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2. RESUME

Au cours de la mitose, les cellules de mammiferes doivent conserver un centromere unique afin
d’assurer une ségrégation correcte des chromatides sceurs dans chaque cellule. Malgré la présence de
séquences d’ADN répétitives dans la plupart des organismes, les centromeres sont marqués
épigénétiquement par une histone H3 spécifique appelée CENP-A (CENtromeric Protein A) via un
mécanisme d’autoréplication. Il n’est pourtant pas certain que CENP-A soit I’'unique marqueur de la
position du centromere chez ’Homme ou si d’autres facteurs, tels que la séquence d’ADN, y

contribuent également.

Afin d’évaluer cette hypothése, j’ai récemment développé le systéme CENP-A°FF/ON qui permet
d’¢liminer 1’identité du centromeére dans les cellules humaines en quelques minutes. En utilisant ce
systéeme unique, je peux identifier le(s) mécanisme(s) qui permet(tent) la réintégration de novo de
CENP-A a sa position initiale et la formation du centromeére qui en résulte, en temps réel, sur des
chromosomes humains. Il est intéressant de noter que c’est la présence de la protéine CENP-B liée a
I’ADN répétitif qui va permettre la réintégration de CENP-A, de nouveau exprimée, a la position
initiale. En revanche, ’absence de CENP-B et d’autres marqueurs épigénétiques CENP-A-
dépendants au centromere, empéchent toute nouvelle déposition de CENP-A ce qui entraine la
formation d’un néocentromére. La spécification du centromeére liée a CENP-B a lieu, en partie,
indépendamment de CENP-C, composant clé du centromére connu pour son réle dans le recrutement
de CENP-A. Cet ensemble de résultats démontrent que le mécanisme bien établi d’auto-assemblage
de CENP-A n’est pas essentiel pour le maintien de I’identité du centromére et que CENP-B joue un
role clé dans le maintien de la position du centromere. Ainsi, ceci permet d’accroitre nos
connaissances, actuellement restreintes, concernant les procédés (épi)genétiques qui contrdlent
I’identité du centromere, essentiel pour la transmission correcte du matériel génétique. Enfin, dans le
cadre de cette these, nous avons identifié une population de cellules T CD4+ au repos CENP-A-
négatives, CENP-B/C-positives, capables de ré-exprimer et de réassembler le CENP-A a I'entrée du

cycle cellulaire, ce qui démontre I'importance physiologique de la mémoire génétique.

Mots-clés : CENP-B, centromere identité, CENP-A, CENP-C, I'ADN alpha satellite, la stabilité du
génome
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3. ABSTRACT

Centromeres are built on repetitive DNA sequences (CenDNA) and a specific chromatin enriched
with the histone H3 variant CENP-A, the epigenetic mark that identifies centromere position. During
my thesis project, | interrogated the importance of CenDNA in centromere specification by

developing a system to rapidly remove and re-activate CENP-A (CENP-A°FON

). Using this system,
| define the temporal cascade of events necessary to maintain centromere position. | unveil that
CENP-B bound to CenDNA provides memory for maintenance on human centromeres by promoting
de novo CENP-A deposition. Indeed, the lack of CENP-B favors neocentromere formation under
selective pressure. Occasionally, CENP-B triggers centromere re-activation initiated by CENP-C, but
not CENP-A, recruitment at both ectopic and native centromeres. This is then sufficient to initiate
the CENP-A-based epigenetic loop. Finally, in the frame of this thesis, we identified a population of
CENP-A-negative, CENP-B/C-positive resting CD4" T cells capable to re-express and reassembles

CENP-A upon cell cycle entry, demonstrating the physiological importance of the genetic memory.

Keywords: CENP-B, centromere identity, CENP-A, CENP-C, alpha satellite DNA, genome stability
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4. INTRODUCTION

I. The Nucleus

The genomic DNA of eukaryotes is organized within the nucleus making the nucleus the
main repository of genetic information of the cell. A two-lipid bilayer membrane, the nuclear
envelope, separates the inside of the nucleus (nucleoplasm) from the cytosol. The nuclear envelope is
structurally supported by a network of intermediate filaments called the nuclear lamina, altogether

protecting and structuring the nucleus (Gruenbaum and Foisner, 2015).

The human genome contains a set of 22 autosome pairs and two sex chromosomes (XX or
XY). Each human diploid cell has around 6 billion base pairs. Given an approximate length of
around 0.34 nm for each base pair (bp) the total length of extended genomic DNA spans around 2
meters (Annunziato, A. 2008). This length is extraordinary considering the ~20 um diameter of an
average human nucleus. Storage of DNA inside such a small compartment, while still allowing for
vital DNA related life processes such as transcription, is achieved via a dynamic DNA packaging
system. In nearly all eukaryotes, DNA is wrapped around architectural proteins called histones in a
first level of DNA packaging (Annunziato, A. 2008). Compaction is further increased by folding
DNA and histones into higher order structures. All levels of compaction must be reversible to allow
for protein or RNA access whenever this is necessary. The dynamic packaging concept is conserved
even in bacteria where HU proteins can fulfill histone functions demonstrating the essentiality of the
principle for life in general (Talbert and Henikoff, 2010).

1.1. Histones, Nucleosomes and Chromatin

Bulk DNA packaging is mostly mediated by the four canonical core histones H2A, H2B, H3
and H4. An octamer comprising two H2A-H2B heterodimers and two H3-H4 heterodimers is loaded
with 146/7 bp DNA. This DNA-protein complex forms the so-called nucleosome core particle. The
DNA wraps around the histone octamer in 1.7 turns in a left-handed conformation in which the
H3/H4 histones associate with the ends of the DNA regardless of the underlying DNA sequence
(Henikoff and Smith, 2015). Nucleosome core particles are interconnected by a linking DNA stretch

of approximately up to 80-bp, which collectively is called the nucleosome. The core histones contain



a histone fold domain and characteristic histone tails that can protrude from the nucleosome core
particle. Histone tails are major target sites of diverse post-translational modifications (PTMs) which
can lead to a change of chromatin compaction or contribute to other histone related functions
(Talbert and Henikoff, 2010).

