sigma Laboratories Ltd HPA030049 1:500

CDCA2 Rabbit Abcam Ab45129 1:1000
ZfCDCA2 21 Rabbit Home made - 1:500

ZfCDCA2 22 Rabbit Home made - 1:500
a-tubulin Mouse Sigma Laboratories Ltd T5168 1:3000
Histone H2A.Z Rabbit Cell Signaling Technology 2718 1:1000 (in BSA)
Goat anti-Rabbit IgG Thermo Fisher Scientific 31460 1:5000

Goat anti-Mouse I1gG Thermo Fisher Scientific 31444 1:5000
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2.8.4. List of solutions

RIPA buffer

e 150mM NaCl (Sigma Aldrich, S3014)

1% Igepal®CA-630 (Sigma Aldrich, 18896)

0.5% Sodium deoxycholate (Sigma Aldrich, D6750)

0.1% SDS (Fisher Scientific, 10593335)

50mM Tris-HCI pH 8.0 (Invitrogen, 15504-020)
Laemmli buffer

e 4% SDS (Fisher Scientific, 10593335)

e 20% Glycerol (Fisher Scientific, G/0650/08)

e 0.125M Tris-HClI (Invitrogen, 15504-020)

e 0.004% Bromophenol blue (Sigma Aldrich, B0126)

e 10% B-mercaptoethanol (Fisher Scientific, M/P200/05)
CLAP inhibitors (final concentration 1ug/ml)

e Chymostatin (Sigma Aldrich, C7268)
e Antipain (Sigma Aldrich, EI3)

e Leupeptin (Sigma Aldrich, L2884)

e Pepstatin (Sigma Aldrich, P4265)

Phosphatase inhibitors (final concentration 1mM)

e Sodium orthovanadate (Sigma Aldrich, S6508)
e Sodium fluoride (Sigma Aldrich, $7920)
e B-Glyceralphosphate (Sigma Aldrich, G9422)

10X Running buffer

e 144g Glycine (Sigma Aldrich, G8790)
e 30g UltraPure™ Tris (Invitrogen, 15504-020)
e UptolLdH20
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1X Running buffer

e 100mL 10X running buffer
e 5mL SDS (Fisher Scientific, 10593335)
e UptolLdH20

10X Transfer buffer

e 144g Glycine (Sigma Aldrich, G8790)
e 30g UltraPure™ Tris (Invitrogen, 15504-020)
e UptolLdH20

1X Transfer buffer

e 100mL 10X transfer buffer
e 5mL SDS (Fisher Scientific, 10593335)
e 200mL Methanol (Fisher Scientific,

e UptolLdH20
SDS Gel buffer for running gel

e 1.5M Tris-HCl pH 8.8 (Invitrogen, 15504-020)
e 0.4% SDS (Fisher Scientific, 10593335)

SDS gel buffer for stacking gel

e 0.5M Tris-HCl pH 6.5 (Invitrogen, 15504-020)
e 0.4% SDS (Fisher Scientific, 10593335)

10% APS

e 10g APS (Fisher Scientific, BP179-100)
e 100 mL dH,0

7.5% Proteingel

e 2.5mL SDS gel buffer for running gel

e 2.5mL 30% acrylamide (Severn Biotech, 20-2100-10)

e 5mLdH;0
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e 100uL 10% APS (Fisher Scientific, BP179-100)
e 10uL TEMED (Sigma Aldrich, T9281)

Stacking gel

e 1.25mL SDS gel buffer for stacking gel

e 0.75mL 30% acrylamide (Severn Biotech Ltd, 20-2100-10)
e 3mLdH0

e 50ulL 10% APS (Fisher Scientific, BP179-100)

e 5ulL TEMED (Sigma Aldrich, T9281)
PBS-Tween

e 1X PBS (Severn Biotech Ltd, 20-7461-01)
e 0.1% Tween™ 20 (Fisher Scientific, BP337-100)

e UptollLdH,O

2.9. Molecular cloning

2.9.1. Primer design and PCR

Primers were designed manually for each cloning experiment and synthesized by Eurofins

Genomics, Germany. A restriction enzyme was added (with overhangs if appropriate) and

care was taken to ensure the gene would be in frame with any possible tags (Table 2-8). The

PCR mixture was prepared (Table 2-9) for each condition and run following the conditions in

Table 2-10. After amplification, 5ul of each sample was run on a 1% agarose gel at 90V and

analysed under UV light.
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Table 2-8. PCR primer sequences for cloning

Name Primer  Sequence (5’ to 3’) Enzyme ™
Forward CGCGGATCCATGAATGTTACTGAAGCCATG BamHlI
CDCA2_pCS2+ 60°C
Reverse = CCGGAATTCTTACTCTCCCAAGTTTGTTGTTAGTTC  EcoRl
Forward CTCGAGAAATGGATGTTACTGAAGCCATG Xhol
CDCA2_pEGFP 55°C
Reverse  GGATCCTTACTCTCCCAAGTTTGTTGT BamHlI
Forward AAGCTTTTATGAGTTTGGCTGGGGGCC Hindlll
YL1 58°C
Reverse  GGATCCTCATTTAATGACAA CTGGCGC BamHI
RFP Forward GCCTACAAGACCGACATCAA

Table 2-9. PCR reaction components

Component Volume Final concentration
10x Standard Taq Buffer Sul 1x

10mM dNTPs 1l 0.2mM

Primer mix (10uM each) 2 ul 400mM each
cDNA/plasmid Variable (~1pug) -

Taq polymerase 0.25 ul 25units/ml

N-free water Up to 50 ul -

Table 2-10. PCR reaction parameters

Temperature Time Number of cycles
95°C 5 1
95°C i
™ i 30
68°C 1min/Kb
72°C 5 1
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2.9.2. Cloning into pGEM®-T Easy vector

Zebrafish CDCA2 cloned in pME18S-FL3 was obtained from Dharmacon (MDR1734-
202795967). CDCA2 was amplified by PCR as explained before and run in an agarose gel. Gel
extraction was performed using the QlAquick gel extraction kit (refer to Table 7-1) and DNA
was ligated into pGEM®-T-easy vector system (Promega, A137A) (Table 2-11). The reaction

was incubated 1h at RT followed by overnight incubation at 4°C.

Table 2-11. Ligation into pGEMZ®-T Easy vector

Component Volume

2X Rapid Ligation Buffer ~ 7.5ulL
pGEM’-T Easy vector 0.5uL
DNA (PCR product) 6uL

T4 DNA ligase 1ul

After the overnight incubation, all 15ul of the ligation reaction were used to transform E.
coli DH5a competent cells. The ligation reaction was added directly on top of 100ul of the
competent cells and mixed gently. Cells were then incubated on ice for 30 min, heat
shocked at 42°C for 30 sec, put back on ice for 5 min and diluted in 250ul of SOC medium
(see section 2.8.5 for recipe). 100ul of the transformation reaction were plated on LB agar
plates (see section 2.8.5 for recipe) with Ampicillin (50ug/ul, Sigma, A0166), X-gal (1.25%,
Invitrogen, B1690) and IPTG (1M, Fisher Scientific, DP1755-10) and left overnight at 37°C to
grow. The next day white colonies were collected to be grown overnight in LB with 1%
Ampicillin. Plasmid DNA was extracted from grown cultures using the Qiagen plasmid Mini
kit (refer to Table 7-1). The extracted plasmid DNA was then digested to check if the insert
was successfully ligated into pGEM°’-T Easy vector system (Table 2-12). The reaction was
incubated at 37°C for 3 hrs and run on 1% agarose gel. Positive clones were grown further to

get high quality DNA.
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Table 2-12. Digestion reaction

Component Volume

Restriction enzyme (NEB) 1ul
CutSmart buffer (NEB, B7204)  6uL
Plasmid DNA lug

N-free water Up to 50ul

2.9.3. Subcloning from a vector to another plasmid

To clone a fragment from one vector to another, both plasmids were digested separately
with the appropriate restriction enzymes (as in Table 2-12). The reaction was incubated at
37°C for 2 hrs. Digested fragments were run in a 1% agarose gel to verify the size. The
remaining digestion product was run in another gel and the correct size band was gel-
purified. After extraction, 5ul were run on an agarose gel to decide the quantity of the
vector and the insert, and an overnight ligation with T4 ligase (NEB, M0202) was performed
at 16°C (Table 2-13). The next day, a transformation into E. coli (DH5a strain) cells was
performed as described previously and colonies were grown overnight on 5ml of LB media
with appropriate antibiotic. DNA was extracted, digested to identify the correct insert and
sent to Source Bioscience (Cambridge, UK) for DNA sequencing. The positive clones were
grown further into 100 ml of LB agar with the appropriate resistant antibiotic to obtain high

concentration of plasmid DNA.

Table 2-13. Ligation reaction with T4 ligase

Component Volume
Insert X (1:3 bp ratio to the vector)
Vector 50ng

10x T4 DNA ligase buffer 2 ul
T4 DNA ligase 1l

Water Up to 20 ul
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2.9.4. Preparation of E. coli competent cells

E. coli DH5a strain cells were plated on an antibiotic free LB-Agar plate and incubated
overnight at 37°C. A single colony was inoculated in 3mL of LB and incubated overnight at
37°C in a shaker. The culture was diluted 1:100 in 250mL of LB and 5mL of 1M MgSO4 were
added. It was left in the shaker at 37°C until ODgpo=0.4-0.6. The culture was centrifuged at
2500 g for 10 min at 4°C and the supernatant was removed. The pellet was resuspended in
100mL of TFB1 and incubated on ice for 5 min. It was then centrifuged at 2500 g for 5 min at
4°C and the supernatant was removed. The pellet was resuspended in 10mL of TFB2 and
incubated on ice for 30 min and aliquoted into 1.5mL Eppendorfs tubes (200uL). The tubes

were then flash frozen in liquid nitrogen and stored at -80°C.

2.9.5. List of solutions

TFB1 (pH 5.8):

e 30Mm KAc (Fisher Scientific, P/3760/53)

e 100mM RbCl (Acros Organics, 193920100)
e 10mM CaCl2 (Fisher Scientific, BP510-250)
e 50mM MnCI2 (Acros Organics, 10096063)

e 15% Glycerol (Fisher Scientific, G/0650/08)

TFB2 (pH 6.5):

e 10mM MOPS (Fisher Scientific, BP308-100)
e 75mM CaCl2 (Fisher Scientific, BP510-250)
e 10mM RbCl (Acros Organics, 193920100)
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2.9.6. Map of plasmids used for the study

GFP plasmids were conducted using the pEFGP-C1 vector shown in Figure 2.1. Table 2-14
shows the main restriction enzymes used to generate each plasmid. Th, a gift from Eric

Schirmer (Edinburgh, UK), was also cloned into the pEGFP-C1 vector shown below with

BamHI and EcoRl.

(4673) Pcil Asel (7)
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Figure 2.1. Map of pEGFP-C1 vector. The map shows the pEGFP-C1 vector with the unique restriction enzymes, the

promoter and the antibiotic resistance sequence.
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Table 2-14. List of restriction enzymes used for the cloning experiments

Plasmid Restriction enzymes

CDCA2:GFP Xhol and BamHI
Lacl:GFP Xhol
YL1:Lacl:GFP Hindlll and BamHI

RFP Nhel and Bglll

H2A.Z.1 and H2A.Z.2.1 and H2A.Z.2.2 resistant plasmids were obtained from Proteogenix (La
Haye, France). They were cloned into pEGFP-C1 using Xhol and Kpnl, Bglll and BamHI, and

Bglll and EcoRl, respectively.

2.10. RNA sequencing

Hela cells were transfected with the appropriate oligonucleotides using the transfection
reagent JetPrime®, and RNA was extracted after 48 hrs using the RNeasy PowerlLyzer Tissue
& Cells Kit from Qiagen, as described in Materials and Methods section 2.5. Only RNA with
260/230 and 260/280 ratios close to 2 were diluted to 100ng/ul and sent to Oxford

Genomics Centre for whole-genome sequencing, using the Illumina HiSeg4000.

RNAseq data was kindly processed by Dr. Cristina Sisu from Brunel University. In brief,
Tophat was used to align the reads from the Fastq. files to the human reference genome
hg19/38, followed by a quantification to get the expression levels of the transcripts by
Cufflinks. As we were interested in the differential expression between the two siRNA,
Cuffdiff was used to acquire differences in expression levels. RStudio and Microsoft Excel

were both used to analyse the obtained results and perform the appropriate graphs.
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Zebrafish methodology

2.11. Zebrafish husbandry and egg line collection

Zebrafish were raised and maintained at Brunel University of London as described in the
Zebrafish Book (Westerfield, 2000) according to the United Kingdom Animals (Scientific
Procedures) Act 1986. All experiments were conducted under the Project licence (PPL)
number PC883B4D6, and the Personal licence (PIL) number 103728908. The technicians in
the animal facility, Julie Walker and Neil Brodigan, conducted all zebrafish maintenance.
Adults (strain AB) were used for breeding to obtain embryos for several purposes. Embryos
were collected and kept in E3 medium (see below) in batches of 100 eggs at 28°C until

needed.

Embryos from sperm carrying a point mutation on CDCA2 were obtained from the Zebrafish
International Resources Centre (ZIRC, Oregon) (CDCA2%175%4 catalogue ID ZL10636.05) and
raised in house. Embryos were raised to adulthood and genotyped as explained elsewhere
for either CDCA2** or CDCA2*-. CDCA2*" zebrafish were used for breeding to obtain

embryos CDCA27 to analyse protein function.

2.11.1. List of solutions

50x E3 medium

e 15uM NaCl (Sigma Aldrich, S3014)

e 2.2mM KClI (Fisher Scientific, P/4280/53)

e 14mM CaCl; (Fisher Scientific, BP510-250)

e 26.6mM MgSO4 (Fisher Scientific, M/1100/53)
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2.12. Immunofluorescence

Zebrafish embryos were collected at different post-fertilization time points and fixed with
4% PFA overnight at 4°C. Embryos were washed and kept at 4°C in 1% PBSg-Tween until
needed. Embryos < 24hpf were dechorionated with Dumont n.5 forceps before starting the
protocol. Embryos were washed 3 x 10 min with PBS-Triton, permeabilized in ice cold
acetone at -20°C for 10 min, washed again with PBS-Triton and blocked for 2 hrs at RT in
blocking solution. Embryos were incubated overnight at 4°C with the primary antibodies
(Table 2-2) anti-CDCA2 58A and anti-a-tubulin antibody in blocking solution. The next day,
embryos were washed 6 x 10 min with PBS-Triton, blocked for 30 min and incubated for
2hrs at RT with secondary antibody in blocking solution. Embryos were counter-stained with
DAPI and analysed in a microscope NIKON Ti-E super research Live Cell imaging system using

20X lenses.

2.13. Differential gene expression

Zebrafish cDNA from different differentiation stages and adult tissues was a kind gift from

Marjo Den Broeder, University of Utrecht, the Netherlands.

The differential expression of CDCA2 was analysed in the gPCR QuantStudio 7 Flex Real-

Time PCR Machine as previously described (Section 2.7) by using the following primers:

Name Sequence

CDCA2 zf Forward 5" TGCTGAGGACACATGGAAGC ¥
CDCAZ2 zf Reverse 5" GCCTCTACAGAGAGAGCCAGT 3’
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2.13.1. RNA extraction from zebrafish embryos

A pool of 50 2-3hpf embryos was transferred to a 1.5ml tube. As much water as possible
was removed with a pipette and 250ul of TRIzol reagent (Ambion, 10296010) was added
immediately. Embryos were lysed with a pestle until the tissue was completely disrupted.
When cells were sufficiently homogeneized, TRIzol was added to equal a total volume of
1ml. To allow complete dissociation of nucleoprotein complexes, samples were incubated
for 5 min at RT. To continue, 200l of chloroform was added and the tube was mixed for 15
seconds and later incubated for 2 min at RT. Tubes were centrifuged at 12000g for 15 min at
4°C, The upper layer containing RNA was transferred to a new tube and RNA precipitated by
adding 500ul of isopropanol and allowing it to rest for 10 min at RT. The tubes were
centrifuged at 12000g for 10 min at 4°C. The supernatant was removed and the pellet,
corresponding to the RNA was washed with 75% ethanol and centrifuged at 7500g for 5 min
at 4°C. After centrifugation, ethanol was removed with a pipette and the sample was air
dried for 10 min. The pellet was resuspended in 40ul of RNase-free water and incubated at

55°C for 10 min, while finger vortexing often.

2.13.2. cDNA retro-transcription

Genomic DNA was removed from the samples and cDNA synthetized as described earlier in
chapter 2.7. In this case, oligo (dT) primers were used for reverse transcription to obtain

mRNA only.

2.13.3. Quantitative Polymerase Chain Reaction (qPCR)

The differential expression of CDCA2 was analysed in the qPCR QuantStudio 7 Flex Real-

Time PCR Machine as previously described (Section 2.7) by using the following primers:
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Target gene Primers Sequence (5’ to 3’)

CDCA2 Forward TGCTGAGGACACATGGAAGC
Reverse GCCTCTACAGAGAGAGCCAGT

EFla Forward TTGAGAAGAAAATCGGTGGTGCTG
Reverse GGAACGGTGTGATTGAGGGAAATTC

HPRT1 Forward CAGCGATGAGGAGCAAGGTTATG
Reverse GTCCATGATGAGCCCGTGAGG

2.14. Western Blotting

Zebrafish embryos were collected and, if necessary, dechorionated with Dumont n.5
forceps. Embryos younger than 2dpf were deyolked with Ginzburg solution by pipetting up
and down with a narrow tip and shacking at 1000g for 5 min. Embryos were centrifuged at
300g for 30 sec and the supernatant (containing the yolk sac) was discarded. Embryos were
washed twice with washing buffer and either frozen at -20°C or processed directly for

Western Blot.

PBS combined with protease and phosphatase inhibitors (as previously described) was
added (1pl of PBS/embryo) and mixed with 2x Sample Buffer (1:1). Embryos were pestled
for 1 min, boiled at 95°C for 5 min, and pestled again. Embryos were then pelleted at
13000g for 2 min at 4°C, sonicated twice for 30 sec, and heated again at 95°C for 5 min.
Embryos were pelleted and the supernatant was transferred to a new tube. If kept at -20°C,

the sample was boiled again at 95°C for 5 min before loading on the gel.
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2.14.1. List of solutions

Y% Gizburg Fish ringer:
e 55 mM NaCl (Sigma Aldrich, S3014)
e 1.8 mM KCI (Fisher Scientific, P/4280/53)
e 1.25 mM NaHCOs (Sigma Aldrich, S5761)

Wash buffer:

e 110 mM NaCl (Sigma Aldrich, S3014)

e 3.5 mM KCI (Fisher Scientific, P/4280/53)

e 2.7 mM CaCl; (Fisher Scientific, BP510-250)
e 10 mM Tris/HCl pH 8.5

2.15. In Situ Hybridization of zebrafish embryos

2.15.1. Probe synthesis

CDCA2 zebrafish was amplified by PCR as described before and using the following primers:
5" AAT TAA CCC TCA CTA AAG GGA TGA ATG TTA CTG AAG CCA TG 3' and 5' AAT ACG ACT

CAC TAT AGG GAG ATA CTT CAT CGC TGT ACA GAA 3'. Underlined nucleotides correspond to

the T3 and T7 promoters, respectively. PCR product was cleaned up with the PCR clean-up
kit and RNA was labelled with DIG using the DIG RNA labelling mix (Roche Applied Science).
200 ng of PCR product was incubated with the transcription mix (see 2.15.3) for 2 hrs at
37°C, followed by digestion of the DNA template by adding 1uL RNase-free DNase for 15
min at 37°C. The synthesis reaction was stopped and RNA precipitated by adding 2uL of
EDTA. The mix was cleaned with the RNA clean-up kit centrifuged at 4°C for 30 min at 13K,
washed with 70% ethanol, centrifuged for 20 min at 4°C and let it dry. Afterwards, the pellet

was re-suspended in 24ul of sterile water and run on a 1% agarose gel to check the quality.
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2.15.2. Insitu hybridization

Zebrafish at several stages of development were fixed in 4% PFA overnight at 4°C. The next
day embryos were taken to 100% MeOH in serial dilutions with PBS@ — 0.1%Tween (PBT)
and the samples were kept at -20°C until use. Zebrafish were rehydrated to PBT at RT by
incubating them for 10 min in each dilution (75%, 50%, and 25% MeOH in PBT) to allow for
equilibration, followed by 4 washes with PBT for 5 min. Embryos older than 24hpf were
digested with Proteinase K (10 pg/mL) for 20 min. The embryos were re-fixed in 4% PFA,
washed 5 times in PBT for 5 min and prehybridized in 500 pL of HM+ for at least 3 hrs at
70°C. HM* was replaced with HM containing 1ug of digoxigenin-labelled antisense probe (a

sense probe was used as a control) and they were incubated overnight at 70°C.
Non-hybridised probe was washed out by the following washing steps:

e 100% HM at 70°C, 15 min

e 75% HM7/25% 2x SSC at 70°C, 15 min
e 50% HM7/50% 2x SSC at 70°C, 15 min
e 25% HM/75% 2x SSC at 70°C, 15 min
e 2xSSC at 70°C, 15 min

e (0.2x SSC at 70°C, 2x 30 min

e 75% 0.2x SSC/25% PBT at RT, 10 min
e 50% 0.2x SSC/50% PBT at RT, 10 min
e 25% 0.2x SSC/75% PBT at RT, 10 min
e PBT atRT, 10 min

e Blocking buffer at RT at least 2 h

Zebrafish were incubated overnight with an alkaline phosphatase-conjugated antibody

against DIG in blocking buffer (1:2000) at 4°C in the dark.

The following day embryos were washed extensively 6 times with PBT for 15 min at RT and
equilibrated in AP buffer 2 times for 30 min at RT. Embryos were incubated in NBT/BCIP
staining solution (200uL NBT/BCIP stock solution in 8 mL AP") at RT in the dark until they

were stained. NBT/BCIP allows detection of the probe, as once catalysed by alkaline
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phosphatase, the product of BCIP reacts with NBT to produce a precipitate that is dark blue
to purple in color. In zebrafish up to 24hpf, staining was stopped by re-fixing the embryos
with 4% PFA for 20 min at RT. Zebrafish older than 2dpf where bleached prior to re-fixation:
zebrafish were brought to 100% methanol and left overnight at 4°C to ensure the staining
solution was completely inactivated. The next day embryos were re-hydrated to PBT and
incubated with bleaching solution for about 20 min. Bleaching was stopped by washing the

embryos with PBT.

2.15.3. List of solutions

Transcription mix (Roche, 11277073910):
e 300 ng PCR product
e 4 ul 5x transcription buffer for T7/T3 RNA polymerase
e 2 plL 10x DIG mix
e 2 uL RNA polymerase

e Upto 20 uL sterile water

Hybridization mix minus (HM-):

25 mL deionized formamide (Sigma Aldrich, S4117)
e 12.5mL 20x SSC (Sigma Aldrich, S6639)

e 0.1% Tween™ 20 (Fisher Scientific, BP337-100)

e 460 pL 1M citric acid pH 6.0

e Upto50 mL N-free water
Hybridization mix plus (HM+):

e HM-
e 50 pL/mL Heparin (Sigma Aldrich, 84020)
e 500 pg/mL tRNA
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Blocking buffer (in PBS/0.1% Tween):

e 2 mg/mL BSA (Sigma Aldrich, A7284)
e 10% lamb serum (Thermo Fisher Scientific, 16070096)

Alkaline Phosphatase (AP-) buffer:

e 10 mL Tris HCl pH 9.5 (Invitrogen, 15504-020)
e 2 mL5M NaCl (Sigma Aldrich, S3014)
e 100 pL Tween™ 20 (Fisher Scientific, BP337-100)

e Upto 100 mL water
Bleaching solution:

e 0.5 mL deionized formamide (Molekula, 11651936)
e 0.25 mL 20x SSC (Sigma Aldrich, S6639)
e 1.65mL 30% H202 (Sigma Aldrich, 95313)

e Upto 10 mLwater MQ

2.16. Genotyping of zebrafish larvae and adults

Genotyping of zebrafish larvae and adults was performed using the fluorescence-based
KASP (Kompetitive Allele- Specific PCR) assay technology (LGC Genomics, Teddington, UK).
Genomic DNA was extracted from caudal fin clips of adult zebrafish and 4dpf larvae. Fin-
clipped zebrafish were kept in individual tanks (adults) or 96 well plates (larvae) until
genotyping was performed (maximum 5 days). Clipped fins were mixed with lysis buffer +
proteinase K (1:400), heated to 60°C for 1 hr and heat inactivated for 10 mins at 95°C. DNA
was added to the KASP assay mix as shown in Table 2-14 and the reaction was run and read
using the Applied Biosystems QuantStudio™ 7 Flex Real-Time PCR system (Table 2-15).

The CDCAZ2 specific KASP primers were generated against the following target sequence:

5 GAGCAWGRATGTTACTGAAGCCATGGACWGCAGACCAGCACTTGCAGACTIT/IA]IGTCTCCCT
CTCAGCAGAACACTGAAGCTGSGGATGTGGATTTCTCYAAAC 3'.
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Table 2-14. KASP reaction

Component Volume

2x KASP mix 5uL

CDCA2 assay mix  0.14pL

DNA 5uL

Table 2-15.KASP thermal cycling conditions

Procedure Temperature Time Cycles
Activation 94°C 15min 1
Denaturation 94°C 20sec
Annealing/Elongation 61°C (AT: -0.6°C/cycle) 1min 10
Denaturation 94°C 20sec 26
Annealing/Elongation 55°C 1min

Reading 30°C 1min 1
Denaturation 94°C 20sec 3
Annealing/Elongation 55°C 1min

Re-reading 30°C 1min 1

2.17. CDCA2 mutant line analysis

2.17.1. Behavioural study

4dpf zebrafish were placed individually in 24 well plates with 1 mL of E3 medium and left
overnight to adapt to the environment. The next morning, the plates were placed in the
behavioural study machine (ViewPoint, ZebraBox Revolution), which applies four 10 min-

long dark/light cycles and records the distance and speed achieved by every individual. Data

was processed using ViewPoint, Fast Data Monitor software.
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2.17.2. Cardiovascular and growth analysis

The cardiovascular system was analysed by counting the heartbeats at 5dpf. Larvae were
anesthetized with MS-222 (Sigma Aldrich, E10521) and the heartbeats were counted for 15
seconds (n=25). The average of three measurements per fish was calculated and multiplied

by four to get the bpm (heartbeats per minute).

To analyse zebrafish growth, adult zebrafish were placed on a scale and their weight was
recorded. At the same time, a ruler was placed next to the baker and a picture was taken for

each fish. The length of each fish was then calculated on Photoshop.

2.17.3. Fertility study

Adult zebrafish (WT, CDCA2+/-, and CDCA2-/-) were transferred into a breeding tank at a 1:1
ratio (one male and one female) as following: WT male x WT female (n=9); CDCA2+/- male x
CDCA2-/- female (n=6); CDCA2+/- female x CDCA2-/- male (n=6); CDCA2-/- male x CDCA2-/-
female (n=6). Next morning, 1 hr after the dividers removal, eggs were collected and the
total number of eggs laid, the fertilization rate and the mortality rate were calculated for
each pair. If a female did not spawn, mating with another male was repeated after 3 days.

Females were considered sterile after three failed attempts.
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3. ROLE OF PHOSPHATASES AS
REGULATORS OF HETEROCHROMATIN
MAINTENANCE
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3.1. Introduction

The eukaryote proteome is subject to post-translational modifications (PTM), chemical
modifications that can occur at any time throughout the lifespan of proteins and regulate
their localization, function, and interaction with other molecules. Phosphorylation is one of
the most important PTM, and it is carried out by protein kinases that can add a phosphate
group to either Threonine, Serine, Tyrosine, or Histidine residues. This modification is
counteracted by the activity of protein phosphatases such as PP1 and PP2A, which form
holoenzymes with regulatory subunits to acquire specificity. The biology of protein kinases
has been extensively studied over the years and they have been widely used as drug targets
for many diseases. However, the protein phosphatases have received less attention due to

the difficulties in generating specific tools.

Protein phosphatases are involved in many aspects of cell biology and they play a crucial
role during mitotic entry, when key protein phosphatases are inactivated to allow
phosphorylation and activation of proteins involved in mitotic progression. Accordingly, at
the onset of anaphase, phosphatases are re-activated to remove all the mitotic marks and
ensure proper mitotic exit. During mitosis, chromatin is hugely rearranged to form
chromosomes and ensure proper chromosome segregation, but it needs to be reorganized
to protect chromatin structure and architecture once the new daughter cells have formed.
In this aspect, a protein phosphatase holoenzyme, Repo-man/PP1, has emerged as a
regulator of the epigenetic landscape, maintaining heterochromatin organization

throughout cell division (de Castro et al., 2017).

Gene silencing by heterochromatin is proposed to occur partly as a result of the ability of
heterochromatin protein 1 (HP1) to bind H3K9me3. Out of the three HP1 isoforms in
mammals, HP1a is the only one found almost exclusively in heterochromatin and it has
been used as a marker for heterochromatin for many years (Smothers and Henikoff, 2001).
HP1o, is able to form homodimers that bind to H3K9me3 regions that, through
sequestration of compacted chromatin in phase-separated HP1 droplets, mediates
heterochromatin formation and subsequent gene silencing (Larson et al., 2017, Strom et al.,

2017). These characteristics are regulated by PTM of HPla itself. For instance, HP1a
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phosphorylation on several N-terminus residues (S11-14) was shown to enhance HPla
binding to H3K9me3 (Hiragami-Hamada 2011) and that these and other phosphorylations
can drive a conformational change in the protein and promote the formation of the phase-
separated droplets (Larson et al., 2017, Strom et al., 2017). Also, lack of HPla
phosphorylation in the hinge region resulted in mitotic defects, with cells arrested in
prometaphase (Chakrabury et al., 2014). These data highlight the importance of studying
protein regulation by phosphorylation in order to understand the molecular mechanisms

underlying heterochromatin formation and maintenance.

In this chapter, we aimed to screen the major chromatin-associated PP1 holoenzymes in
respect to a possible contribution towards the maintenance of heterochromatin. Since one
of the markers for heterochromatin is HP1o, we generated a stable GFP:HP1a cell line to
use as a screening tool and performed a screening on HPla localisation with different

chromatin-related PP1 subunits siRNAs.
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3.2. Results

3.2.1. Development of stable GFP:HP1a cell lines

In order to establish a new cellular model to study heterochromatin changes, we chose two
different human cell lines, Hela (immortalized cervical cancer cells) and MRC5
(immortalized fibroblasts) together with the embryonal zebrafish cell line PAC2. However,
the transfection efficiency of the PAC2 cell line was rather low (<10%), and no resistant
clones were obtained, discarding the development of a GFP:HP1a PAC2 cell line. MRC5
transfection was also low, but five positive clones were isolated and the MRC5 GFP:HP1a
cell line was successfully established. Hela cells gave a much higher transfection rate and
twelve positive clones were isolated. Although the PAC2 GFP:HP1a could not be developed,
we stained the PAC2 cells with a human anti-HP1a antibody to test whether it recognized
the CBX5 zebrafish protein to see if we could still use this cell line to test HP1 disruption
(Figure 3.1). However, the human antibody or the fixation conditions used did not show any
typical HP1a pattern in the cells and the possibility to use a zebrafish cell line to study HP1a
distribution was rejected. Although we cannot discard the fact that this embryonic cell line
might still have not fully assembled heterochromatin, it was recently reported that
heterochromatin establishment is driven by the maternal to zygotic transition in zebrafish
(about 4hpf) (Laue et al., 2019) , and thus this cell line, obtained from 24hpf embryos,

should have already assembled heterochromatin.

In order to validate the stable cell lines and to demonstrate that they could be used as
useful tools for the analyses of heterochromatin maintenance, cells were transfected with
two different siRNA to deplete the G9 methyltransferase, the enzyme responsible for
methylating lysine 9 on histone H3 (H3K9), enabling HP1 binding to chromatin. Therefore, it
is expected that the knock down of this enzyme abolish the accumulation of HP1 at the

major heterochromatic sites.

Although the G9 siRNAs have not been validated, both oligonucleotides were able to disrupt
HP1 organization already at 48h (Figure 3.2.A) in the Hela GFP:HP1a cell line. However, in
the MRC5 GFP:HP1 cells, the number of HPla foci was just altered by one of the
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oligonucleotides (Figure 3.2.B). This latter result is probably due to the low efficiency of
transfection in the MRC5 cell line (<10%). To test whether this cell line could be used for
chemical screening, we treated the cells with two known DNA methyltransferase inhibitors,
chaetocin and 5-Azacitidine. However, at the concentrations tested, just chaetocin was able
to have a small effect on HP1a distribution. Therefore, we decided not to use this cell line to
perform any experiments involving transient transfection or drug treatment, and the

following experiments were just performed on the GFP:HP1a Hela cell line.

Figure 3.1. GFP:HP1 stable cell lines. Both HeLa GFP:HP1 cells (top panel) and MRC5 GFP:HP1 cells (middle panel) were
successfully established and more than 5 HP1 foci can be observed in the nucleus. Immunofluorescence of PAC2 with the

human anti-HP1a antibody did not show specificity for the zebrafish HP1 homologue (CBX5) protein. Scale bar: 5um.
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Figure 3.2 HelLa and MRC5 GFP:HP1 validation. A) HeLa GFP:HP1 cell lines were transfected with a control siRNA that does
not target any gene product and two siRNA oligonucleotides against the G9 methyltransferase (G9.1, G9.2) for 48h. G9
siRNA were not validated in my cell line. A’) HP1 foci analysis of cells in A. Three biological replicates were counted in this
statistical test (Chi-square t test). B) The same experiment was conducted in MRC5 GFP:HP1 cells. B’) HP1 foci analysis of
cells in B. Just on replicate was analysed in this case. B”) MRC5 GFP:HP1 cells were also treated with chaetocin (107M) and
5-Azacytidine (4uM) for 48h and the HP1 foci were analysed. Two biological replicates were counted in this statistical test

(chi-square t test). N represents the total number of cells counted. Green: GFP:HP1, blue: DAPI. Scale bar: 5um.
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3.2.2.  Screening of PP1 subunits on HP1 distribution

Published work from our lab has shown that Repo-man/PP1 is important to maintain HP1
foci after mitosis (de Castro et al., 2017). However, several PP1 targeting subunits are
chromatin-linked and could possibly play a role in the epigenetic mechanisms that converge
to regulate heterochromatin maintenance. We therefore decided to conduct a small siRNA

screen for chromatin-associated PP1 targeting subunits.