Histones are involved in many fundamental and essential processes like gene expression and DNA
damage protection. Non-canonical histone variants can replace canonical histones in the nucleosome
and are implicated in a wide range of processes for example DNA double strand repair (H2A.X),
histone replacement during transcription (H3.3), promotor insulation (H2A.Z) or sex chromosome
inactivation (phospho-H2A.X, macroH2A, and H2A.B) (Weber and Henikoff, 2014). A special
histone H3 variant is CENtromere Protein A (CENP-A) that marks the centromere position and is
essential for the assembly of the centromere. Structure, function, assembly and maintenance of
CENP-A will be discussed in depth in the centromere chapter of this introduction (section 2).
Another type of histone proteins are linker histones. These proteins are not part of the nucleosome
core particle but commonly bind to a small part of the DNA in between two nucleosomes. It is
generally considered that this binding protects the linking DNA and contributes to the structural
arrangement of nucleosomes by influencing the relative angle between the nucleosomes and/or
increasing the DNA flexibility by neutralizing negative DNA backbone charge (Cutter and Hayes,
2015). Linker histones are involved in the formation and stabilization of higher order arrangement of
nucleosomes (Lyubitelev et al., 2016).

An array of nucleosomes in a so-called “beads-on-a-string” conformation is called a 10-nm
chromatin filament based on its thickness. These filaments can arrange to 30-nm chromatin fibers
supported by linker histones. Fibers in turn can fold into higher order structures providing a higher
level of DNA compaction. More recent advances in chromatin imaging techniques also suggest that
rather than orderly folded, chromatin mainly exist in disordered chromatin chains with different
chromatin densities that in turn allow faster re-organization of chromatin (Ou et al., 2017). Hence,

despite great progress, the overall chromatin organization and its dynamics is not fully understood.

Depending on its accessibility, chromatin is commonly categorized in two classes:
heterochromatin and euchromatin (see section 1.3). Most of the DNA in interphase is
heterochromatic. Chromatin compaction can be regulated by protein complexes that bind and wind
chromatin loops such as condensins. Especially upon entry into mitosis or meiosis, condensins
further increase compaction by 2-3-fold and dramatic structural changes transform chromatin into

individual rod-shaped chromosomes. A triggering event for this massive rearrangement is a PTM on



histone H3 (H310P). Chromatin hyper-condensation is a critical function for faithful chromosome

segregation (see section 1.4).

1.2 Histone Assembly

Histone deposition into chromatin or eviction as well as histone transfers, stabilization and
storage are mediated by different histone chaperones and/or assembly factors. Histone assembly can
occur during DNA replication (RC, Replication Coupled) or in a Replication Independent (RI)
manner. During DNA replication, histones are disassembled from the parental DNA strand and
subsequently re-assembled on the daughter strand. For rapid histone assembly on daughter strands,
DNA replication machinery and RC assembly are tightly linked (Annunziato et al., 1982; McKnight
and Miller, 1977; Sogo et al., 1986). Nucleosomes are either assembled de novo or parental histones
are inherited to daughter strands as H2A-H2B or H3-H4 tetramers, which ensures the conservation of
epigenetic marks through replication. A variety of histone chaperones were shown to be involved in
RC histone assembly such as CAF-1 (Chromatin Assembly Factor 1), ASF1 (Anti Silencing
Function) and FACT (FAcilitates Chromatin Transcription). In the first step of RC chromatin
assembly the H3-H4 tetramers are deposited by the histone chaperone complexes CAF-1/ASF-1
which can interact with the DNA sliding clamp protein PCNA (Proliferating Cell Nuclear Antigen)
[reviewed in (Loyola and Almouzni, 2004)]. H2A-H2B tetramers rapidly follow H3-H4 to complete
the nucleosome. This process is likely supported by NAP1 (Nucleosome Assembly Protein 1) or
FACT chaperones. The mechanism for histone inheritance during replication is not fully understood
but again the PCNA in complex with CAF-1, as well as the MCM2-7 (Mini Chromosome
Maintenance) helicase complex in connection with the chaperones ASF1, FACT or HJURP
(Holliday Junction Recognizing_Protein) seem to be important players in this process (Alabert and
Groth, 2012; Burgess and Zhang, 2013; Gérard et al., 2006; Ransom et al., 2010; Shibahara and
Stillman, 1999; Zasadzinska et al., 2018). After DNA replication, the two daughter strands become
tied to each-other via cohesin, a connection that is removed during mitosis (see section 1.4).

The histone variant H3.3 is deposited genome-wide in a Rl mechanism involving the HIRA
chaperone or alternatively, involving DAXX (Death Domain Assoicated Protein) chaperone
(involving ATRX) for telomeric and pericentromeric deposition. CENP-A deposition also occurs in a
RI fashion and follows a unique highly regulated mechanism which is discussed in greater detail in

section 2.2.



1.3 Chromatin and Epigenetics

The chromatin state is crucial for many nuclear functions. The term epigenetics - although
differently defined over time - describes the chromatin adaptations that can be inherited through
DNA replication, mitosis and even transgenerationally through meiosis (Bird, 2007). As indicated in
the Greek prefix “epi” (above), epigenetic states and events do not evoke or require DNA sequence
alterations (Bird, 2007; Waddington, 1954). Epigenetic mechanisms are most commonly associated
with the establishment of gene expression pattern of a cell, a process that is especially important
during development and allows organisms to adapt to environmental stimuli (Bird, 2007). Epigenetic
mechanisms also include non-gene regulatory functions as they impact the overall chromatin
structure. The epigenetic identification of the centromere position which is of greater interest for this

work is another example of an epigenetic mechanism (see section 2.3).

On a molecular basis chromatin states adopt due to the establishment and action of epigenetic
marks. These include DNA methylation, PTMs of histones, histone variants and non-coding RNAs
as well as binding of structural and regulatory proteins that can identify chromatin states and/or

remodel the three-dimensional chromatin architecture and accessibility (Bird, 2007).

While euchromatic regions are less compacted and transcriptionally active, heterochromatin instead
is further condensed, and considered transcriptionally inactive. Heterochromatin can be sub-grouped
into facultative and constitutive states. The functional relevance of the latter is not completely
understood but it likely contributes to protect the genome from damage by for example regulating
nuclear stiffness in response to environment changes and can permanently silence transposons (Haaf
and Schmid, 1991; Nava et al., 2020). A dense layer of constitutive heterochromatin can be found in
particular at the nuclear periphery in most mammalian cells (Buchwalter et al., 2018; Steensel and
Belmont, 2017). The existence of constitutive heterochromatin domains is further proposed to rely
on an intrinsic demixing phenomenon called phase separation (Strom et al., 2017).

Facultative heterochromatin are chromatin regions which are potentially active (Haaf and Schmid,
1991). Since chromatin states are convertible, transient intermediate states of neither “open”
euchromatin nor “closed” heterochromatin could exist. Indeed, in reality different eu- and
heterochromatin states can be found harboring a mix of “open” and “close” chromatin marks not

only as transient appearances (see section 2.2d for the special chromatin state of the centromere).



1.4 Chromosome Segregation

Proliferating cells undergo a cell cycle comprising a division phase (M-phase) and an
interphase which is subdivided into a G1-, S- and G2-phase. Cell division requires DNA duplication
during interphase which normally occurs in S-phase. In M-phase, duplicated genomic DNA is then
equally transmitted to both daughter cells. This is achieved via a fascinating, highly complex
segregation process of the sister chromatids during mitosis or of the bivalents during meiosis (Figure
1). The centromere plays a pivotal role in this process. | will here briefly summarize some of the key
events and regulatory processes that coordinate faithful chromosome segregation with a focus on

human mitosis.

Following chromosome condensation and, in many species such as human, nuclear envelope
breakdown during prophase chromosomes attach to the spindle apparatus. The spindle apparatus is
formed by microtubule fibers which are hollow protofilament polymers that display a dynamic
instability (Mitchison and Kirschner, 1984). This property allows lengthening and shortening of the
fibers by rapidly assembling and disassembling microtubule subunits called alpha and beta tubulin
(Mitchison and Kirschner, 1984). Spindle fibers have an inherent polarity and emanate from
microtubule organizing centers which are found on opposite cell poles. The plus ends of the spindle

fiber attach to chromosomes (Maddox et al., 1999) (Figure 1).

Two structural units at the chromosome, easily discriminated by electron microscopy during
mitosis, link the chromosome to spindle fibers: centromeres, which define the spindle to
chromosome interaction region along the chromosome, and kinetochores that assemble on top of the
centromeres and directly interact with spindle fibers (then called Kinetochore fibers, K-fibers). After
spindle fiber attachment, chromosomes congress at the equatorial plane of the cell (Maiato et al.,
2017).

At this point the sister chromatids or bivalents are solely connected at their (peri)centromeric
regions. This crucial connection is maintained by the protection of cohesin, a ring-shaped protein
complex that holds the sister chromatids tightly together after DNA replication (Peters et al., 2008).
While cohesin removal at chromosome arms is initiated already in early prophase by the cohesin
release factor WAPL (Wing APart-Like) (indirectly activated via several mitotic kinases), the

activity of WAPL is inhibited at centromeric regions via Shugosin (Haarhuis et al., 2014; Uhlmann,



2000). Only when all chromosomes are properly attached and aligned at the cell equator is cohesin
finally removed from the centromeric region by separase activity, a protease that can hydrolyze a
cohesin subunit (Silkworth et al., 2011). Subsequently, the sister chromatids start to migrate to
opposite poles mainly driven by the depolymerization of k-fibers (anaphase) (Maddox et al., 2002)
(Figure 1).

The kinetochore has been described as a functional versatile protein complex that not only
forms load-bearing spindle fiber attachments but also mediates sensor and regulatory functions. The
core of the kinetochore is built by a 10-subunit protein complex called the KMN network
(Musacchio and Desai, 2017).

The KMN network is named after three functional distinct sub-complexes — the KNL1 (Kinetochore
Null Protein 1), Mis12 (MIS-segregation 12) and the Ndc80 (Nuclear division cycle 80) sub-
complex [reviewed in (Musacchio and Desai, 2017)]. The Misl2 complex is at the root of the
kinetochore and binds to the centromere on one hand (see section 2) and to the Ndc80 and KNL1
complexes on the other hand. The Ndc80 complex forms major load-bearing attachments with
spindle fibers (Alushin et al., 2010) and together with the KNL1 complex has regulatory function for
cell cycle progression [reviewed in (London and Biggins, 2014)]. Assembly of the KMN network
occurs at the onset of mitosis (Hara and Fukagawa, 2018; Hori et al., 2003). After mitosis,
kinetochore proteins are disassembled while centromere components either remain chromatin
associated and/or are replenished in the following interphase [reviewed in (Hara and Fukagawa,
2018)].

During mitosis, kinetochores possess regulatory function to ensure proper chromosome to
spindle attachment. Chromosomes are wrongly attached to the spindle apparatus when both
kinetochores of the same chromosome connect to spindle fibers from the same cell pole (called
synthelic attachment) or when a single kinetochore is attached to fibers from both spindle poles
(merotelic attachment) [reviewed in (Murray, 2011)]. Microtubule-derived pulling forces generate
tension across sister-kinetochores when a chromosome is correctly aligned. This tension intrinsically
stabilizes spindle-kinetochore interactions (Akiyoshi et al.,, 2010; Cheeseman et al., 2008). In
addition, in absence of tension the protein kinase Aurora B phosphorylates kinetochore proteins. The

Ndc80 complex is one of the major targets of Aurora B. Phosphorylation destabilizes spindle fiber



attachment which allows for a new correct attachment of the sister kinetochores (Cheeseman et al.,
2008).