In order to expand the study and to identify other PP1 targeting subunits involved in HP1
disruption, we performed additional siRNA experiments with several PP1 isoforms and
subunits, including PP1a, PP1B, PP1ly, PNUTs, AKAP, Sds22, NIPP1, Ki-67 and Repo-man
(Figure 3.3.A). siRNA targeting PTEN was used as a positive control because it was previously
reported to be involved in heterochromatin maintenance and HP1a stabilization (Gong et
al., 2015a). Our data shows that the PP1B and PP1y isoforms are able to disrupt the number
of HP1 foci, as well as Repo-man. In the PP1a and NIPP1 depleted cells, there is an increase
in the number of cells with more than five HP1 foci compared with the control. In the
conditions used, Sds22, AKAP, and PNUTs knockdowns were not able to alter HP1

distribution.

The results with Ki-67 did cause some problems. Previous work (Michal et al., 2016) has
shown that Ki-67 depletion causes a decrease of H3K9me3 in human and mouse cells. Three
oligonucleotides were used to interfere with Ki-67 RNA (Ki-4, Ki-5 (Booth et al, 2014), and Ki-
G (from (Cuylen et al., 2016a)). Although two oligonucleotides did not alter the HP1 pattern
after 48h of transfection, one (Ki-5) showed a strong decrease in the number of HP1 foci
(Figure 3.3.B). In order to investigate a possible off-target effect of Ki-5, we performed a
rescue experiment with a plasmid carrying RFP:Ki-67 resistant to the oligonucleotide Ki-5
(Figure 3.3.C). To some extent, the RFP:Ki-67 plasmid resistant to Ki-5 was able to rescue the
phenotype produced by Ki-5. However, the fact that the other two siRNAs targeting Ki-67
did not show any effect on HP1 distribution was puzzling and we could not reach a strong
conclusion. We therefore decided to analyse differentially expressed genes by RNA

sequencing analysis to understand the specific targets of these oligonucleotides.
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Altogether, these results show that several phosphatase complexes are involved in the
regulation of heterochromatin during the cell cycle, and the identification of their

mechanism of action, as well as any other phosphatase complex involved, could be an

important aspect to investigate in the future.
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Figure 3.3. Screening of PP1 subunits on HP1 distribution. A) HeLa GFP:HP1 cells were transfected for 48 hours with siRNA
oligonucleotides against a control sequence, PTEN, the three PP1 isoforms, and several PP1 subunits that have been linked
to chromatin. Whereas depletion of PP1B, PP1y, and Repo-man clearly decrease the number of cells with more than five
loci, depletion of PP1a and NIPP1 seem to increase it. Depletion of Sds22, AKAP, and PNUTs do not affect HP1 distribution.
B) Hela GFP:HP1 cells were transfected with three different siRNA targeting Ki-67 for 48h. One of the oligonucleotides (Ki-
5) was able to disrupt HP1 organization, while the other two did not. Three replicas were analysed in the statistical test. C)
Hela GFP:HP1 cells were transfected with a control siRNA, the Ki-5 siRNA, and the Ki-5 siRNA in combination with a GFP:Ki-
67 plasmid resistant to the Ki-5 siRNA, for 72h. Transfection with the resistant plasmid was able to somewhat rescue the
phenotype. Three biological replicas were analysed. Chi-square test was used for the statistics. N represents the total

number of cells counted from four biological replicates.
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3.2.3. Differential expression analyses of Ki-67-depleted cells

In order to unravel a possible explanation on the difference between Ki-G and Ki-5 siRNA
transfected cells, RNA isolated from cells transfected with a control siRNA, the Ki-G, and the
Ki-5 siRNAs was sent to sequence (Oxford Genomics, UK) and a differential expression

analysis was performed.

Both siRNAs are able to decrease Ki-67 gene expression to the same extent, as shown by
RNAseq and qPCR data (Figure 3.4), ruling out the possibility that the difference on the
effect was due to a more efficient siRNA compared to the other two oligonucleotides.
However, the gene expression profile is significantly different for each siRNA transfection.
Transfections with Ki-G and Ki-5 siRNAs alter the expression of 885 and 684 genes,
respectively; only 116 of these genes are common for both siRNAs (Figure 3.4.A). Out of
these differentially expressed genes, 605 in the Ki-5 and 441 in the Ki-G siRNAs are
downregulated, and only 78 are common between samples (Figure 3.4.B). These represent
real target genes that are affected by Ki-67 depletion. However, these analyses gives us the
potential to identify other genes involved in HP1 regulation. Among the 527 downregulated
genes in the Ki-5 siRNA transfected cells we could not found any candidate that is already
known to be involved in HP1 regulation at any level. Therefore, this dataset offered us the
potential to discover additional factors that could be implicated in HP1 localisation. In order
to narrow down this number, we only focused on the genes with a high significant
difference (p<0.001). Out of those, two genes, MYH9 (myosin) and RBL2 (Retinoblastoma-
like protein 2), were previously reported to be linked to chromatin, and therefore they were
further tested on the GFP:HP1a cell line for HP1 deregulation. The RNA sequencing data was

also compared to the one from Sobecki et al. (Sobecki et al., 2016) (Figure 3.4.E).

As seen in Figure 3.5. A and B, MYH9 and RBL2 are only downregulated in the Ki-5 samples.
In order to study if they could explain the difference seen in HP1 distribution, we used two
siRNAs for each gene. We analysed the efficiency of the siRNAs by gPCR (Figure 3.5. Cand D)
and we counted the HP1 foci in our HelLa GFP:HP1a (Figure 3.5. E and F). In the case of
MYH9, both siRNAs were able to decrease the number of cells with more than five HP1 foci,

indicating a potential role for this protein on HP1 regulation.
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Figure 3.4. Differential expression analysis between Ki-G and Ki-5 siRNA-mediated knockdown cells. RNA from Hela cells
transfected with Ki-5 and Ki-G siRNAs were sequenced and the differentially expressed genes were analysed. A, B) Ki67
average expression values from the RNA-seq data (A) and by gPCR (B). Three biological replicates were analysed for each
experiment. However, MKI67 was not the most downregulated gene in any of the siRNA-treated samples. C) Venn diagram
showing the number of altered genes in Ki-67-depleted cells using the two different siRNAs, with the list of common genes
up/down regulated in both samples. In red, upregulated genes in both samples; in blue, downregulated genes in both
samples; in black, genes that are upregulated in one sample but downregulated in the other. D) Venn diagram showing
only the downregulated genes, with the list of genes with p<0.001 only downregulated in the Ki-5 siRNA transfected cells.
In bold, genes that have been previously linked to chromatin. E) Comparison of our data with the RNA sequencing data

obtained by Sobecki et al. (Sobecki et al., 2016) of genes with p<0.02.
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Figure 3.5. MYH9 knockdown, but not RBL2, regulates HP1 distribution. A, B) MYH9 and RBL2 are downregulated in Ki-5
transfected cells but not in the Ki-G transfected ones, as shown by RNA sequencing data. C, D) HeLa GFP:HP1a cells were
transfected with two different siRNA targeting MYH9 (C) and RBL2 (D) and efficiency of siRNA transfection was assessed by
gPCR. The graphs show the average of three biological replicates. E, F) HP1 distribution was analysed for both MYH9-
depleted cells (E) and RBL2-depleted ones (F) of three biological replicates. N represents the total number of cells counted.

Chi-square t test was used for the statistics.
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Overall, in this chapter, we identified Repo-man (CDCA2) as a major PP1-subunit regulator
of heterochromatin maintenance in human cells. Furthermore, using different siRNAs
against Ki-67 we reported different effects on HP1 regulation and, by RNA sequencing
analysis, we were able to identify a potential new player on heterochromatin regulation,

MYHS9.

3.3. Discussion

This chapter aimed to identify chromatin-linked PP1 subunits as regulators of
heterochromatin maintenance throughout cell cycle. For this purpose, a cell line that
permanently expresses GFP:HP1a was developed to use as a screening tool. The original
plan was to develop three different cell lines, two human lines (HeLa and MRC5 fibroblast)
and one zebrafish line (PAC2) in order to test our hypothesis in different cell types and
organisms. However, only the Hela GFP:HPla and MRC5 GFP:HPla cell lines were
successfully developed. The zebrafish cell line could not be efficiently transfected with the
GFP:HPla plasmid with any of the methods used, so the PAC2 GFP:HPla was not
developed. However, in order to be able to use the PAC2 cells to study HP1 organization, |
tested if the human anti-HP1a antibody recognized the CBX5 protein of the zebrafish by
immunofluorescence. However, at the conditions used, the antibody did not show the
typical HP1 staining pattern expected in mitosis. It is also possible that this cell line that has
been established from embryos, does not yet have the high level of heterochromatin
organisation that is required for the establishment of HP1a foci. Therefore, for all these

reasons, we decided to discard the PAC2 cell line as a model to study HP1 regulation.

Validation of the Hela GFP:HPla cell line was conducted by depleting G9A, a
methyltransferase responsible for di-methylation of H3K9 (H3K9me2), an anchoring site for
HP1. Inhibition of the enzyme decreases the levels of H3K9me2, reducing the HP1 chromatin
binding sites. Two different oligonucleotides against G9A were used to validate the new
established transgenic cell line. The same experiment was conducted in the MRC5 GFP:HP1

cell line, although in this case a reduction on HPla foci was not observed and the MRC5
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GFP:HP1a cell line could not be further used for transfection-related experiments. Another
test to validate this cell line was done with two different drugs that are known to alter DNA
methylation, chaetocin and 5-azacytidine, although again at the conditions used they were
not able to affect HP1 organization. This cell line was then discarded for any future work

regarding heterochromatin studies.

Once the Hela GFP:HP1 cell line was validated and ready to use as a screening tool, we
selected some siRNAs that target chromatin-linked PP1 subunits and performed a small
screening for HP1 distribution; some of them have already been associated with chromatin
organization (Van Dessel et al., 2010, Landsverk et al., 2005, O'Connell et al., 2012). siRNA
targeting PTEN was used as a positive control, as it has been shown previously to regulate
HP1 distribution (Gong et al., 2015b). In addition, siRNAs targeting the three PP1 isoforms
were used. The results show that only Repo-man is able to decrease the number of cells
with more than five HP1 foci, which was already shown previously in the lab (de Castro et

al., 2017).

Ki-67 is widely known as a proliferative marker. However, other roles for this PP1 subunit
have been described, including heterochromatin regulation (Booth et al., 2014, Sobecki et
al., 2016a). Furthermore, due to its similarities with Repo-man regarding PP1 binding
(Kumar et al., 2016, Booth et al., 2014) we wanted to study whether Ki-67 would also affect
HP1a organization in our system. We used three siRNAs targeting different Ki-67 sequences
and, to our surprise, two different phenotypes were clearly observed. Two siRNAs (here
referred to as Ki-G (from (Cuylen et al., 2016b)) and Ki-4) did not show any effect on HP1
distribution. This is in agreement with the results obtained in the Fisher’s lab (Sobecki et al.,
2016b) indicating that, although ki-67 mutant mouse cells decreased the number of
H3K9me3 foci compared to the control, none of the three HP1 isoforms was affected.
Sobecki et al. (Sobecki et al., 2016b) also showed that Ki67 mutant mice were viable and
fertile. However, in the case of Ki-67 depletion using the Ki-5 siRNA, the number of cells with
more than five HP1a foci drastically decreased. Although the resistant plasmid rescued the
phenotype to some extent, an off-target effect could not be excluded and RNA from cells
treated with a control, the Ki-G and the Ki-5 siRNA were sent to sequence. Unexpectedly,
the expression pattern on both siRNAs was very different and only a low percentage of

genes were differentially expressed in both samples compared to the control. This clearly
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indicates that mRNA knockdowns using siRNAs should be always validated with more than
one siRNA targeting different sequences of the gene, and that any studies using this

technique should be carefully analysed.

The difference in HP1 organization in the Ki-5 transfected cells could be due to a gene being
differentially expressed in this sample compared to the Ki-G transfected one. Looking at the
differential expression, we recognized two genes that meet the description and could
account for the phenotypical difference: RBL2 (encodes for retinoblastoma-like protein 2)
and MYH9 (encodes for myosin 9). These two genes were also not found downregulated in
the RNA sequencing experiments performed by Sobecki et al. (Sobecki et al., 2016), in
where Ki67 depletion did not affect HP1a organization. RBL2 has been previously linked to
heterochromatin regulation (Gonzalo et al., 2005, Benetti et al., 2008). Specifically, triple
RB177/RBL177/RBL27~ knockout was seen to alter DNA methylation and decrease the levels
of H4K20me3, a marker for heterochromatin; however, in this experiment, the triple
knockout did not alter the levels of H3K9me2/3 or HP1 (Gonzalo et al., 2005). Still, we tested
if RBL2 knockdown was able to disrupt HP1 distribution in our cell lines. In agreement with
the previous study, RBL2 was not able to alter HP1 distribution and therefore it could not be
the one responsible for the difference in the phenotype. To our knowledge, a direct link
between MYH9 and heterochromatin has never been observed. However, the role of
myosin on the cytoskeleton, microtubule stabilization, and cell shape maintenance could
suggest a possible role on chromatin structure. Therefore, we also knockdown MYH9
independently with two siRNAs and, in both cases, HP1 distribution could not be
maintained, identifying a new regulator for HP1 maintenance. A rescue experiment using a
MHY?9 resistant plasmid should be performed to claim that the results obtained are due to
MYH9 knockdown. Moreover, heterochromatin might be altered due to defects on the cell
cycle; in order to discard this hypothesis, cell cycle progression should be analysed by
fluorescence-activated cell sorting (FACS). The influence of actin cytoskeleton and
microtubules on nuclear integrity and chromatin organization is well known, thus we
hypothesize that MYH9 might regulate heterochromatin indirectly by affecting the
cytoskeleton structure. Further experiments could be focused on analysing several

cytoskeleton factors and identifying the specific pathway by which MYH9 affects
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heterochromatin regulation, and whether MYH9 is involved in regulation of other

heterochromatin markers, namely H3K9me3 and H3K27me2/3.
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4. ANALYSES OF CDCA2/PP1
COMPLEX DURING ZEBRAFISH
DEVELOPMENT
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4.1. Introduction

In the previous chapter, we confirmed CDCA2 (Repo-man) as the major phosphatase
implicated in the regulation of heterochromatin maintenance in human cells. However,
heterochromatin is disassembled in the gametes prior to the formation of the zygote, and it
needs to be re-established in early development as cells differentiate. We hypothesised that
CDCA2 could also be important for these early steps of chromatin organization and thus in
this chapter we aimed to unravel the functions of this mitotic protein in early development,
using zebrafish as a model organism. The function of CDCA2 in a model organism has never
been studied and its role as an essential gene for cell proliferation has only been assessed in

cultured cells.

4.1.1. Zebrafish

Danio rerio, commonly known as zebrafish, is a tropical freshwater fish that belongs to the
order of Cypriniformes and it is native to the Southeast Asia. Due to its major advantages
compared to other model organisms, zebrafish has been widely used as a vertebrate model
organism in biomedical and environmental research since the 1960s. One of the main
advantages is its affordability in terms of space and money, as zebrafish are considerably
smaller and cheaper to maintain than other organisms such as rodents. For the purposes of
this research, another major advantage is the fact that the embryos develop outside the
mother’s body and are transparent until larval stages, making them a powerful model to
study embryo development. Furthermore, a single female can produce as many as 50 to 300
eggs a day, increasing the statistical power for downstream experiments, and they reach
sexual maturity in about 3 months after fertilization. Finally, the zebrafish genome shares
about 70% identity with that of humans, and the complete genome sequence was published
in 2013, enabling scientist to study zebrafish genetics. The full zebrafish genome sequence
can be found in the Zebrafish Genome Project in the Sanger website (Wellcome Sanger

Institute, 2013). Altogether, these characteristics have made zebrafish a really suitable
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model system to study a variety of scientific areas, including developmental biology, cancer,

epigenetics, and toxicology (Mudbhary, Sadler, 2011).

4.1.1.1. Zebrafish development

Zebrafish embryos develop optimally in incubators at 28°C, although they appear to develop
normally at temperatures between 25°C and 33°C. Development starts by cleavages every
15 minutes periods in regular orientations, until the mid-blastula transition (MBT) at around
2-3hpf, when gene transcription in activated. From there, the embryo starts gastrulation, (5-
10hpf) followed by a segmentation period (10-24hpf) where the rudiments of the primary
organs become visible. At 24hpf the main organs are already visible, and at 48hpf, some
embryos start to hatch and by day 3 most of the morphogenesis is already completed and
the larvae start to swim (Figure 4.1). Larvae are still kept developing in incubators until
around day 5, when they start to be fed externally and they can be transferred to the

normal water system.
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Figure 4.1. Zebrafish developmental stages (adapted from (Kimmel, et al., 1995), indicating when H3K9me3 foci are first
apparently visible (Laue et al., 2019).
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4.1.2. Epigenetics in zebrafish development

Zebrafish embryos start developing from maternal mRNAs and proteins stored in the egg,
and it is not until the 6™-10t" cleavage cycle (2-3 hours post fertilization (hpf)) that they
undergo mid-blastula transition (MBT) and gene transcription activation (Kane, Kimmel,
1993, Tadros, Lipshitz, 2009). This stage corresponds with an increase on global DNA
methylation and histone modification marks, which evolve to become more and more
complex as the embryo develops (Mhanni, McGowan, 2004, Lindeman et al., 2010). These
proteins involved in DNA methylation pathways as well as the main epigenetic mechanisms
in zebrafish are generally preserved in mammals, making it a great system to study
epigenetics during development (Lindeman et al., 2010, Goll, Halpern, 2011). However,
there are some epigenetic differences between zebrafish and mammalian development,

summarized in Table 4-1 (Balasubramanian, Raghunath & Perumal, 2019)

Many experiments have been performed to study the genes involved in epigenetics during
zebrafish development. One of the most studied set of epigenetic genes are the group of
DNA methyltransferases (Dnmt), which can be easily studied via inhibition with 5-
Azacytidine. Zebrafish treated with this drug during the blastula stage showed impaired
somite, muscle, and cardiac development (Martin et al., 1999, Goll, Halpern, 2011, Yang, W.
et al., 2019). Studies on each of the eight Dnmt present in zebrafish showed that Dnmt1 is
important for some, but not all, organs development, including pancreas, intestine, and
retina (Rai et al., 2006, Anderson et al., 2009). In contrast, Dnmt2 knockdown was essential
for retina, liver, and brain development (Rai et al., 2007), and the Dnmt3 orthologue, for
neurogenesis (Rai et al., 2010, Smith, Collins & McGowan, 2011). Histone modifications have
also been extensively studied in zebrafish, as they play crucial roles during development.
Heterochromatin is stablished in the zebrafish only after MZT, therefore the
heterochromatic mark H3K9me3 is absent from the zebrafish genome until after this
transition (Laue et al., 2019). The histone deacetylase Hdacl was reported to be important
for neurogenesis, ear and pancreas development (Cunliffe, 2004, Zhou, B. et al., 2011, He et
al., 2016), whereas Hdac3 plays a role on liver development. From histone variants, H2AFV

was shown to restrict DNA methylation during MZT by crosstalk with Dnmt1 (Madakashira
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et al., 2017), and macro H2A regulates neuronal differentiation (Buschbeck et al., 2009,

Gonzalez-Munoz et al., 2019).

Table 4-1. Major epigenetic differences between mammalian and zebrafish development (adapted from

(Balasubramanian, Raghunath & Perumal, 2019).

Epigenetic mechanism  Zebrafish Mammals
Global DNA methylation Global DNA methylation
remodelling absent remodelling present
DNA methylation Imprinting absent Imprinting present

DNA methylation from sperm DNA methylation undergoes
is inherited two rounds of reprogramming

ZGA happens during blastula  ZGA happens at earlier stage
stage

. o Histone modifications are Histone modifications play an
Histone modifications  g|ohally removed before ZGA  important role during ZGA

Sperm genome is packed into Sperm genome is packed into
nucleosome protamine

4.1.3. CDCA2 in zebrafish

CDCA2 is found on chromosome 5 of the zebrafish genome. It is a long gene that encodes a
MRNA of 3440bp and a protein of 807 amino acids. An alignment of different binding
domains of human and zebrafish CDCA2, together with other species, has been performed,
indicating a high conservation among species (Figure 1.13). To our knowledge, this protein
has never been studied before in zebrafish, thus the importance of this research chapter.
More information about the gene can be found with the following ID: ZDB-GENE- 030131-

3271. A full alignment between human and zebrafish CDCA2 is shown in Figure 4.2.
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Figure 4.2. Human CDCA2 and zebrafish CDCA2 full protein alignment. Human and zebrafish CDCA2 protein
sequences were aligned using the T-Coffee website. Highly conserved sequences are shown in red, followed by

medium conserved sequences in yellow and poorly conserved sequences in green.
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4.2. Results

4.2.1. CDCA2 characterization during zebrafish development

As previously mentioned, CDCA2 has never been studied in zebrafish before, thus we first
had to characterize the expression levels and patterns of this protein in zebrafish, as well as

to optimize antibodies to recognize the zebrafish protein.

First of all, we analysed CDCA2 gene expression at different developmental stages by
guantitative PCR (qPCR) (Figure 4.2.A), and then performed whole-mount RNA in situ
hybridization (ISH) at three time points of early development (Figure 4.2.B) in order to
investigate expression patterns. In the initial stages of development, we can observe a huge
expression of CDCA2, which drops considerably after the embryos undergo mid-blastula
transition (MBT) and start transcribing their own genes. After the primary organs have been
established, CDCA2 expression levels decrease and remain low throughout the larval stages
(Figure 4.2.A.) Early stages of zebrafish development are driven by maternal mRNA, and
thus the high expression observed at the 4-16 cells stage and, to some extent, the one at

4hpf, correspond to transcripts from the mother.

Whole-mount ISH revealed a ubiquitous expression of CDCA2 at 2-cell and 4hpf stages,
although at 24hpf strong signals were detected in the brain area (Figure 4.2.B). As far as we
could tell, these signals are located mainly in the midbrain, hindbrain, and the cerebellum,
and they are absent from brain areas such as the epiphysis (or pineal gland) and the
telencephalon (or fore brain). To evaluate whether CDCA2 was particularly important for
brain function, we also analysed the expression levels of different adult tissues (Figure
4.2.C). Surprisingly, CDCA2 expression was no longer concentrated in the brain, but rather in
both the male and female reproductive system. We also studied CDCA2 at protein level in
mice tissues (a kind gift from Dr. Su-Ling Li, Brunel University). In mice, CDCA2 was more
expressed in the liver than in the other tissues tested (Figure 4.2.D). However, it would be
interesting to have some ovaries or testis tissue from the mice to be able to compare it with

the data from the zebrafish. The zebrafish expression data is in agreement with human data
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available in the Expression Atlas or the NCBI website, from genome-wide transcriptomics
experiments (Szabo et al., 2015, Fagerberg et al., 2014). Those experiments also show a very
high expression on the testis compared to other tissues, and a decrease on CDCA2

expression in most tissues as the foetus develops (Figure 4.3).
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Figure 4.2. CDCA2 expression analysis in zebrafish. A) CDCA2 gene expression levels during zebrafish
development by qPCR. Error bars represent the standard deviation of three technical replicates. B) Whole-
mount in situ hybridization of zebrafish embryos at 2-cell, 4hpf, and 24hpf stages. The lower panel represents
a negative control using a sense CDCA2 mRNA probe. Scale bars: 0.1mm. C) CDCA2 gene expression of adult
zebrafish tissues. Error bars represent the standard deviation of three technical replicates. D) Quantification of
CDCA2 protein levels in several mice tissues normalized to tubulin. D’) Western Blot of the different mice

tissues using a human CDCA2 antibody and tubulin.
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Figure 4.3. CDCA2 RNA expression data in human tissues. A) RNA of tissue samples from 95 human individuals
representing 27 different tissues was sequenced and the levels of CDCA2 represented in the graph (Fagerberg et
al., 2014). B) RNA from 35 human foetal samples from 6 tissues (3 - 7 replicates per tissue) collected between
10 and 20 weeks gestational time were sequenced using Illumina TruSeq Stranded Total RNA (Szabo et al., 2015).

Both graphs were available in the NCBI website.
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In order to study CDCA2 at protein level, we first had to find an antibody that recognized the
zebrafish protein sequence. Our first attempt was to test the human antibodies that were
already available in our laboratory. For this purpose, a zebrafish cell line, PAC2, was grown
and fixed for immunofluorescence. However, the epitopes used for both the Proteintech
and Sigma CDCA2 antibodies are not present in the zebrafish protein, thus we should expect
no recognition. For the other available antibody, from Abcam, we did not have the epitope
sequence but only that it was designed from the C-terminus of the human CDCA2 protein,
which is less than 40% similar to that of the zebrafish. Nevertheless, we tested whether this
antibody and another one that was previously developed in the lab also raised againt the C-
terminus, were able to detect CDCA2 by immunofluorescence. CDCA2 is a mitotic protein
that gets dispersed at the beginning of mitosis and relocates to the chromatin at anaphase;
therefore, the staining pattern at the different stages of mitosis was analysed. Both
antibodies showed a similar pattern, with relocalization of CDCA2 onto chromosomes during
anaphase (Figure 4.4), therefore we tested the antibody that appeared more specific, 58A,
on whole zebrafish embryos at 4, 18, and 24hpf (Figure 4.5). However, analysing the
specificity by immunofluorescence in a whole zebrafish embryo is somehow challenging;
due to the three-dimensional aspects, detecting cells at different stages of mitosis is
complicated and, due to the multiple layers of cells, it is difficult to distinguish between
background and staining at different focus. The antibodies were also tested by Western Blot
(WB), although no specific band was detected in any of the conditions used (data not
shown). Altogether, all these experiments made it rather difficult to assure antibody
specificity and, considering that there are no antibodies targeting the zebrafish CDCA2
available, two new antibodies specifically designed to recognize the zebrafish CDCA2 protein
were developed by Eurogentec. The zebrafish CDCA2 protein sequence was uploaded to the
Eurogenetec website and two out of the three best proposed peptide sequences were used
to develop the antibodies. One of the antibodies targets the very end of the C-terminal tail,
from amino acid 793 to 807, with the following sequence: H — CFI PQP SEE LTT NLG E — OH.
The other targets from amino acid 674 to 688 with the following sequence: H — CQK TPS
NKR PGQ GQK V — NH2. They were both polyclonal developed in rabbits.

Once more, we first tested the new antibodies by immunofluorescence on the PAC2 cell

lines, but several conditions tested did not show any signal corresponding to CDCA2 (data
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not shown). Afterwards, an immunofluorescence of the whole embryo was performed
(Figure 4.6) and, although some specificity was detected compared to a negative control, it
was again hard to distinguish. Much effort has been put on optimizing the new antibodies,
also by Western Blot as we would see in the next subchapter, though, until now, we were

not able to demonstrate their specificity.
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Figure 4.4. Anti-human CDCA2 specificity testing against the zebrafish protein. PAC2 cells were
immunostained using two different antibodies targeting the human CDCA2 protein: an antibody specific for

the N-terminus of CDCA2, 58A (A) and anti-CDCA2 from Abcam (B). Scale bar: 5um.

108



Interphase

[0}
0
©

=
Q
©
c

<

Figure 4.5. Whole zebrafish embryo immunofluorescence. Zebrafish embryos at 4hfp (A), 18hpd and 24hpf
(B) were immunostained using the 58A CDCA2 antibody to evaluate antibody specificity. At 4hpf, cells in

interphase and anaphase were zoomed in in order to detect specificity. Scale bars: 100um.
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Figure 4.6. Whole zebrafish embryo immunofluorescence with antibodies specific for the CDCA2 zebrafish
protein. 24hpf zebrafish embryos were stained using the two antibodies specifically design to recognize the
CDCA2 zebrafish protein (A, B). Embryos only stained with the secondary antibody were used as a negative

control (C). Scale bars: 100um.
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4.2.2. Mutant CDCA2 zebrafish line analysis

In 2011, The Sanger Institute aimed to create a knockout allele in all protein-coding genes of
zebrafish in the so-called Zebrafish Mutation Project (ZMP). In the case of CDCA2, a
nonsense mutation in the base pair number 47 was produced, where a Thymine was
replaced by an Adenosine, producing a stop codon at amino acid 16 (Figure 4.7.A). The
distribution of the lines is carried out by the Zebrafish International Resource Center (ZIRC),
where wild type eggs were in vitro fertilized with frozen mutated sperm and the eggs were
shipped for further analysis. No previous researchers have ever analysed this line before, so
the efficiency and effectivity has never been validated. When the eggs reached adulthood
(about 4 months after receiving them), we genotyped them, obtaining 35 zebrafish with
both WT alleles and 36 with one mutated allele, consistent with the expected Mendelian
distribution. These heterozygous zebrafish were crossed to obtain a second generation; this
also follows the expected Mendelian distribution: 100 zebrafish had both wild type alleles
(CDCA2**), 202 were heterozygous (CDCA2*"), and 98 were homozygous for the mutation
(CDCA27) (Figure 4.7.B).

In order to verify the mutation efficiency, the second-generation zebrafish were crossed,
and the eggs were analysed for CDCA2 gene expression levels, as transcripts with premature
stop codons should undergo non-sense mediated mRNA decay. Figure 4.8.A shows a clear
decrease on mRNA levels in eggs from heterozygous and mutant crosses, compared to the
ones from WT. This difference was not observed at protein level (Figure 4.8.B).
Nevertheless, as mentioned previously, we cannot be sure that the antibody works and
there is no validated antibody that specifically recognizes the zebrafish protein, thus no

comprehensive conclusions could be done at this time with the blot obtained.
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Figure 4.7. Mutant CDCA2 zebrafish line. A) Graphical representation of the mutation in the CDCA2 gene. B)
Explanation of the mutant CDCA2 zebrafish line production. CDCA2** oocytes were in vitro fertilized with
spermatozoids carrying a point mutation on one allele of the CDCA2 gene. These eggs were grown to
adulthood and genotyped, obtaining a Mendelian distribution. Heterozygous zebrafish were crossed, and a
Mendelian distribution was obtained. These eggs were further genotyped, and the fish were used for analyses.

C) Timeline of the experiments carried out in the mutant zebrafish line.
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Figure 4.8. CDCA2 mutant lines undergo non-sense mediated mRNA decay. A) CDCA2 gene expression of 2hpf embryos
from CDCA2++, CDCA2*/-, and CDCA27- crosses. Only one replicate, with a pool of 50 embryos, was analysed. T test was
used for the statistics. B) Western blot of 3dpf embryos from CDCA2+* and CDCA27- crosses using one of the newly

synthetized antibodies against zebrafish CDCA2.

This second generation of zebrafish was used to study the function of CDCA2. Since visual
analysis of the embryos did not show any phenotype, we developed a timeline to analyse
several systems (Figure 4.7.C). At 4dpf, zebrafish were genotyped by clipping a part of the
caudal fin and separated by genotype. The regeneration of the fin was observed at 6dpf and
10dpf, with no apparent difference between the three genotypes (data not shown). At 5dpf,
zebrafish were submitted to a behavioural study to analyse the central nervous system
(CNS) (Error! Reference source not found.9). The statistical analyses show a significant
difference in the response of the heterozygous and the homozygous to the light/dark cycles
compared to the control, although the biological significance of these results remains
unclear, as no significant difference is observed in the distance run and the speed achieved
in the same experiment. In another analysis, the heartbeats from 5dpf embryos were
manually recorded in order to analyse the cardiovascular system but with no significant
difference between the WT and the homozygous fish was observed (Figure 4.10.A). The next
day, the posture and response to stimuli were annotated, with again no difference spotted.
Measurements during their adulthood did not show any difference in their weight or length

either (Figure 4.10.B,C), as well as in their reproductive capability (Figure 4.11). In the
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fertility study, the different lines were crossed 1:1 (one male paired with one female), and
the next morning the total number of eggs were counted, together with the number of
fertilized and dead embryos. Statistically, no significant difference was observed. However,
there was a huge variability between replicates and the wild type females had repetitive
difficulties to spawn. Further experiments and replicates should be performed in order to
validate the results, although it would be optimal to enlarge the number of zebrafish

available, which is not feasible in the timeline of this research project at this time.
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Figure 4.9. Central nervous system analysis on the CDCA2 mutant zebrafish line. A) Graph showing the
distance run by the zebrafish in 10 minutes long dark/light cycles. Comparison between the CDCA2** and
CDCA27 (A), CDCA2*"* and CDCA2*" (A’) and CDCA2*- and CDCA27- (A”). Each point corresponds to the average
of 24 zebrafish. B) Area Under the Curve (AUC) from experiments in A. Bar represents standard deviation. C)
Total distance run in each cycle and in total from experiment A. D) Average speed in each cycle and in total
from experiment A. Mann-Whitney U test was used for the statistics. Grey represents CDCA2*/*, blue CDCA2*,
and red CDCA27",
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Figure 4.10. Cardiovascular system analysis on the CDCA2 mutant zebrafish line. A) Average heartbeat. Each
dot represents the average of three counts for each 5dpf embryo. B, C) Length (B) and weight (C) of adult

zebrafish. Mann-Whitney U test was used for the statistics.
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Figure 4.11. Fertilization analysis on the CDCA2 mutant fish line. Graph representing the total number of eggs
laid/female (H), the fertility rate (I), and the mortality rate (J) after 1:1 crosses. For readability purposes,
CDCA2** = WT, CDCA2*- = HET, CDCA27" = MUT. The subscript letter m stands for male and f for female. The
coloured bar represents the mean and each dot represents a biological replicate. Mann-Whitney U test was

used for the statistics.
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4.3. Discussion

Studies in cells have shown that Repo-man/PP1 is essential for cell viability (Trinkle-Mulcahy
et al., 2006). In this study, knockdown and overexpression of Repo-man led cells to
apoptosis and cell death. Also, Repo-man has been linked to PP1-dependent regulation of
DNA damage response, and that might be why it is upregulated in many types of cancer.
Despite its studies in cells and its importance in cell cycle regulation, Repo-man has never
been studied in any animal model. Therefore, in this chapter, we aimed to unravel the
properties and function of CDCA2 (Repo-man orthologue) in vivo, using zebrafish as a model
organism. As CDCA2 has been identified as a heterochromatin regulator (de Castro et al.,
2017) and heterochromatin is established in early development through epigenetic

processes, we ought to study this gene during the development of zebrafish.