Kinetochores also indirectly mediate mitotic arrest in the absence of spindle fiber attachments. In
such a case, the unattached kinetochore activates the so-called Spindle Assembly Checkpoint (SAC)
[reviewed in (Lara-Gonzalez et al.,, 2012)]. A major driver of SAC signaling is the MPS1
(MonoPolar Spindle 1) kinase. MPS1 binds to unattached kinetochores and phosphorylates proteins
of the KMN network. In brief, through a cascade of events MPS1 kinetochore phosphorylation lead
to the formation of a protein complex known as the mitotic checkpoint complex (MCC; components:
Mad2, Cdc20, Bub3, Mad3) [reviewed in (London and Biggins, 2014)]. The MCC mainly sequesters
a protein called Cdc20 which is an activator of the APC/C (Anaphase Promoting
Complex/Cyclosome) ubiquitin ligase (Hoyt, 2001; Murray, 2011). APC/C activity is required for
targeting securin and cyclin B for proteosomal degradation. In human, securin inhibits separase and
hence cohesin removal at the centromere region and cyclin B activates CDK1 (cyclin dependent
kinase 1). Anaphase onset requires degradation of both proteins to allow sister chromatid separation
and CDK1 inactivation which terminates checkpoint activity and crucially stabilizes spindle fiber-

kinetochore attachments.

Error correction and SAC are intertwined mechanisms indicated by the involvement of several
proteins (e.g. MPS1) in both processes. The molecular mechanism underlying the SAC and error
correction pathways are just briefly touched in this introduction. The complex matter is further

subject of ongoing research.

In the last phase of mitosis (telophase) separated chromosome de-condense and the nuclear
envelope is reformed (Figure 1). Cell division is terminated in a process called cytokinesis in which
the cytoplasm of the parental cell is divided [reviewed in (Srivastava et al., 2015)]. To this end, cells
form a protein ring structure under the cell membrane in between the two separated chromosome
masses. The contraction of this ring forms a cleavage furrow in between the daughter cells and

finally separates the cytoplasm of the divided cell.



Prophase Prometaphase Metaphase Anaphase
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Figure 1: Chromosome segregation.

Top panels show a schematic illustration of chromosome segregation during mitosis. Middle panels
show representative immunofluorescence images of cells in mitotic phases as indicated in the top
panels. Centromeres are stained in green, o-tubulin in red and DNA in grey. After chromosome
condensation kinetochores interact with the spindle apparatus to congress all chromosomes in the
equatorial plane (metaphase) before next the sister chromatids are equally separated and pulled to
the cell poles. Finally, chromosomes decondense in telophase (not shown). Lower panel show mitotic
errors (left and right images) and a cell possessing a micronucleus as a consequence of a mitotic
error (middle panel). Images from D. Fachinetti.

1.5 Chromosome Segregation Error

The spindle assembly checkpoint and error correction mechanism are important mechanisms

of the cell to control proper chromosome segregation. Defects in their function can lead to errors in



chromosome segregation and as a consequence to aberrant chromosome number (numerical
aneuploidy) or gain or loss of chromosomes parts (structural aneuploidy) in the daughter cells
[reviewed in (Santaguida and Amon, 2015)] (Figure 1). In healthy human cells a surveillance system
based on the tumor suppressor p53 is activated when cells become aneuploid which stops cells from
proliferating and can induce senescence or cell death. Aneuploidy is indeed a hallmark of cancer
cells and found in genomic disorders although causality and consequence of chromosome
segregation defects and disease remain still elusive. Aneuploidy can cause genomic instability
(increased chromosome missegregation, increased mutation rates, replication stress, defects in DNA
repair) (Santaguida and Amon, 2015).

If anaphase onset occurs with unattached or incorrectly attached centromeres these chromosomes
will not be efficiently segregated and will lag behind during anaphase (Figure 1). During
cytokinesis, lagging chromosomes can form chromosome bridges between the daughter cells and can
break in the cleavage furrow (Crasta et al., 2012; Ganem et al., 2009; Janssen et al., 2011; Umbreit et
al., 2020). Moreover, when cells reassemble the nuclear envelope at mitotic exit, lagging
chromosomes can be excluded from the main nucleus as a consequence of their physical distance.
They form a separate small nuclear entity, called micronucleus, harboring a fragile nuclear envelope
in about half of the cases (Figure 1). Chromosomes within micronuclei undergo extensive DNA
damage and massive structural rearrangements, a process called chromothripsis (Crasta et al., 2012;
Hatch et al., 2013; Ly et al., 2017; Stephens et al., 2011).

One prerequisite for preventing segregation errors during mitosis is the proper formation of
the centromere since it provides the basis for kinetochore to spindle connections (section 2).
Moreover, the centromere in many species must be restricted to a unique position. Indeed, gain or
loss of centromeres can lead to chromosome segregation errors. Chromosomes with two centromeres
(dicentric chromosomes) can arise when two chromosomes are fused as a consequence of DNA
breakage events (Hill and Bloom, 1987; Stimpson et al., 2012). During mitosis, dicentric
chromosomes tend to form chromosome bridges during anaphase which in turn can lead to another
breakage and chromosome fusion event. These Breakage-Fusion-Bridge (BFB) cycles were first
observed by Barbara McClintock in maize (McClintock, 1941, 1939). Similar events can also occur

when neocentromeres are formed (see section 2.6).



Il The Centromere

Humans and many other eukaryotic species possess one spatially delimited centromere per
chromosome which defines them as monocentric species. Ensuring the maintenance of a unique
centromere is critical in these monocentric organisms since loss of the centromere or gain of an
additional centromere has been found to cause defects in chromosome segregation during cell

division as described in the previous section.