The first objective was to analyse the expression levels of the gene and the protein at
different stages of development. Gene expression experiments showed high levels of CDCA2
expression in the very early stages of development, and then a decrease in the expression
from 24hpf, which is kept stable until at least 15dpf, the last stage analysed. However, it is
important to remember that until the mid-blastula transition, about 4hpf, zebrafish do not
start to transcribe their own genes, and therefore any gene expression detected before that
stage corresponds to maternal transcripts. This does not mean that we should omit any

gene expression detected at those stages, as it could be still critical for those early steps.

In order to localize where CDCA2 was being expressed, we performed in situ hybridization
experiments in a whole zebrafish embryo and, as far as we could tell, identified that CDCA2
is expressed mainly in the brain area, except for the forebrain and pineal gland. Later stages
were also tested (2 and 3dpf); however, at 2dpf the embryos start to develop pigment cells
and the cells are more complicated to penetrate, making it more difficult to achieve a
successful whole-mount in situ hybridization. Several trials were attempted, also using a
positive control probe against the PCNA gene (Hu, Z., Holzschuh & Driever, 2015), although
no signal was detected. This could be due to the low CDCA2 expression after 24hpf,

although at this point this is just extrapolation.
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Finally, the expression levels of CDCA2 were also analysed in zebrafish adult tissues.
Surprisingly, CDCA2 expression is no longer focused on the brain, but rather on the
reproductive tissues such as the ovaries and testis. This finding is in accordance to the fact
that this protein is involved in the cell cycle and should be expressed in proliferative tissues,
such as the gonads. Online databases like the Expression Atlas (EMBL-EBI, 2019), NCBI
(NCBI, 2019) or Bgee (SIB, 2019) also report CDCA2 expression in testis and/or ovaries of

adult humans, and in in the foetal brain, in accordance with our findings.

Following gene expression, the next step was to find a good antibody that could detect the
zebrafish CDCA2 protein. As nobody has ever studied this protein in the zebrafish before,
there are no commercial antibodies specifically designed to recognize the zebrafish protein.
In the first attempt, we tested the anti-human CDCA2 antibodies available in our lab in an
embryonic zebrafish cell line, PAC2. CDCA2 expression levels increase during anaphase,
where it localizes to the chromatin. However, although some specificity was seen with both
antibodies tested in regards of chromatin loading at anaphase, when | tested the antibodies
in a whole zebrafish embryo and by western blot, specificity was very difficult to visualize.
For these reasons, two new antibodies specifically targeting the zebrafish CDCA2 were
developed by Eurogentec. Again, some specificity was gained over a negative control, but
due to the 3D effect of a whole zebrafish embryo, it is difficult to differentiate between
background and cells in other planes. Probably a good approach in this case would be to test

the antibodies in zebrafish sections in order to remove the 3D component.

After characterizing the expression levels during development, we aimed to study the
function of CDCA2 in vivo. The idea was to use two techniques: 1) knockdown of the protein
by morpholino microinjection, and 2) knockout of the protein with a mutant line. However,
microinjection is a laborious technique that requires high level of practice and precision, and
in all the trials made, the mortality rate in all the conditions was too high to be able to
conduct any analysis. For this reason, and due to being tight on time, all the efforts were

focused on raising and analysing the mutant zebrafish line.

After raising the eggs received from ZIRC and genotyping them, adult heterozygous fish
were cross to obtain a new generation with CDCA2WT, CDCA27* and CDCA2”". As no major
phenotype was observed by naked eye, and following gene expression, tissue and system

ranks from the online databases mentioned earlier, we identified a few systems that could
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potentially be affected by CDCA2 knockout and performed a few experiments comparing
the three genotypes. In our conditions, CDCA2 knockout did not affect the heart or the
growth of the zebrafish and, even though there seems to be a slight difference in the way
they respond to the dark/light periods, the overall swimming performance, as judged by
distance and speed, was not affected. Surprisingly, despite the high expression levels of
CDCA2 in the ovaries and testis, the fertility of the mutant fish did not seem to be strongly
affected. It is important to notice, though, that during the studies wild type fish were not
able to produce and fertilize as many eggs as the other lines, making the analysis

complicated and difficult to trust.

Nevertheless, the main question about this mutant fish line still remains unclear: does this
mutation affect protein levels? The mutation was produced to generate a stop codon in the
amino acid 16, and therefore protein levels should not be detectable in the mutant lines. As
commented earlier, the lack of antibodies specific for the zebrafish protein make this
qguestion rather difficult to resolve. However, a western blot performed in embryos obtained
from the second generation did not show any difference in any of the bands observed.
However, the specificity and relevance of these bands cannot be guaranteed, and further
experiments to either identify the specific band or prove protein decrease should be
performed. Nonetheless, gene expression levels in the mutant lines are significantly
decreased due to a phenomenon known as non-sense mediated decay, a pathway

conserved among eukaryotes that eliminates mRNA containing premature stop codons.

In all the systems that have been analysed, CDCA2 protein levels follow its mRNA expression
level thus making it plausible that in the homozygotes fish with reduced CDCA2 mRNA level,

the protein will also be depleted.

However, organisms have ways to compensate for protein loss and there are several studies
reporting lack of differences between mutants and gene knockdowns due to genetic
compensation in the mutant lines (Rossi et al., 2015, El-Brolosy, Stainier, 2017, El-Brolosy et
al., 2019). Therefore, it is critically important to be able to knockdown the protein at the
first stages of development by morpholinos to discard any possible genetic compensation
that might account for the no-phenotype in the mutant line. Another interesting approach
would be to sequence the RNA from the wild type and mutated lines to be able to analyse if

there is any genes that upregulate to compensate for the loss of CDCA2.
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Any findings on this aspect are very important, as there are still no phenotypes associated
with CDCA2 in any in vivo model. This is according to the Monarch Initiative, a
bioinformatics web source focused on gathering information that relates genotypes with

phenotypes (Monarch, 2019).

However, if it is really correct that an organism can survive in the absence of CDCA2, this
knowledge will have important applications for human health. As CDCA2 overexpression has
been linked to some types cancers (you need lots of references) and it has been shown that
its depletion in these cancer cell lines leads to apoptosis, the clear demonstration that
CDCAZ2 protein knockout might not have any potential harmful phenotype could point to the

direction of using this protein as target for cancer therapies.
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5. ROLE OF H2A.ZVARIANTS IN
HETEROCHROMATIN REGULATION

122



5.1. Introduction

The importance of specific histones variants as a way of regulating gene expression during
cell cycle progression has been known for a few decades. A well-known histone variant is
H2A.Z, a highly conserved H2A-type variant with important roles during development and
differentiation (Subramanian, Fields & Boyer, 2015). Although several studies have been
conducted to assess the role of this variant, there is still a lot of uncertainty regarding the
link between H2A.Z and gene transcription regulation, since different experimental data
have linked it to both transcriptional repression and activity. H2A.Z is mainly localized at TSS
and enhancers of active and silent genes, but its specific localisation within the gene, as well
as its PTMs, seem to dictate its role on gene expression (Sura et al., 2017, Bargaje et al.,

2012).

Several studies have shown a role of H2A.Z in heterochromatin establishment, and a link
between H2A.Z and HP1 has been suggested in many organisms. For instance, in Drosophila,
mutation of the H2AZ orthologue, H2Av, showed a reduction of the heterochromatic marks
H3K9me2/3 and HP1 during development (Swaminathan, Baxter & Corces, 2005). In
addition, H2Av was shown to interact with HP1, and the loss of this gene resulted in
decreased HP1 binding at centromeres during mitosis, leading to defects on chromosome
segregation and cell proliferation in Drosophila (Verni, Cenci, 2015). Studies in mice showed
that the expression of H2A.Z is switched on during development, it becomes enriched at
pericentric heterochromatin (Rangasamy et al., 2003) but it is excluded from constitutive
heterochromatin in differentiated cells (Sarcinella et al.,, 2007). HPla was found to
preferentially interact with nucleosomes containing H2A.Z in vivo (Rangasamy, Greaves &
Tremethick, 2004, Fan et al., 2004) and H2A.Z-depleted cells presented disrupted HP1a
binding in mouse cells (Rangasamy, Greaves & Tremethick, 2004, Fan et al., 2004). Recently,
Ryan and Tremethick (Ryan, Tremethick, 2018), using nucleosome arrays, showed that
H2A.Z is able to mimic the effect of H3K9me3 by enhancing HP1a binding in vitro, possibly
suggesting that H2A.Z is responsible for maintaining a proportion of HPla bound to

pericentric heterochromatin during mitosis despite H3510 phosphorylation.
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Unpublished data obtained in our lab using a proteogenomic approach coupled to SILAC and
Mass spectrometry to identify histone variants specifically enriched in chromatin capable of
binding to HP1a in vitro, has clearly identified the H2A.Z variant as one of the major features

of such chromatin (Figure 5.1. Histone variants enriched at HP1-bound chromatin regions. A)

Recombinant GST or GST:HPla or GST:SAP18 (a chromatin binding protein non-associated with HP1 used as
control) were incubated with HelLa nucleosomes (see procedure in De Castro et al., 2017) labelled with heavy
amino acids. The calibration input (I) was labelled with light amino acids in order to allow to calculate
enrichment quantification by mass spectrometry. The yellow boxes indicate the regions from each pull down
that were cut out and sent for mass spectrometry analyses together with the same region from the Light Input.

M=Molecular weight marker; E= glutathione elution; U= unbound. B) Histones enrichment over GST for HP1

and SAP18. C) Comparison of the enrichment in the HP1 fraction over SAP18Figure 5.1). Another histone
enriched on HPla-chromatin was H3.3, a marker for active chromatin. A study from van
Steensel lab (de Wit et al., 2007) showed that although nonpericentric genes with low levels
of HP1 showed strong enrichment of H3.3 along the entire transcription unit, pericentric
genes with high HP1 levels presented an enrichment of H3.3 levels just upstream of the TSS.
Also, the link between H2A.Z and H3.3 is well established and H3.3 has been shown to be
colocalized with H2A.Z at active promoters and many other regulatory regions (Jin et al.,
2009, Chen et al., 2013, Chen et al., 2014), which might explain the enrichment of H3.3 on

HPlo-chromatin.
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Figure 5.1. Histone variants enriched at HP1-bound chromatin regions. A) Recombinant GST or GST:HP1a or
GST:SAP18 (a chromatin binding protein non-associated with HP1 used as control) were incubated with Hela
nucleosomes (see procedure in De Castro et al., 2017) labelled with heavy amino acids. The calibration input (l)
was labelled with light amino acids in order to allow to calculate enrichment quantification by mass
spectrometry. The yellow boxes indicate the regions from each pull down that were cut out and sent for mass
spectrometry analyses together with the same region from the Light Input. M=Molecular weight marker; E=
glutathione elution; U= unbound. B) Histones enrichment over GST for HP1 and SAP18. C) Comparison of the

enrichment in the HP1 fraction over SAP18.
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In vertebrates, H2A.Z is present as two variants: H2A.Z.1 (encoded by the H2AFZ gene) and
H2A.Z.2 (encoded by the H2AFV gene). They only differ in three amino acids, they are
distributed similarly around the nucleus and they are subjected to the same PTMs.
However, they present some differences in their 3D structures, genome localization and
tissue distribution (Dryhurst et al., 2009, Horikoshi et al., 2013). Although some studies have
been conducted in the attempt of analysing possible distinct roles for H2A.Z.1 and H2A.Z.2
(Faast et al., 2001, Matsuda et al., 2010, Dunn et al., 2017, Dryhurst et al., 2009) and seem
to indicate that the two isoforms have different properties, the majority of the research on
H2A.Z still does not distinguish between the two variants. In particular there are no clear

studies evaluating their distinct roles during cell cycle and chromatin organisation.

Certainly, many of the discrepancies found on transcriptional regulation might be clarified
by distinguishing between the two variants, and it will clearly direct us to a better
understanding of epigenetic regulation. H2A.Z overexpression has been observed in many
cancers; therefore, unravelling the specific individual functions will also be critical if we can
consider the possibility of H2A.Z as target for cancer therapy. By knowing which variant is
involved and its specific role will surely help in optimising drug efficiency. In this chapter, |
aimed to analyse the individual roles of H2A.Z.1 and H2A.Z.2, if any, on several aspects of

heterochromatin regulation and cell cycle progression.
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5.2. Results

5.2.1. H2A.Z.1 and H2A.Z.2 knockdown

In order to knockdown each H2A.Z variants independently, two siRNA (from Sigma Aldrich,
Table 2-1) targeting different regions of each H2A.Z variant were used. The Hela GFP:HP1a
cell line was transfected with the JetPrime® reagent for 72h with each siRNAs and the
H2A.Z.1 or H2A.Z.2 gene expression levels were analysed by quantitative PCR (gPCR) (Figure
5.2.A,B). In each case, only one of the siRNA used was able to significantly knockdown the
gene of interest (siRNA2 for H2A.Z.1 and siRNA1 for H2AZ.2) therefore these SiRNAs were
chosen for the rest of the experiments designed to analyse individual histone variant
function. In order to prove that the siRNAs were specific for each histone variant, the cDNA
was re-analysed by qPCR using primers for both H2A.Z variants; both siRNAs were indeed
specific for each H2A.Z variant (Figure 5.2.C). These results were later confirmed with the
RNA sequencing data (Figure 5.2.D), explained later. All the data taken together clearly
demonstrate that | can significantly reduce the mRNA level of each variant without affecting

the expression of the other.

In order to test that the siRNA knockdown was also efficient at protein level, | analysed the
siRNA-treated cells by western blot. Unfortunately, there are not known commercial
antibodies specific for each variant. | first used an H2A.Z antibody that was already available
in the lab (CST, 2718). However, in the data sheet, there was neither specification regarding
which H2A.Z variant this antibody recognizes nor information about the antigen used. The
results suggest that this antibody preferentially recognizes variant H2A.Z.1; in fact, in
H2A.Z.1-depleted cells, where H2A.Z.2 remains expressed, no band is identified. On the
contrary, in H2A.Z.2-depleted cells, where H2A.Z.1 is still expressed, a band at 17KDa is
observed (Figure 5.2.E). This band is fainter than the one in the control sample, which might
indicate that H2A.Z.1 is also slightly downregulated in H2A.Z.2-depleted cells, as seen in the
gPCR analysis as well, although the difference seems not to be significant. | later acquired

another antibody that should recognize specifically H2A.Z.2, although at the conditions
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tested, the antibody did not work. These results seem to indicate that there is a decrease
also at protein level but also point toward the need of generating more specific antibodies

for the community to conduct further studies.
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Figure 5.2. Validation of the H2A.Z siRNA-mediated knockdowns. The knockdown efficiencies for siRNA
targeting either H2A.Z.1 or H2A.Z.2 were examined in HeLa GFP:HP1 cells. A) Expression levels of H2A.Z.1 after
transfection with two different oligonucleotides against H2A.Z.1 (H2A.Z.1 SiRNA1 and H2A.Z.1 SiRNA2). Error
bars indicate standard deviation between three biological replicates. B) Expression levels of H2A.Z.2 after
transfection with two different oligonucleotides against H2A.Z.2 (H2A.Z.2 SiRNA1 and H2A.Z.2 SiRNA2). Error
bars indicate standard deviation between three biological replicates. C) Expression levels of H2A.Z.1 and
H2A.Z.2 after transfection with the siRNA from A and B, in order to check for variant specificity. Error bars
indicate standard deviation between three biological replicates. D) Average expression value of the two
variants in H2A.Z.1 and H2A.Z.2-depleted Hela GFP:HPla. cells after RNA sequencing analysis (FPMK:
Fragments Per Kilobase Million). Error bars indicate standard deviation between three biological replicates.
Student t test was used for the statistical analyses. E) H2A.Z protein expression of the individual and double

(DKD) knockdowns. Anti-tubulin antibody was used as a reference.
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5.2.2. Analyses of the effect of H2A.Z.1 or H2A.Z.2 depletion on

HPla localisation

In order to analyse the effect of H2A.Z.1 and H2A.Z.2 individually on heterochromatin
maintenance, | first analysed the HPla localization in the Hela GFP:HP1a cell line upon
knockdown of H2A.Z.1 and H2A.Z.2. Depletion of H2A.Z.2 but not of H2A.Z.1 decreased the
number of HP1a foci in the interphase nuclei (Figure 5.3.A,B). In order to prove that this
effect on HP1 was not due to an off-target effect of the SiRNA, | have conducted rescue
experiments using an oligo-resistant RFP:H2A.Z.2 plasmid. However, the usual set up for a
rescue experiment (1ug of DNA) was highly toxic for the cells (Figure 5.4) and the conditions
needed to be adjusted to determine a non-toxic concentration to use for the rescue
experiment. In this condition, the number of HPla foci was not rescued by the
overexpression of an oligo-resistant RFP:H2A.Z.2 plasmid (Figure 5.3.C). These results could
mean that the HP1 mislocalisation is an off-target effect of the siRNA but it might also be
that the concentration used or the timing of expression was not sufficient to rescue the
HP1a foci. It could also be that H2A.Z.2 overexpression results in the same phenotype, with
altered HPla distribution, and the rescue conditions should be optimized. In order to
confirm the results, | used another siRNA targeting H2A.Z.2 and obtained the same

phenotype as in the previous siRNA used

As HP1 foci reform in G1 after each cell division, a block in early G1 could have an indirect
effect on the foci formation. To discard a possible defect caused by an impaired cell cycle
progression, | performed fluorescence-activated cell sorting (FACS) analysis on both H2A.Z.1
and H2A.Z.2 depleted cells. Although H2A.Z.2-depleted cells did not present any cell-cycle
difference compared to the control, H2A.Z.1-depleted cells showed a significant increase of
cells in G1 phase followed by a decrease of S phase cells, indicating a possible defect on cell
cycle progression (Figure 5.5. A-D). | corroborated this phenotype by analysing the
percentage of mitotic cells in each knockdown condition. Although both knockdowns
showed a decrease in the number of mitotic cells, it was considerably more significant in the

case of H2A.Z.1-depleted cells (Figure 5.5.E).
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Figure 5.3. H2A.Z.2, but not H2A.Z.1, is possibly involved in heterochromatin maintenance. A) HeLa GFP:HP1
were transfected for 72h with a control siRNA and the successful siRNA against H2A.Z.1 or H2A.Z.2. Scale bar:
10um. B) Quantification of the number of cells presenting more than five HP1 foci from experiment in A. Four
replicates were analysed for the statistical test (chi square). C) HeLa GFP:HP1 cells treated with H2A.Z.2 siRNA
were transfected with a RFP:H2A.Z.2.1 plasmid resistant to the siRNA and the HP1 foci were analysed as in B.
Three replicates were analysed for the statistical test (chi square). Error bars indicate standard deviation. D)
Hela GFP:HP1 were transfected with another H2A.Z.2 siRNA (si3) and the HP1 foci were analysed. N: the total

number of cells analysed.
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Control RFP:H2AZ.2.1 1ug RFP:H2AZ.2.1 500 n RFP:H2AZ.2.1 100

Figure 5.4. Overexpression of H2A.Z.2.1 is toxic for the cells. Starting from left to right, HeLa GFP:HP1a cells
were transfected with a control siRNA, and decreasing concentrations of RFP:H2A.Z.2.1 (1ug, 500ng and
100ng) to determine a non-toxic concentration to use for the rescue experiment. Phase contrast (grey) and

fluorescence representative images of the transfection. Red cells indicate transfection of the RFP:H2A.Z.2.1

plasmid.
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Figure 5.5. Cell cycle progression on H2A.Z knockdowns. Hela cells transfected with either a control siRNA
(A), H2A.Z.1 siRNA (B) or H2A.Z.2 siRNA (C) were analysed by flow cytometry. D) The frequency of cells on each
cell cycle phase was recorded as an average of two experiments and presented on a table. Two replicates were
counted for the statistical analyses (t test). E) The cells were analysed on a microscope and the number of cells
in mitosis was counted and represented as a percentage of the total number of cells (mitotic index). Statistical
analysis (chi square) from the result of three independent biological replicates. Error bars indicate standard

deviation between three replicates. N: the total number of cells analysed.
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5.2.3. Role of H2A.Z.1 and H2A.Z.2 on chromosome segregation

Published work has linked H2A.Z to chromosome segregation fidelity in yeast (Yamamoto et
al., 2019) and in mammalian cells (Rangasamy et al., 2004). | therefore wanted to analyse
this parameter in the individual isoforms knockdown to see if any or both isoforms were
important for this aspect of cell division. A very prominent feature of the H2A.Z.2-depleted
cells was the presence of micronuclei (MN) (Figure 5.6.A), small nuclei formed when a
chromosome or a fragment of a chromosome fails to be incorporated into the main cell
nuclei after mitosis. The most common cause of MN formation is the presence of chromatin
bridges or lagging chromosomes clearly visible during anaphase (Utani et al., 2010) (Figure
5.6.B); thus, | counted both the percentage of anaphases with chromatin bridges and the
total of cells with MN. H2A.Z.2 siRNA transfection led to an increase in the number of
chromosome bridges and MN (Figure 5.6.C,D) compared to the control. To prove that this
phenotype was actually due to a decrease of H2A.Z.2, | co-transfected the cells with an
oligo-resistant H2A.Z.2.1 and H2A.Z.2.2 plasmid. Both H2A.Z.2 isoforms were able to rescue
the MN phenotype (Figure 5.6.E), indicating that the formation of MN is due to a depletion
of H2A.Z.2. In this case, the phenotype was more pronounced than in the case of HP1, which
might explain why in this case the plasmids were able to rescue the phenotype. The
presence of MN could be the result of either chromosome mis-segregation or DNA damage
that results in double-strand breaks (DSB) and the production of chromosome fragments. In
order to understand the most possible cause of this phenotype, | have analysed the

progression through mitosis and the nature of the MN.

It has been shown that mitotic delays are often associated with chromosome segregation
errors (Daum et al., 2011, Worrall et al., 2018) that might ultimately lead to the formation of
MN. Although | did not observed an increased mitotic index that could indicate a delay in
progressing through mitosis, | wanted to evaluate if, within the mitotic population, there
was an aberrant distribution of mitotic phases. | therefore counted the percentage of cells
at each stage of mitosis. Although there was a slight increase of the number of cells in
anaphase, this difference was not significant, indicating that mitotic progression is not
altered upon H2A.Z knockdown and cannot account for the chromosome segregation errors

observed (Figure 5.7.A). However, a compromised Spindle Assembly Checkpoint (SAC) could
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also be compatible with a lack of mitotic arrest and a progression through mitosis even in

the presence of incorrect chromosome attachments.

In order to analyse whether the lagging chromatin and MN were due to missegregation
errors, | used a stable cell line that expresses YFP:CENP-A. CENP-A is a histone H3 variant
present at the centromeres that has been shown to be important for kinetochore assembly
and chromosome segregation (Régnier et al., 2005, Allshire, Karpen, 2008, Catania, Pidoux &
Allshire, 2015). | depleted H2A.Z.2 in this cell line and analysed the presence of CENP-A in
the lagging chromosomes and the MN. As seen in Figure 5.7.B, the majority of the MN have
a CENP-A signal indicating that they possibly contain chromosomes rather than DNA
fragments. Some MN presents a single CENP-A signal (indicating the presence of only one
sister chromatid), some present two CENP-A signals (indicating both sister chromatids are
missegregated), and some have no signal (indicating some sort of DNA damage). It would be
interesting to quantify exactly the percentage of MN with each CENP-A signal in order to
extract more accurate conclusions. | have also analysed the mitotic figures where only few
chromosomes were mis-aligned. In this case there are both chromosomes with two CENP-A
signals and also single chromatids (with a single CENP-A signal) as sister chromatid
separation had occur prematurely. This phenomenon of asynchronous chromatid separation
is known as cohesion fatigue, and the balance between pulling microtubule forces and
interchromatid cohesion plays a critical role. In order to address this, | have also analysed
chromosome spreads and noticed that in some H2A.Z.2-depleted cells, sister chromatids are
already separated (Figure 5.7.C) similarly to the depletion of cohesin. This indicates that in
H2A.Z.2-depleted cohesion is not maintained, leading to premature chromosome

segregation and consequently misaligned chromatin and MN formation.
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Figure 5.6. H2A.Z.2 knockdown leads to chromosome segregation defects. A) Image of Hela cells depleted of

H2A.Z.1 and H2A.Z.2 showing the presence of micronuclei (white arrows). Scale bar: 10um. B) Example of a

normal anaphase (top panel) and a chromatin bridge (lower panel). Scale bar: 10um C) Graph showing the

number of chromatin bridges on anaphase cells (as in B lower panel) over the total number of anaphases from

experiment A. D) Graph showing the percentage of cells with MN over total number of cells from experiment

A. E) Percentage of cell with MN over total number of cells in H2A.Z.2-depleted cells after rescue with

RFP:H2A.Z.2.1 or RFP:H2A.Z.2.2. Error bars show standard deviation. Chi square statistical test between three

replicates (except rescue with RFP:H2A.Z.2.2, where only one replicate was analysed). N: total number of cells

analysed.
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Figure 5.7. H2A.Z.2 knockdown results in cohesin impairment. A) Percentage of cells on each stage of mitosis
over the total of cells in mitosis. N: total number of cells analysed. B) HeLa YFP:CENP-A cells were transfected
with H2A.Z.2 siRNA and the presence of CENP-A in lagging chromosomes and in MN was observed. Scale bar:
5um. C) Chromosome spreads from Hela cells treated with control or H2A.Z.2 siRNA. At the bottom,
amplification of an example of a joined pair of sister chromatids (left) and separated sister chromatids (right,

after H2A.Z.2 siRNA transfection). Scale bar: 5um

136



5.2.4. H2A.Z.2.1 regulates nuclear morphology

During the analyses of the H2A.Z siRNA, | observed prominent defects in nuclear shape in
H2A.Z.1-depleted cells, therefore | analysed the circularity of the nuclei. This phenotype was
highly significant and only associated with H2A.Z.1-knockdown cells, but not with H2A.Z.2-
depleted cells (Figure 5.8.A). The nuclear circularity was fully rescued by co-transfection
with a siRNA-resistant H2A.Z.1:GFP plasmid (Figure 5.8.B), indicating that it is a real
phenotype due to the depletion of the histone variant H2A.Z.1. As the nuclear lamina and
the nuclear pore complexes (NPCs) play crucial roles in determining the nuclear shape, | also
wanted to analyse if these Nuclear Envelope components presented defects. | therefore
stained the cells with lamina A/C and mAb414 (an antibody that recognizes a set of NPC
proteins) antibody, although none of them seemed to be affected by H2A.Z.1 depletion
(Figure 5.8.C,D).

A defect in morphology could also be caused by a compromised heterochromatin
organisation present at the nuclear periphery. | therefore set out to analyse the effect of

H2A.Z depletion on chromatin using several epigenetic markers as readouts.
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Figure 5.8. H2A.Z.1 knockdown results in aberrant nuclear shape. A) Nuclear circularity from cells transfected
with H2A.Z.1 and H2A.Z.2 siRNA was analysed using the Nikon software ElementAS. B) The circularity from
Hela H2A.Z.1-depleted cells were rescued with an H2A.Z.1si-resistant plasmid. For both A and B, Mann-
Whitney U test was used for the statistical analysis between three biological replicates. N: the total number of
cells analysed. C,D) Hela cells were transfected with control or H2A.Z.1 siRNA for 72h and stained for Lamin

A/C (C) or a subset of nuclear pore complexes (mAb414) (D). Scale bar: 10um
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5.2.5. H2A.Z depletion compromises the repressive chromatin

landscape

In order to study the chromatin landscape upon H2A.Z depletion, | treated Hela cells with
each H2A.Z isoforms siRNA and stained for well-known heterochromatin markers: H3K9me3
and H3K27me2/3. H3K9me3 acts as an anchoring site for HP1a, thus | wondered whether
H3K9me3 levels were also disrupted upon H2A.Z.2 depletion. In fact, this seems to be the
case: H3K9me3 levels are significantly decreased in H2A.Z.2-depleted cells (Figure 5.9.A,B)
but not in H2A.Z.1 siRNA. Although a Western Blot should have been performed to confirm
the results, this observation could suggest that H2A.Z.2 incorporation in some chromatin
sites is upstream of the H3K9me3 modification, or that H2A.Z.2 might stabilize the H3K9me3

mark on specific chromatin areas.

As H3K9me3 accumulates at the nuclear periphery (NP), we analysed whether its
distribution around the nucleus was also impaired. However, | did not observe any changes
in the enrichment of H3K9me3 around the NP in either variant siRNA, indicating that
H3K9me3 distribution around the nucleus remains intact (Figure 5.9.C). This observation
also rules out that the defect in nuclear morphology observed in H2A.Z.1 siRNA could be
caused by a defect in the lamina-associated heterochromatin distribution. | also analysed
the levels of H3K27me2/3, another heterochromatin marker. Surprisingly, H3K27me2/3
levels seem to increase upon depletion of either H2A.Z.1 or H2A.Z.2 (Figure 5.9.D),

indicating that H2A.Z variants affect the chromatin landscape in different ways.
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Figure 5.9. H2A.Z.1 and H2A.Z.2 have different effects on repressive chromatin. A) HeLa GFP:HP1 cells were
transfected with H2.A.Z.1 or H2A.Z.2 siRNA and stained for H3K9me3. B) Graph showing the intensity cy3
signal (H3K9me3) from cells in A obtained using the Nikon software ElementAS. C) Graph showing the
enrichment of H3K9me3 intensity at the nuclear periphery. D) HeLa GFP:HP1a. were transfected as in A and
stained for H3K27me2/3 and the intensity signals were measured as in B. Error bars represent standard

deviation. Four replicates were counted for each statistical test (Mann-Whitney U test). N: the total number of

cells analysed.
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5.2.1. Distinct roles of the H2A.Z.1 and H2A.Z.2 variants on gene

expression

From what we have learned so far, the two variants seem to have distinct roles in organising
chromatin structure and function. However, some reports (Dryhurst et al., 2009) claim that
their distribution in the genome is very similar. Therefore, | wanted to ask the question if
their down-regulation could have different outcomes in the transcriptional programme. In
order to analyse the effect on gene expression caused by depletion of each H2A.Z variant,
Hela cells were transfected with the siRNAs against H2A.Z.1 or H2A.Z.2 individually and in
parallel with a control siRNA; the RNA was extracted and then sent to sequence. Three

biological replicates were used.

The first analyses of the correlation between the three biological replicates detected a very
low correlation coefficient (R value) between some replicates (Figure 5.10). However, a
more careful analysis of the data revealed that there were three genes that appear to have
an abnormal high value. These genes (MIR4767 in control 1, MT-TL1 in Control and
H2A.Z.2si 2, and SNORD100 in control 3) were then removed from the analysis and the
correlation was re-assessed. This time, the three biological replicates had a high correlation

coefficient (Figure 5.11).
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Figure 5.10. Biological replicates present low correlation coefficient. HelLa cells were transfected with a
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Figure 5.11. Correlation between replicates after removing outliners. The graph shows the correlation

coefficient (R) values between samples after removing the three aberrantly high values.
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The data obtained shows a clear difference on the gene expression pattern between the
variants. | first analysed the number of up/downregulated genes in each conditions and
their overlap in the two variants knockdown (Figure 5.12.A,B). Upon H2A.Z.1 depletion, 150
genes are downregulated (p<0.01) and 109 genes are upregulated, whereas in H2A.Z.2-
depleted cells 92 genes are downregulated and 122 upregulated. Among the downregulated
genes, only 5 are found in both H2A.Z.1 and H2A.Z.2 depleted cells, while among the
upregulates genes, only 13 are shared between the variants. This clearly shows a huge
difference on gene expression regulation between the variants. Using a STRING analysis, |
found a high protein-protein interaction (PPI) enrichment (p=10) on the downregulated
genes of H2A.Z.1 depleted cells. Most of these genes were associated with gene ontologies
(GO) associated with cell division and mitosis (Figure 5.12. C,D). This analysis strongly
corroborate my data on a cell G1 cycle delay, suggesting a role of H2A.Z.1 in cell cycle

regulation.

Using the RNAseq data, | also analysed if the down-regulated gene were clustered on
specific chromosomes. | calculated the frequency of genes on each chromosome (gene
density, in grey) and the frequency of altered genes for each chromosome (Figure 5.12.E).
The data suggests that chromosomes 1 (p<0.05), 9 (p<0.05), and 17 (p<0.05) are more

affected by H2A.Z depletion than the other chromosomes.
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Figure 5.12. RNA sequencing analysis. A) Venn diagram of down (left) and up (right) regulated genes in
H2A.Z.1 and H2A.Z.2 depleted cells compared to the control. Only genes with p<0.01 were included. B) Venn
diagram of up and downregulated genes combined together. C) STRING analysis of protein interactions of
downregulated genes in H2A.Z.1 depleted cells. Genes with enriched functions have been highlighted as in
figure legend D. D) Table showing the gene ontology (GO) descriptions for the enrichments detected, with the
corresponding number of genes present in the STRING analysis out of the total number of genes found under
that GO description. E) Frequency of altered genes per chromosome in H2A.Z.1 (blue) and H2A.Z.2 (red)

depleted cells, as well as the gene density for each chromosome (grey).
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5.2.2. Is H2A.Z sufficient to drive de novo heterochromatin

assembly?