The first descriptions of centromeres date back to the work of Walter Flemming at the end of the 19"
century who first recognized primary constrictions on chromosomes (Flemming, 1882). 54 years
later Cyril Darlington introduced the term centromere (Darlington 1936). This name could wrongly
imply that the centromere is found in the center of each chromosome while in reality centromere
positions vary among different chromosomes. Depending on the relative centromere position
chromosomes are categorized in three types: Metacentric or submetacentric when the centromere is
found roughly in a central position of the chromosome; acrocentric when the centromere is very
close to the tip of a chromosome (telomere); and telocentric when the centromere is found in very
close proximity to the telomere. Humans do not possess telocentric chromosome. The concept of
possessing a single centromere per chromosome is not universal in eukaryotic organisms.
Holocentric organisms like the model organism Caenorhabditis elegans, several insects or lower
plants present exceptions where the centromere is extended along the entire chromosome (Melters et
al., 2012).

In the following chapters, | will summarize major aspects of centromere function, structure,
maintenance, DNA and de novo formation with a focus on organisms possessing one centromere per

chromosome (monocentric) and a special focus on the human case.

1.1  The “Meshwork” and its “Blueprint” - Organization and Function of the Centromere

Protein Network

The centromere consists of special chromatin (see section 2.2) and 16 chromatin-associated
proteins which form the Constitutive Centromere Associated Network (CCAN) (Figure 2A). In
contrast to kinetochore proteins CCAN components, as indicated by the name, are constitutively
present at the centromere throughout the cell cycle. The replenishment of the CCAN during the cell
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cycle relies mostly on its underlying centromeric chromatin bound by CENP-A (see section 2.2a/b).
In turn, in many organisms studied so far, the maintenance of CENP-A is also dependent on
components of the CCAN. This interdependency crucially preserves a unique genomic location of
the centromere during each cell cycle (see section 2.3). The following section will introduce the
CCAN and its assembly.

a) CCAN organization and assembly

The 16 proteins of the CCAN build the foundation for the kinetochore providing an absolute
vital function for chromosome segregation (section 1.4 — 1.5). Most CCAN components were
initially identified by mass spectrometry analysis (Foltz et al., 2006; lzuta et al., 2006; Okada et al.,
2006). Extensive in vivo studies using knock-down and conditional knock-out as well as in vitro
reconstitution approaches have further shed light on the structure and protein interactions present in

the network.

A central protein of the CCAN is CENP-C which acts as an assembly hub, provides CCAN
stability and directly connects the centromeric chromatin and the KMN network (Carroll et al., 2010;
Fukagawa et al., 1999; Klare et al., 2015; Milks et al., 2009). In addition to CENP-C four other
CCAN sub-complexes consisting of the proteins CENP-L/-N, CENP-H/-1/-K/-M, CENP-T/-W/-S/-X
and CENP-O/-P/-Q/-R are described (Musacchio and Desai, 2017) (Figure 2B). The ability of
CENP-C to bind to CENP-A nucleosomes and to act as an assembly hub for many CCAN proteins
raises the question if CENP-C is - after CENP-A - upstream in the assembly pathway of the CCAN
complex or if there is no clear hierarchy in the CCAN assembly.

Indeed, CENP-C is not the only CCAN protein that makes direct contacts with centromeric
chromatin. CENP-L/-N was also found to directly interact with CENP-A nucleosomes. Moreover,
the hetero-tetramer CENP-T/-W/-S/-X forms a nucleosome-like structure that binds to 80-100 bp
DNA. All of these CCAN-chromatin connections likely increase the stability of a fully assembled
CCAN complex (Fukagawa et al., 2001; Hoffmann et al., 2016; Kwon et al., 2007; Nagpal et al.,
2015). Indeed, CENP-C depletion leads to a strong reduction of CCAN proteins but not necessarily
to an immediate and complete loss of directly or indirectly CENP-C associated CCAN proteins
(Kwon et al., 2007). However, despite a certain weak CENP-C-independent stability of the CCAN
especially in vitro reconstitution experiments of the CCAN unveiled a CENP-C based hierarchy of
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the CCAN assembly suggesting that CENP-C functions as “the blueprint” of the network (Klare et
al., 2015; Pesenti et al., 2018).

A powerful tool to decipher the sequence of assembly events in vivo are ectopic tethering assays. In
human cell culture, a frequently used system is a U-2 OS cell line developed by Janicki et al. 2004 in
which an array of 200 copies of a 256xLacO/96xtetracycline-responsive element (TRE) was
integrated into a sub-telomeric location of chromosome 1 (Janicki et al., 2004). The array allows
tethering of Lacl or tetR tagged protein constructs at this non-centromeric location. In vivo, using the
LacO/Lacl tethering system, CENP-C recruitment to a Lacl-CENP-A was found to strictly precede
CENP-T (Tachiwana et al., 2015) and CENP-T recruitment in human required both CENP-C and the
N-terminal tail of CENP-A (Logsdon et al., 2015). The CENP-H/-1/-K/-M complex is essential for
CENP-T centromere localization and indirectly links CENP-T with CENP-C (Basilico et al., 2014;
McKinley et al., 2015) (Figure 2B). The CENP-T and CENP-H/-1/-K/-M interaction may be weak
which could explain why CENP-T alone is unable to provide enough stability for CENP-H/-1/-K/-M
and in turn CENP-C recruitment (Gascoigne et al., 2011; Pesenti et al., 2018).

The second chromatin associated complex CENP-L/-N requires, despite its direct interaction with
CENP-A, the presence of both CENP-A (Hoffmann et al., 2016) and other CCAN proteins (likely
CENP-C or HIKM) for its centromere recruitment during mid to late S-phase (Carroll et al., 2009;
Chittori et al., 2017; Fang et al., 2015; Pentakota et al., 2017; Tian et al., 2018). This indicates that
CENP-L/-N is assembled downstream of CENP-A and CENP-C similarly to CENP-T/-W/-S/-X.