Since the data | have obtained on H2A.Z.2 depletion seems to suggest that this histone
variant is upstream of H3K9me3 modification, | wanted to test if the recruitment of H2A.Z.2
at a specific locus is sufficient to establish heterochromatin. To this purpose, | transfected
DT40 cells carrying a LacO array inserted at a single chromosomal locus (Vagnarelli et al.,
2011) with YL1, the H2A.Z chaperone, fused to GFP:Lacl. As a control | used an established
DT40 stable cell line expressing GFP:Lacl. By analysing the enrichment of the H2A.Z antibody
on the LacO/Lacl locus, | could confirm that YL1 fusion protein was able to recruit H2A.Z
(Figure 5.13. A, B). | also wondered whether YL1 was a chaperone for both H2A.Z.1 and
H2A.Z.2, as to our knowledge there are no studies addressing this question. | therefore co-
transfected the DT40 LacO cells with GFP:Lacl:YL1 and RFP:H2A.Z.1 or RFP:H2A.Z.2 and
guantified the enrichment. The data shows that YL1 is able to recruit both H2A.Z variants to

the same extent (Figure 5.13.C,D).

To analyse whether H2A.Z was sufficient to recruit other heterochromatin marks and form
heterochromatin, we stained the DT40 LacO cells transfected with GFP:Lacl:YL1 with either
HP1la, H3K9me3 or H3K27me2/3. In our system, YL1 was not able to recruit any of these
heterochromatin markers (Figure 5.13.E). This could be due to the fact that YL1 is able to
recruit both variants to the same extent and, as they have different roles, co-recruitment of
both might not be sufficient to nucleate heterochromatin. It could also be that, although we

see accumulation of H2A.Z to the LacO locus, H2A.Z is not loaded onto the chromatin.

To test this hypothesis, | performed immune-fiber FISH experiments to see co-localization
between H2A.Z and the LacO arrays in more depth. Similar to the previous experiments, |
analysed the enrichment of H2A.Z staining on the LacO (with LacO probe) although this
time, due to the chromatin fibers, | could precisely analyse the levels of H2A.Z on chromatin
containing LacO arrays. | first checked if the procedure itself maintains or not the chaperone
linked to the chromatin. | performed fiber FISH without immunostaining and analysed

whether the cells still contained GFP. However, the GFP fluorescence was not observed,
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concluding that the chaperone was removed from the chromatin. This was essential to avoid

a mis-interpretation of the results after immunostaining.

Although the FISH was very efficient in those samples, the fiber stretching and/or the IF
were not very consistent and limited the ability of analysing a sufficient number of fibers.
Despite the limited analyses, the majority of the fibers do not have a specific enrichment for
H2A.Z that follows the FISH signal (the enrichment follows the DAPI) (Figure 5.14. A-C). Only
in one case | could see the H2A.Z staining following the signal of the FISH probe
independent from the DAPI (Figure 5.14.D). Although more experiments should be
conducted to obtain a firm conclusion on this aspect, the fact that the majority of fibres
were not showing a positive correlation could point towards the fact that just recruiting the
chaperone to the locus is not sufficient to drive active incorporation of the variant with high
efficiency. Another method to test wheter H2A.Z recruited via YL1 is loaded into the
chromatin would be using a microccocal nuclease to obtain only nucleosomes and heck for

the presence of H2A.Z.
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Figure 5.13. YL1 is sufficient to recruit H2A.Z.1 and H2A.Z.2. A) DT40 LacO cells were transfected with
GFP:Lacl:YL1 and stained for H2A.Z. A stable GFP:Lacl DT40 cell line was used as a control. Scale bar: 5um. B)
Enrichment of H2A.Z at the LacO locus against another random locus on the nucleus of the cell was analysed.
C) DT40 LacO cells were co-transfected with RFP:Lacl:YL1 and GFP:H2A.Z.1 or GFP:H2AZ.2. D) Enrichment of
RFP signal at the LacO locus from experiment in C. Only one biological replicate was analysed. E) Enrichment of
HP1, H3K9me3 and H3K27me2/3 at the LacO locus after GFP:Lacl:YL1 transfection of DT40 LacO cells. Three

biological replicates (only one in section E) were counted for the statistical test (Mann-Whitney U test).
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Figure 5.14. H2A.Z is not fully incorporated onto the chromatin by YL1. A-D) Extended DNA fibers from DT40
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LacO9 cells transfected with GFP:Lacl:YL1 were used to analyse H2A.Z incorporation onto the chromatin. Fibers
were stained with H2A.Z (green) and hybridized with a LacO probe (red). A’-D’) A line was drown on top of the
hybridized fibers and the intensity of the three channels was analysed. Black arrows indicate an example of a

colocalization of H2A.Z and LacO when DAPI intensity is decreased.
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5.1. Discussion

Histone variants play crucial roles in many aspects of cell biology, including gene expression
and chromatin organization. H2A.Z has been involved in gene expression activation and
repression, and its role on heterochromatin establishment and maintenance have been
studied by several groups (Rangasamy et al., 2003, Rangasamy, Greaves & Tremethick,
2004, Fan et al., 2004, Swaminathan, Baxter & Corces, 2005, Sarcinella et al., 2007, Ryan,
Tremethick, 2018). However, very little is known about the individual roles of the two H2A.Z

variants, H2A.Z.1 and H2A.Z.2.

In order to study the individual roles, H2A.Z.1 and H2A.Z.2 were depleted independently
using specific siRNAs. H2A.Z has been previously linked to HP1a, and it has been suggested
that HP1a binds preferably to H2A.Z-containing nucleosomes and that H2A.Z-deficient cells
disrupt HP1ow binding to chromatin (Fan et al., 2004, Rangasamy, Greaves & Tremethick,
2004). However, none of the previous studies distinguishes between the two H2A.Z variants.
Therefore, | wondered whether there were any differences between the two H2A.Z variants
in regards to HP1a distribution. | used the Hela GFP:HP1 cell line and analysed the HP1a
foci; in my analysis, only H2A.Z.2 downregulation decreased the number of HPla foci,

suggesting a role of H2A.Z.2, but not H2A.Z.1, on heterochromatin regulation.

HP1 is dissociated from the chromatin during mitosis and it needs to reform in G1 (de Castro
et al., 2016), thus an arrest in G1 might have an indirect effect on the HP1 foci reformation.
Cell cycle sorting cytometry analysis did not show any impairment in cells depleted for
H2A.Z.2. However, H2A.Z.1 depleted cells showed a significant increase on cells in G1 phase
followed by a decrease on S phase cells, indicating a possible role of H2A.Z.1 on cell cycle
progression. This was also corroborated by the decrease on the number of mitotic cells in
H2A.Z.1 depleted cells, and by the RNA sequencing analysis, in where a variety of cell cycle-
related genes where downregulated upon H2A.Z.1 knockdown. Recent studies have
reported H2A.Z.1, but not H2A.Z.2, as an oncogene overexpressed in several types of
cancer, including liver cancer (Yang et al., 2016) and neuroblastoma. Yang and colleagues
showed that in liver cancer cells, depletion of H2A.Z.1 resulted in a decrease of several

proteins that promote cell cycle progression, as well as the upregulation of some negative
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cell cycle regulators (Yang et al., 2016); the majority of proteins analysed in the study were
also up or downregulated, accordingly, in our RNA sequencing analysis. Other cancers (Hua
et al., 2008) have been linked to overexpression of H2A.Z, although there was not

distinction between the variants.

On the other side, H2A.Z.2 depleted cells presented a high percentage of cells with
micronuclei (MN) and chromatin bridges, resulting from some mis-segregation defects. In
order to understand the nature of MN | analysed the presence/absence of a centromeric
protein, CENP-A, on the misaligned chromatin and MN. Although not fully quantified, my
experiments indicated that MN are formed from lagging chromatin resulting from defects in
chromatin segregation, rather than from DNA damage, as the majority of lagging chromatin
had either one or two CENP-A signals (indicating that the chromosome or the sister
chromatid remains intact). Cohesin is a protein complex that acts as a regulator of
chromosome segregation, as it blocks sister chromatids separation until kinetochores are
not attached to the microtubules. Thus, defects in cohesin have been reported to lead to
defects in mitotic progression and metaphase chromosome alignment (Michaelis et al.,
1997, Vass et al.,, 2003, Vagnarelli et al., 2004). By blocking cells in prometaphase with
nocodazole and making chromosome spreads, | was able to observe that sister chromatid
cohesion is impaired in H2A.Z.2-depleted cells, indicating that the chromosome mis-
alignment defects are due to defects in the cohesin complex. It has been shown that HP1
localizes at the centromeres where it interacts with several centromere and kinetochore
complexes (Inoue et al., 2008, De Koning et al., 2009). HP1 at the centromeres is necessary
for the recruitment of cohesin to the centromere in fission yeasts and mammals (Nonaka et
al.,, 2002, Yi et al., 2018) and it prevents chromosome segregation defects. As HP1
maintenance is compromised in H2A.Z.2-depleted cells, we hypothesise that H2A.Z.2
depletion may disrupt HP1a interaction at the centromere during mitosis, compromising the
retention of cohesin at the centromeres and resulting in premature sister chromosome
separation and misalignment of chromosomes. It would be interesting to test if this is the
case by quantifying the level of HP1a or Shugoshin at the centromere in H2A.Z.2-depleted

cells.

H2A.Z.1-depleted cells seem to struggle to maintain its nuclear shape. Alterations of the

nuclear morphology are observed in some physiological processes, like cell differentiation,
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as well as in some diseases like cancer and laminopathies. Although the lamina and the
nuclear pore complexes (NPC) are crucial elements to support a proper nuclear shape
(Schirmer, Guan & Gerace, 2001, Wiesel et al., 2008), neither the lamina nor the NPC were
altered upon H2A.Z.1 depletion. Cytoskeleton forces might also trigger changes in the
nuclear morphology (Olins, Olins, 2004, Lammerding et al.,, 2005, Zhang et al., 2007,
Versaevel, Grevesse & Gabriele, 2012, Kim, Wirtz, 2015). Although a mild link between the
Drosophila H2A.Z orthologue, H2A.V, and microtubules have been made (Verni, Cenci,
2015), it might be interesting to analyse some cytoskeleton proteins in the H2A.Z.1-depleted
cells. Finally, the degree of chromatin condensation as well as the histone modifications also
determine the nuclear morphology independently of the lamina (Li et al., 2014, Stephens et
al., 2018). Although H2A.Z.1 depletion does not appear to alter the HP1 foci, it does show an
increase on the levels of H3K27me2/3, which might indicate some degree of alteration on
chromatin organization. An interesting experiment would be to analyse the localization of
some chromosomes by fluorescence in situ hybridization (FISH) to check for possible defects
in chromosome spatial distribution upon H2A.Z.1 depletion. Most downregulated genes in
the H2A.Z.1-depleted cells were located in either chromosome 1, 9, 17 and 22, thus it would
be good to start studying the localization of these chromosomes in particular and see if

there is any alteration.

My data indicate that H2A.Z.2 knockdown significantly decreases the levels of H3K9me3. A
collaboration between H2A.Z and H3K9me3 to regulate HP1la binding to chromatin has
already been reported (Ryan, Tremethick, 2018) although again, there is no distinction
between the two H2A.Z variants. | therefore hypothesise that H2A.Z.2 depletion might
somehow impede H3K9 methylation, decreasing the ability of HP1o to bind chromatin.
H2A.Z was also seen to strongly correlate with H3K27me3, due to the fact that H2A.Z
enhances PCR2-mediated H3K27 methylation (Dai et al., 2017, Wang et al., 2019). However,
when | analysed the levels of H3K27me3, those were significantly increased upon individual
knockdown of both variants. Although some aspects might differ from other studies, |
clearly show that both variants affect chromatin in distinct ways and should be therefore
studied separately. These differences between variants might be able to account for the

differences observed on gene expression within the H2A.Z literature.
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| next wondered whether H2A.Z alone is sufficient to assemble heterochromatin in H2A.Z-
rich regions using DT40 cells carrying a LacO array inserted in the genome (Vagnarelli et al.,
2011). YL1 was able to recruit H2A.Z to the LacO sites although it did not seem to be able to
load H2A.Z to the chromatin efficiently. This could explain why any of the other
heterochromatin marks tested (HP1a, H3K9me3, and H3K27me3) was enriched at the LacO
locus. YL1 has been reported to be the H2A.Z chaperone although, to our knowledge, there
is no data reporting whether it is able to recruit both H2A.Z variants. The experiments here

presented indicate that YL1 is a chaperone for both H2A.Z.1 and H2A.Z.2.

Overall, these results clearly show a difference on both H2A.Z variants on different aspects
of cell biology and gene expression, and they highlight the importance of studying both
variants independently, especially if the research community aims to use H2A.Z as a target

for cancer therapy.

153



6. DISCUSSION
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During the last few decades chromatin structure and dynamics has become a key area of
study due to its relevance in many biological processes, including gene expression. The role
of epigenetics on chromatin organization is well known, and it has arisen as an important
focus of research because of its link to several diseases, including cancer, obesity,
cardiovascular and autoimmune diseases. Many molecules have been shown to control the
epigenome and thus chromatin structure, although there is still a lack of knowledge on the
different pathways that converge to precisely regulate chromatin organization and the
transcription programme in each cell type in complex organisms. Therefore, models to
improve the identification of factors and mechanisms relevant to epigenetic alterations are
required in order to speed up the so-much-needed knowledge in this area and provide tools
to be able to manipulate these events in cases where this regulation becomes aberrant,
such in cancer, or when there is need to generate IPSCs (induced pluripotent stem cells) or

other specific and clinically-relevant cell lineages.

The aim of this project was to expand our current basic science knowledge on the
mechanisms that maintain heterochromatin in development and adulthood.
Heterochromatin refers to the tightly packed and transcriptional inactive type of chromatin
that is established in early development and needs to be maintained throughout cell
divisions to ensure proper cell function. A key marker used to study heterochromatin
organization is HP1 (heterochromatin protein 1), a protein that binds di- and tri-methylated
H3K9 during interphase and promotes heterochromatin formation (Lachner et al., 2001,
Strom et al., 2017, Larson et al., 2017). However, the regulation of this process has been
shown to be very complex, and many proteins have emerged as regulators of HP1-H3K9me3
binding and heterochromatin formation. For instance, HP1 is subject to several PTM that
can influence its binding to the chromatin, thus all the proteins responsible for these
modifications will play a role on heterochromatin regulation. Furthermore, the surrounding
chromatin landscape is also important for the affinity of HP1 to H3K9me3. It is now
apparent that H3K9me3 is not solely sufficient to recruit HP1 to the chromatin, and that
additional factors are needed. In fact, studies in Drosophila showed that HP1 binding to
promoters of active genes do not depend on H3K9me (Figueiredo et al., 2012), and studies

in mouse cells revealed that, despite the loss of H3K9me3 in Ki-67 cells, HP1 isoform
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maintain their localization (Sobecki et al., 2016). These findings clearly indicate that are

other factors important for HP1-chromatin binding.

The initial idea was to develop new cell lines that stably express GFP:HP1a to be used as
model systems to identify novel regulators of heterochromatin establishment and
maintenance. Although the idea was to develop several cell lines (mammalian and
zebrafish), | could only successfully obtain human cell lines (MRC5 and Hela) expressing
GFP:HP1la. However, the MRC5 cell line did not respond efficiently to transfection,
rendering the screening approach not reliable. | therefore performed all the experiments

using only the HelLa GFP:HP1a cell line.

Identification of PP1 targeting subunits involved in heterochromatin

maintenance in Hela cells.

My first studies were focused on the role of protein phosphatases, in particular protein
phosphatase 1 (PP1), on chromatin organization. PP1 was the first phosphatase linked to
heterochromatin by studies conducted in Drosophila which identified PP1 as the suppressor
of variegation gene Su(var)3-6 (Baksa et al., 1993). Suppressors of variegation are genes that
suppress the expression of euchromatic genes moved near to centromeric heterochromatin
in chromosomal rearrangements or transpositions, and therefore have a role on gene
expression. Not only PP1 has been related to chromatin biology, but also later studies
revealed that other phosphatases, like PTEN (Phosphatase and tensin homolog), acts on
chromatin organization. In fact, PTEN was seen to bind and stabilize HP1. Loss of PTEN
resulted in impaired HP1 distribution, increased levels of H3K16 acetylation and chromatin
decondensation (Chen et al., 2014, Gong et al., 2015c). Recently, in our lab was also
revealed that Repo-man, a PP1 regulatory subunit, plays a role on HP1-chromatin binding
regulation through the modulation of the phosphorylation status of H3510 (de Castro et al.,
2017). Aurora B kinase phosphorylates H3S10 at mitotic entry and weakens the affinity of
HP1 for H3K9me3. Repo-man/PP1 counteracts Aurora B and dephosphorylates H3510ph at
mitotic exit, enabling HP1la binding to H3K9me2/3 (de Castro et al., 2017). However,
whether other PP1 subunits are also involved in this process remains unknown.

Furthermore, the fact that HP1-chromatin binding not only depends on histone post-
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translational modifications but also on post-translational modifications of HP1 itself, leads
to the assumption that other protein phosphatases might be involved in heterochromatin

formation and maintenance.