In contrast to CENP-L/-N and the CENP-T complex, human CENP-A alone is sufficient for
CENP-C recruitment as demonstrated by a variety of in vitro and in vivo approaches (Barnhart et al.,
2011; Carroll et al., 2010; Fachinetti et al., 2013; Falk et al., 2016, 2015; Guse et al., 2011,
Hoffmann et al., 2016; Kato et al., 2013; Logsdon et al., 2015; Tachiwana et al., 2015). The
regulation of this interaction remains not fully understood. CENP-A is indeed also found in greater
numbers at non-centromeric locations (see section 2.2a) and it was reported that not all centromeric
CENP-A nucleosomes associate with CENP-C (Kyriacou and Heun, 2018; Melters et al., 2019). On
the other hand, non-centromeric CENP-A tethered to a LacO site is able to recruit CENP-C de novo
(Barnhart et al., 2011; Logsdon et al., 2015; Tachiwana et al., 2015). Importantly, this system
provides a massive local CENP-A accumulation far beyond the level found at native centromeres
(Barnhart et al., 2011; Tachiwana et al., 2015) but some studies even failed to observe CENP-A
induced centromere formation (Gascoigne et al., 2011; Hooser et al., 2001). Moreover, CENP-A

overexpression also leads to elevated CENP-A incorporation along chromosome arms and is
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accompanied by CENP-C mis-localization. However, neocentromere formation as a consequence of
CENP-A overexpression is not observed in human (Lacoste et al., 2014) (further discussed in
sections 2.3 and 2.6). In conclusion, efficient CCAN formation may rely on the additional presence
of supporting factors that are uniquely found at the centromere (section 2.3d).

The CENP-O/-P/-Q/-U/-R complex most likely assembles further downstream of all other
CCAN sub-complexes. Like many components of the network, also this complex connects to at least
two other CCAN sub-complexes CENP-H/-1/-K/-M and CENP-L/-N and interestingly was recently
found to be able to connect to microtubules in vitro (Pesenti et al., 2018). CENP-O/-P/-Q/-U/-R
would be the only direct connection of the constitutive network with microtubules identified so far.
While the functional relevance of this interaction remains untested a speculative functional
implication for this is the establishment of stable end-on spindle attachments once the chromosome is
bi-oriented (Pesenti et al., 2018). Proteins of the CENP-O/-P/-Q/-U/-R complex are indeed found to
be important for proper segregation (Hori et al., 2008b) in chicken and moreover CENP-U in chicken
was also suggested to suppress drifting of the centromere but the molecular mechanism of this

remains poorly understood (Hori et al., 2016).

Overall multiple cross-connection between CCAN proteins indicate that the complex forms a
stable protein meshwork (Klare et al., 2015; McKinley et al., 2015). The assembly of the CCAN
seems to derive from a single axis based on CENP-A and CENP-C at least in human (Logsdon et al.,
2015; Tachiwana et al., 2015). Moreover, cross-connections between individual CCAN units likely
exist (e.g. through dimerization of CENP-C or other unknown interactions (Carroll et al., 2010;
Cohen et al., 2008). During the cell cycle, CCAN architecture was further described to undergo
conformational changes (Allu et al., 2019; Nagpal et al., 2015) but overall CCAN dynamics during
the cell cycle and regulations of this still remain only very partially uncovered (Watanabe et al.,
2019). Mitotic centromeres are described as more stable compared to interphase kinetochores
suggesting a centromere maturation process during the cell cycle (Ribeiro et al., 2010).

b) Inner kinetochore (CCAN) to outer kinetochore connections

Indirect connection of the CCAN with microtubules are mediated via kinetochore proteins. In

human, although derived from a single axis (see previous section), two branches for kinetochore
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assembly which involve CENP-C and CENP-T have been described (Gascoigne et al., 2011) (Figure
2B).

CENP-C interacts with the Mis12 complex, a four-subunit kinetochore complex comprising M1S12,
PMF1, DSN1 and NSL1 that in turn bind the microtubule binding Ndc80 complex (Gascoigne et al.,
2011; Przewloka et al., 2011; Richter et al., 2016; Screpanti et al., 2011). The CENP-C-Mis12
complex interaction is enhanced by Aurora B phosphorylation of Dsnl (Kim and Yu, 2015; Rago et
al., 2015). A crystal structure of human Mis12 complex bound to a CENP-C*"* construct revealed
the molecular details of CENP-C-Misl12 complex interactions (Petrovic et al., 2016): CENP-C
interacts via a ~45-residue amino-terminal domain with all subunits of the Mis12 complex although
the main interaction site is a “head” structure formed by Mis12 and PMF1. DSN1 phosphorylation
was found to be a negative regulator of the CENP-C-Mis12 complex interaction but was not directly
involved in the interaction (Petrovic et al., 2016). Possibly, Aurora B regulation is important to

restrict CENP-C-Mis12 interaction exclusively to centromeric region (Musacchio and Desai, 2017).

CENP-T in contrast to CENP-C can directly interact with components of the Ndc80 complex
circumventing the requirement of the Mis12 complex. CENP-T possesses a long unstructured N-
terminal domain and a C-terminal histone fold domain (HFD) (Musacchio and Desai, 2017). While
the HFD connects CENP-T to chromatin the N-terminal long unstructured regions can interact with
subunits of the Ndc80 complex (SPC24/25). In human, this interaction requires the phosphorylation
of two threonine residues on CENP-T by CDK1 (Rago et al., 2015). Once phosphorylated, one
CENP-T molecule can interact with two Ndc80 complexes. Interestingly, a third CDK1
phosphorylation site on CENP-T was described. This site is involved in a CENP-C independent
interaction of CENP-T with the Mis12 complex. Hence, via this indirect path, one CENP-T molecule
could recruit even a third Ndc80 complex (Musacchio and Desai, 2017). Thus, theoretically, the
current state of the art suggests that one centromere/kinetochore unit could connect to microtubules
using five interfaces (three via CENP-T, one via CENP-C and one via CENP-O/-P/-Q/-U/-R). In
reality, not all these possibilities seem to be occupied. A quantitative approach in human suggest a
total of ~244 Ndc80 complexes per kinetochore (and around 14 per individual microtubule) (Suzuki
et al., 2015). Using individual CENP-T/C knockdown this analysis suggests that out of ~215 CENP-
C molecules present per centromere only ~80 assemble a KMN complex and each CENP-T molecule
(~70 per centromere) could contribute to 2 Ndc80 complexes (total >140) (Suzuki et al., 2015). Since
CENP-C has multiple functions at the centromere it is tantalizing to speculate that different CENP-C

molecules serve different purposes or are unoccupied with KMN to function as connecting units.
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Individual depletion of the domain that connects CENP-C to the KMN network is not compensated
by CENP-T and vice versa although it remains unclear if this is a dosage effect by the resulting
Ndc80 shortage (Gascoigne et al., 2011; Nishino et al., 2013). Interestingly, in other organisms such
as Drosophila, CENP-T and many other proteins of the centromere were not identified which
suggest that, at least in this species, a specific type of centromere kinetochore interaction (here via

CENP-C) could be sufficient (Musacchio and Desai, 2017).
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Figure 2: Centromere architecture and organization.

(A) Schematic overview of the centromere/kinetochore complex during mitosis (adapted from

(Westhorpe and Straight, 2015)).

(B) Schematic illustration of centromere/kinetochore organization of mitotic chromosomes.
Protein/complexes with direct connection to DNA or chromatin (green), constitutive chromatin

associated proteins (green & blue) and outer kinetochore proteins (yellow) are depicted.

11.2  Aregion like no other? - Centromeric Chromatin/Epigenetic Environment

In addition to the complex network of centromere proteins described in the previous section,

the centromere is built on a unique chromatin region distinctive from the rest of the genome. A key
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feature of centromeric chromatin is the accumulation of nucleosomes possessing the histone H3
variant CENP-A.

a) The Histone H3 variant CENP-A

CENP-A together with CENP-B and CENP-C is one of the first centromere proteins
identified in human using an anti-centromere-autoantibody (ACA) discovered in patients with a
variant of the scleroderma autoimmune disease which IS called
CREST (Calcinosis/Raynaud's phenomenon/ Esophageal dysmotility/Sclerodactyly/ Telangiectasia)
(Earnshaw and Rothfield, 1985; Guldner et al., 1984; Moroi et al., 1980). In all monocentric
organisms studied so far, CENP-A molecules accumulate at the centromere (Earnshaw and
Rothfield, 1985; Henikoff et al., 2000; Palmer et al., 1987; Stoler et al., 1995). As found in many
species, CENP-A is known to be the epigenetic mark required to maintain centromeres at unique

locations (see section 2.3).

The number of CENP-A molecules found at a single centromere differs between species and even
individual centromeres (Bodor et al., 2014). In the allegedly simple case of Saccharomyces
cerevisiae (budding yeast) point centromeres, chromatin immunoprecipitation (ChIP) analysis
initially revealed that CENP-A (called Cse4 in budding yeast) binds to a single nucleosome at the
centromere (Furuyama and Biggins, 2007). This leads to the assumption that there is a maximum of
two Cse4 molecules per centromere in an octameric Cse4 nucleosome. However, conflicting reports
regarding the actual molecule number of Cse4 and the nucleosome conformation in this context
exist, ranging from one molecule to eight Cse4 molecules per centromere [reviewed in (Stankovic
and Jansen, 2017)]. Higher numbers of centromeric Cse4 molecules may be related to detection
errors or to the existence of more difficult to define variable Cse4 molecules that surround the
centromere core (Haase et al., 2013).

Despite a greater uncertainty in the determination of the absolute molecule number of centromeric
CENP-A, species with regional centromeres show generally higher centromeric CENP-A levels
compared to budding yeast (Stankovic and Jansen, 2017) E.g. fission yeast: 26 (Lando et al., 2012)
Drosophila: 84-336 (Schittenhelm et al., 2010) chicken DT40 cells: 25-62 (Johnston et al. 2010;
Ribeiro et al 2010) human: ~400 (Bodor et al., 2014).

Using a 3-D imaging strategy Bodor et al. (2014) assessed the number of internally tagged CENP-A-
YFP at the centromere of stable diploid human retinal pigment epithelium cells (hRPE-1). On
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average in this analysis a centromere was found to contain ~400 CENP-A molecules (Bodor et al.,
2014). In comparison to the total average number of CENP-A molecules found in this cell line
(91000 molecules), this number reflects only about 0,44 % of all cellular CENP-A molecules.
Summed across all 46 centromeres hence only ~20% of total CENP-A molecules are centromeric.
Even more surprisingly, over half of the CENP-A molecules (66%) are non-centromeric bound and
the residual CENP-A molecules are soluble. However, taking into consideration the centromere
length, there is still a 50-fold local enrichment of centromeric CENP-A compared to non-centromeric
chromatin (Bodor et al., 2014). It remains unclear to what extent the generation of such a distinct
local enrichment of CENP-A above a certain threshold is a feature required for CENP-A’s function

as the epigenetic mark of the centromere (see section 2.3).