PP1, which accounts for the majority of the phosphatase activity in the cell, is regulated in
space and time by other interacting proteins known as RIPPOs (Regulatory Interactor of
Protein Phosphatase One). My aim was to study the role of PP1 on chromatin organization,
therefore | performed a screening of several known chromatin-associated PP1 targeting
subunits, as well as of the three different PP1 isoforms (o, B and y). Using this visual screen,
| identified that Repo-man was the only PP1 targeting subunit analysed that decreased the
number of cells with normal HP1 foci. In vivo, Repo-man specifically bins to both PP1B and
PP1y isoforms (Trinkle-Mulcahy et al., 2006, Kumar et al., 2016), thus it was not surprising
that siRNA-depletion of these two PP1 isoforms resulted in a decrease in the number of HP1
foci. However, since Repo-Man corresponds only to a small fraction of the PP1 targeting
subunits, it cannot be excluded that other yet unknown PP1 binding proteins or its
substrates could represent additional factors important for heterochromatin maintenance.
Future studies using more extended libraries (such as a phosphatase siRNA library) could be
used to identify all the phosphatases that influence HP1a localisation. Other subunits could
present an opposite effect and, in fact, NIPP1 siRNA transfection, as well as PPla
knockdown, resulted in an increase in the number of cells with more than five foci. NIPP1, as
the name indicates, is an inhibitor of PP1, thus its knockdown could enhance PP1 activity
and result in an increased HP1-chromatin binding stabilization. Further studies would be

needed to confirm this hypothesis.

The first round of screening actually revealed that Ki-67 was also a positive candidate. Ki-67
was identified as a PP1 regulatory protein in 2014 (Booth et al., 2014) and it was shown, as
Repo-man, to interact preferentially with PP1p3 and PP1y. It also plays a role on PPly
recruitment to chromatin during anaphase (Booth et al., 2014) and, although Ki-67-depleted
cells still divide normally, daughter cells appear to have smaller nuclei, increased cell death,
and delay in the following mitosis compared to control cells. Ki-67 shares the same PP1
binding sequence than Repo-man and they interact with the phosphatase at nearly
equivalent affinities. Ki-67 has also been reported to interact with high affinity with HP1

members through its C-terminal domain and it was shown that HP1a and HP1j partially co-
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localize with Ki-67 in early G1 phase (Takagi et al.,, 1999, Kametaka et al., 2002).
Overexpression of a C-terminal fragment led to the formation of aberrant heterochromatin
(Takagi et al., 1999), whereas overexpression of any of the three HP1 isoforms resulted in
relocalization of Ki-67 in Hela cells (Scholzen et al., 2002). Due to its similarities with Repo-
man and the fact that it has been linked to HP1 before, | hypothesised that it could also
have a role on heterochromatin regulation. However, in a study conducted by the Fisher’s
lab (Sobecki et al., 2016), knockdown of Ki-67 did not affect the localization of any HP1

isoform.

However, to study more in detail the possible role of Ki-67 on HP1 regulation in my system, |
used three different siRNAs targeting Ki-67. Strikingly, the three siRNAs did not show the
same phenotype, and only one of them (Ki-5) presented a clear decrease of the number of
cells with more than five foci. This could have been caused either by a greater potency of
this oligo to reduce Ki-67 or by an off target effect. To investigate this, | used a rescue
approach with an oligo resistant Ki-67 mRFP construct. This approach slightly rescued the
phenotype but also produced toxic effects in control cells, thus making the experiment
difficult to interpret. To solve this conundrum, | decided to undertake an RNA-sequencing
approach. The RNA extracted from samples transfected with Ki-5 and one of the other
siRNA that did not present the phenotype, Ki-G, was sent to sequence. The sequencing
revealed that the Ki-67 depletion level was equivalent in both siRNAs treatments, thus
allowing the conclusion that the striking HP1 mis-localisation obtained with Ki-5 was due to

its off-target effects.

MYH9 as a new regulator of heterochromatin maintenance

Although disappointing, this investigation has opened new possibilities, as a unique protein
(or more than one) depleted by this siRNA could be involved in HP1 biology. The list of
differentially expressed genes did not show any known candidate involved in HP1
regulation. | could have conducted a wide SiRNA screening approach on al the possible
candidates however, due to the time restriction and resources, | decided to study two genes

that could potentially be related to chromatin organization, RBL2 and MYH9.
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RBL2 had been previously linked to heterochromatin, although it was shown to affect
neither H3K9me2/3 levels nor HP1 distribution (Gonzalo et al., 2005, Benetti et al., 2008).
Nevertheless, | wanted to test the effect of RBL2 knockdown in my cell line. In agreement
with those reports, RBL2 knockdown with two different siRNAs did not alter HP1a in my

system either.

The other gene, MYH9, had never been reported to be involved in heterochromatin
regulation. However, its role on the cytoskeleton, microtubule stabilization and cell shape
maintenance could suggest a possible role on nuclear re-organisation after cell division that
could also lead to defect on heterochromatin compartmentalization. When | knocked down
MYH9 in the Hela GFP:HP1a cell lines, the localisation of HP1a foci was disrupted. This was
the case for two different siRNAs against MYH9, leading me to the identification of a new
regulator of HP1a maintenance. The mis-localistion does not seem to be caused by a delay
of the cell to exit mitosis and progress in the cycle; FACS analyses does not show an
accumulation in G1 and progression through mitosis via live cell imaging seems apparently
normal. Therefore, the identification of the molecular mechanisms linking MYH9 and HP1

could be an interesting avenue to pursue.

CDCA2/PP1 characterization during zebrafish development

Heterochromatin is established early in development to determine gene expression in every
cell type and tissue and it needs to be maintained throughout cell generations to ensure cell
integrity. Using the GFP:HP1a cell type model, | corroborated Repo-man as a regulator of
the maintenance of heterochromatin, but its role on heterochromatin establishment was
yet to be studied. Repo-man has also been reported to be essential for cell viability (Trinkle-
Mulcahy et al., 2006), and overexpression has been found in some types of cancer, including
melanoma, neuroblastoma, and triple negative breast cancer (Krasnoselsky et al., 2005, Ryu

et al., 2007, Peng et al., 2010, Uchida et al., 2013).

However, an animal model for Repo-Man is not available and this protein has never been
studied in any living organism. | therefore decided to use zebrafish as model system to study

the function of Repo-Man during development.
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Zebrafish has become an excellent model organism to study development for many reasons.
Firstly, fish can be easily and inexpensively housed within a modest facility. Secondly, they
reach sexual maturity in about 3 months, and a single female can lay up to 400 eggs in a
week. Furthermore, fertilization occurs externally, the embryos are transparent until they
start to develop pigment cells at about 2-3dpf, and the primary organs start to appear
visible as soon as 24hpf. For all these reasons, and because a Repo-man orthologue has
never been reported in Drosophila, zebrafish was chosen as a model to study the role of
Repo-man (CDCA2 in zebrafish) during development and, ultimately, heterochromatin
establishment. Data on the role of CDCA2 in zebrafish would also be important to
understand the impact of this protein in humans and it could support, or undermine, the

idea of using CDCA2 as a potential target for cancer therapy.

As the first team ever studying this protein in zebrafish, we encountered some difficulties
along the way. One of the first barriers was the lack of antibodies that specifically recognise
the CDCA2 zebrafish protein, hence the necessity of developing and optimizing new
antibodies. Once the antibodies were acquired, some troubles were faced in extracting
proteins from zebrafish embryos, as chromatin-bound proteins are harder to extract
compared to others. All this led to an unexpected delay and we do not currently have a
validated antibody for the CDCA2 zebrafish protein. However, many other experiments
were conducted, and we learned some important aspects of CDCA2 biology in an organism.
First, our findings revealed a high CDCA2 expression in the very early stages of development
and a decrease in expression as the zygote gene expression programme is activated at
around 4hpf. In early development, CDCA2 is expressed ubiquitously in all the cells,
although as the main organs form it localizes in the brain area. However, during adulthood,
CDCA2 expression is only high in the gonads, both ovaries and testis. These findings could
indicate a potential role of CDCA2 on brain development, as well as on the reproductive

abilities of the adult zebrafish.
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Mutant CDCA2 do not present any visible phenotype

In order to study the function of CDCA2 in vivo, | acquired a mutant zebrafish line carrying a
point mutation at the beginning of the CDCA2 gene. Embryos produced by in vitro
fertilization from mutated sperm and wild type eggs were distributed by the Zebrafish
International Resource Centre (ZIRC). Upon arrival, eggs were grown to adulthood, when |
performed an extensive work in order to genotype each fish and classify it as control or
heterozygous. The heterozygous fishes were crossed, and the embryos were genotyped
again in order to identify the homozygous line. This genotyping was done at day 4 post
fertilization (4dpf) in order to be able to analyse any developmental features of CDCA2. To
our surprise, the survival rate of the CDCA2 double knockouts was similar to that of the WT
and the heterozygous indicating that, contrary to what was shown in mammalian cells

(Trinkle-Mulcahy et al., 2016), CDCAZ2 is not essential for life in zebrafish.

No obvious major phenotypes were observed by eye between the CDCA2*/*, CDCA2*/", and
CDCA27 zebrafish lines, thus | selected a few systems to look at. Because of the data
obtained on the tissue expression, and following gene expression, tissue and system ranks
from online databases, | concentrated the attention on phenotypes that were related with
the nervous, cardiovascular, and reproductive system. However, none of these systems was

altered in our mutant fish.

Several reports in the last few years have highlighted the occurrence of “lack of phenotype”
in zebrafish mutants generated by nonsense-mediated decay (El-Brolosy et al., 2019, Conti,
Izaurralde, 2005), where the organisms degrade transcripts that carry a stop mutation. This
seems to be the case in our mutants, as CDCA2 transcripts are reduced accordingly in both
CDCA2* and CDCA27" lines but no phenotype is emerging. To be 100% sure, it would be
important to analyse CDCA2 at protein level, although as previously mentioned we could
not generate a suitable antibody. Some studies have also reported that mRNA degradation
can lead to genetic compensation in many mutant zebrafish lines (Rossi et al., 2015, El-
Brolosy, Stainier, 2017, El-Brolosy et al., 2019). The question now would be to understand
whether our zebrafish undergoes genetic compensation for the loss of CDCA2, and which

genes could be responsible for such compensation.
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One possible control would be to knockdown CDCA2 in early development using
morpholinos, as genetic compensation has not been observed in this case (Rossi et al.,
2015). However, the effect of morpholinos only last up to five days, thus many of the
experiments performed in the mutant fish would not be possible to test, such as the
fertilization experiments. Nevertheless, the use of morpholinos would allow us to detect
possible phenotypes in early development and might give us an idea about a possible
genetic compensation occurring in our system. | did attempt to inject CDCA2 morpholinos,
but | was faced with a high rate of mortality even in the ones injected with a control

morpholino and, due to the lack of time, | had to put aside this approach at this point.

However, | have collected RNA from the wild-types and homozygote mutants therefore it
would be possible to send these samples for RNA sequencing to identify if either a
compensatory programme is in place or if really CDCA2 is dispensable for development in

zebrafish. Any of these outcomes would be of extreme value to understand CDCA2 biology.

H2A.Z.1 and H2A.Z.2 knockdown present different phenotypes

Histone modifications and their role on chromatin regulation have been widely studied for
decades. It is well accepted that heterochromatin is marked by the presence of specific
histone modifications, namely H3K9me3 and H3K27me3, whereas euchromatin is enriched
in histone acetylation. Not only histone modifications are involved on chromatin structure,
but the replacement of some histones by their histone variant have also implications in
chromatin regulation. For instance, replacement of H2A with macroH2A (Douet et al., 2017)
or H2A.Z (Rangasamy et al., 2003, Rangasamy et al., 2004, Fan et al., 2004, Swaminathan et
al., 2005, Sarcinella et al., 2007, Ryan, Tremethick, 2018) have been reported to alter

chromatin organization and gene expression.

Linked to my research focus, | ought to add some more knowledge on the association
between H2A.Z and heterochromatin. H2A.Z is present as two variants, H2A.Z.1 and
H2A.Z.2, and although some reports indicated that they might have different functions
(Faast et al., 2001, Matsuda et al., 2010, Dunn et al., 2017, Dryhurst et al., 2009), they have

never been studied individually on their role on chromatin organization, cell cycle and gene
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expression. At the same time, two splicing variants of H2A.Z.2 have been found, H2A.Z.2.1

and H2A.Z.2.2 (Bonisch et al., 2012b).

Unpublished data from the lab indicate that H2A.Z is enriched on chromatin that binds
recombinant HP1o.. As mass spectrometry was not able to distinguish between the two
variants, | successfully depleted both variants individually and analysed their role in
heterochromatin maintenance using the Hela GFP:HPla line. The study revealed that
H2A.Z.2, but not H2A.Z.1, is involved in heterochromatin regulation. Although co-
transfection with a siRNA-resistant plasmid did not fully rescued the phenotype, depletion
of H2A.Z.2 with another siRNA also affected HP1a localization, strongly suggesting a specific

involvement of this variant in HP1a biology.

| have also revealed major differences between the two isoforms knockdowns regarding
chromatin segregation, nuclear shape and cell proliferation. For instance, H2A.Z.1
knockdown resulted in a decrease in mitotic cells and accumulation of cells in G1 phase,
identifying H2A.Z.1 as a key regulator of cell cycle progression. These findings are in
agreement with other studies that report H2A.Z.1 as an oncogene involved in liver
tumorigenesis associated with poor prognosis (Yang et al., 2016). Using an RNA sequencing
approach, | have revealed the molecular mechanism for this: a great number of cell-cycle
related genes are downregulated in H2A.Z.1-depleted cells, including MYCN, MYBL2, Ki-67,
and Aurora B. H2A.Z.1-depleted cells showed also the presence of highly mis-shaped nuclei
that was rescued by an oligo-resistant construct; however, neither the lamina nor the
nuclear pore complexes were altered. On the contrary, H2A.Z.2 knockdown cells presented
a high number of MN and chromosome segregation defects that were successfully rescued
by the co-transfection of both siRNA-resistant H2A.Z.2.1 and H2A.Z.2.2 plasmid.
Chromosome segregation defects can be the result of cohesin impairment, and in fact this
seems to be the case, as sister chromatids from H2A.Z.2-depleted cells fail to be kept

together in chromosome spreads.

Overall, | have provided the first evidence for a distinct role of these two isoforms in
chromatin segregation and nuclear organisation. | have clearly shown that H2A.Z.1 and
H2A.Z.2 present different functions: while H2A.Z.1 plays a crucial role on cell cycle

progression and nuclear shape, H2A.Z.2 is involved in heterochromatin regulation and
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chromosome segregation. H2A.Z.1 depletion affects cell cycle through decreasing the
expression levels of several cell cycle-related genes. How exactly this occurs still remains
unknown, although it might be related to the position of H2A.Z.1 along these genes.
H2A.Z.2, through a mechanism that is yet to be fully determined but that might be linked to
HP1a could affects cohesin maintenance, possibly via an impaired Shugoshin recruitment, at
the centromere leading to a premature sister chromatids separation, mis-segregation and

MN formation. All these aspects will be experimentally testable.

Although my study and other have reported differences between H2A.Z.1 and H2A.Z.2
(Faast et al., 2001, Matsuda et al., 2010, Dunn et al., 2017, Dryhurst et al., 2009), H2A.Z is
still being studied mainly as one H2A variant. | would like to emphasize with this research
chapter the importance to study both variants individually in order to contribute to a better
understanding of this essential H2A variant. H2A.Z has been related to several diseases,
including cancer, and its interest as a drug target has been increasing in the past years. It is
critical, though, that we unravel first the differences between these two variants and study
its individual roles in diseases, as it would minimise any secondary effects linked to the

variant that might not be altered in the first place.

Concluding remarks

Overall, this research has contributed in the understanding of heterochromatin biology, and
it introduces some new insights on regulators of chromatin structure. In the first chapter,
studying the role of protein phosphatases on chromatin organization led us to the
unexpected identification of a new regulator of HP1a distribution, MYH9. This could be an
interesting research to pursue as there is no evidence to date linking this gene to
heterochromatin regulation. In the second chapter, | have analysed for the first time the
role of a known HPla regulator, CDCA2, on a living organism, and the fact that CDCA2
mutants do not present any significant phenotype could have profound implications on the
clinic, as it raises the possibility to use CDCA2 as target for several chemotherapeutic drugs.
Finally, | have clearly demonstrated the biological differences between two H2A.Z variants,
highlighting the importance of studying these two variants individually and expanding the

knowledge of histone variants on gene expression and cell viability.
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/.  APPENDIX

Table 7-1. List of kits used in the project

Kit name Company Catalogue number
jetPRIMER® Polyplus transfection 114-01
Neon transfection system Invitrogen MPK10025
Rneasy Powerlyzer Tissue & Cells kit Qiagen 15055-50
DNase I, RNase-free (1 U/uL) Thermo Fisher Scientific ENO521
RevertAid First Strand cDNA synthesis kit Thermo Fisher Scientific K1622
Maxima SYBR Green/ROX gPCR Master Mix (2X) Thermo Fisher Scientific K0222

Taq DNA Polymerase with Standard Taq Buffer New England Biolabs MO0273S
(5000U/mL)

QlAquick gel extraction kit Qiagen 28704
pPGEM®-T-easy vector system Promega A1360
QIAGEN Plasmid Mini/Midi Kits Qiagen 12943
QlAquick PCR Purification Kit Qiagen 28104
QlAquick Gel extraction Kit Qiagen 28704
RNeasy MinElute Cleanup Kit Qiagen 74204
RNA clean up kit Macherey-Nagel 740948
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