b) The CENP-A Nucleosome

Tachiwana et al. (2011) solved the crystal structure of a nucleosome containing two CENP-A
molecules which replaced the canonical histone H3 and possessed left handedly wrapped DNA,
which overall is structurally very similar to the canonical nucleosome but with certain distinct
differences as discussed below (Tachiwana et al., 2011). The question if the octameric conformation
is the sole conformation of CENP-A containing nucleosomes has been a controversial issue in the
past (Black and Cleveland, 2011). Various approaches in different model systems suggest that
several CENP-A nucleosome adaptations could exist. Among these proposed conformations
(neglecting the handedness of DNA wrapping) are CENP-A/H4 tetrameric nucleosomes deprived of
H2A and H2B (Dalal et al., 2007; Shivaraju et al., 2012), hemisomes with one CENP-A/H4 and one
H2A H2B heterodimer (Henikoff et al., 2014), hexameric nucleosomes (Mizuguchi et al., 2007; Xiao
et al., 2011) or the octameric CENP-A nucleosome with two CENP-A molecules (Hasson et al.,
2013; Nechemia-Arbely et al., 2017). In human and yeast, data generated using atomic force
microscopy or cell imaging in particular proposed that CENP-A nucleosomes can change their
conformation in different cell cycle stages (Bui et al., 2012; Shivaraju et al., 2012). Studies from the
Black and the Cleveland lab however revealed that in vivo, the octamer conformation at human
native centromeres and neocentromeres is the major form of CENP-A nucleosomes in human and
that any conformational changes could — if present at all - just present a very minor subpopulation or
very short-lived transient appearances (Hasson et al., 2013; Nechemia-Arbely et al., 2017). These
studies were carried out using a variety of approaches, which importantly, include importantly

Micrococcal Nuclease (MNase) digestion in combination with native ChIP in combination with

17



sequencing (ChIP-Seq). Most importantly, three size classes of MNase-protected CENP-A particles
were initially identified with the smallest particle still protecting a DNA fragment that is ~30-50 bp
longer than what would be expected for a tetrameric/hemisome conformation (Hasson et al., 2013).
Moreover, particle size variation was found to be a consequence of partial DNA unwrapping which
is conferred by the physical properties of CENP-A (Hasson et al., 2013; Nechemia-Arbely et al.,
2017). In corroboration with data from in vitro generated octameric nucleosomes and sequencing
approaches, there is thus overall strong evidence arguing for the homotypic (two CENP-A molecules
per nucleosomes) octameric core particle conformation as the major form of CENP-A nucleosomes
in vivo at human centromeres (Hasson et al., 2013; Nechemia-Arbely et al., 2017). Indeed, partial
DNA unwrapping and the resulting higher flexibility of the DNA ends of the nucleosome were
suggested to be important features for CENP-A’s function (Roulland et al., 2016). Interestingly, in a
H3-CENP-A-H3 tri-nucleosome sequence the CENP-A nucleosome is more accessible as the tri-
nucleosome is less twisted compared to a purely H3 tri-nucleosome which may be important for
CCAN nucleation (Takizawa et al., 2020). CENP-C binding to the CENP-A nucleosomes was found
to exacerbate the unwrapped “open” configuration of CENP-A nucleosomes (Ali-Ahmad et al.,
2019, p.) and at the same time, in collaboration with CENP-N, CENP-C binding stabilizes CENP-A
nucleosomes (Falk et al., 2016, 2015; Guo et al., 2017)

Considering an absolute number of approximately 400 CENP-A molecules at the centromere
there are on average around 200 CENP-A nucleosomes at the centromere. This also translates to an
approximate ratio of CENP-A to H3 nucleosome of 1 to 25 at the centromere compared to 1 to 1200

in non-centromeric regions (Bodor et al., 2014; Stankovic and Jansen, 2017)

Histone H3 variants commonly share very high sequence similarity in their histone folding
domains (HFD). CENP-A shows only ~60% sequence homology in this region (Sullivan et al.,
1994). CENP-A-H4 pre-nucleosomal tetramers are more compact and show higher conformational
rigidity compared to H3-H4 tetramers in vitro resulting in significant structural differences (Black et
al., 2004). These special physical properties were found to be conveyed by a special domain inside
the HFD. Remarkably substituting this domain into H3 is sufficient to target this H3 chimera to the
centromere and therefore the domain was called CENP-A Targeting Domain (CATD) (Black et al.,
2007, 2004). Importantly, CENP-A interacts with its chaperone HJURP via the CATD which

specifically directs the assembly of the pre-nucleosomal CENP-A/H4 complex at the centromere (see
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section 2.3a) (Hu et al., 2011; Shuaib et al., 2010). The CATD domain spans loop 1 and the alpha 2
helix of CENP-A (see section 2.3, Figure 5). Once assembled into chromatin, a specific RG-loop
(Arg80/Gly81) within the CATD domain extends from the histone nucleosome and mediates CENP-
A interaction with CENP-N (Carroll et al., 2010; Fang et al., 2015; Guo et al., 2017; Sekulic et al.,
2010; Tachiwana et al., 2011).

Important differences to other H3 variants are also found in both N-terminal and C-terminal
tail regions of CENP-A. Both tails are involved in centromere assembly: The N-terminal tail
interacts with CENP-T (Folco et al., 2015; Logsdon et al., 2015) and CENP-B (indirect connection to
CENP-C) (Fachinetti et al., 2015) and the C-terminal tail interacts with CENP-C (Carroll et al.,
2010; Fachinetti et al., 2013; Kato et al., 2013; Logsdon et al., 2015; Tachiwana et al., 2015;
Westhorpe et al., 2015).

c) Post Translational Modifications of CENP-A nucleosomes at the centromere

Since CENP-A molecules are found in a greater number outside of the centromere region it is
tempting to speculate that CENP-A PTMs found exclusively at the centromere could restrict CENP-
A’s function to centromeric regions. In the case of the point centromeres of budding yeast for
example the methylation of K37 is indeed described to be a key PTM for CCAN formation (Samel et
al., 2012).

In species with regional centromeres a CENP-A methylation site with similar importance has not
been described to my knowledge. However, in human, several CENP-A modifications
(phosphorylation, acetylation, methylation, ubiquitination) have been reported and functional
relevancies of these PTMs have been proposed. Phosphorylation of S68, acetylation/ubiquitination of
K124 were suggested to be important for CENP-A deposition at the centromere (in the case of
ubiquitination this mark was even proposed to be propagated by CENP-A dimerization at the
centromere) and S7 phosphorylation for CENP-C recruitment or Aurora B recruitment to the
centromere in human (Eot-Houllier et al., 2018; Goutte-Gattat et al., 2013; Kunitoku et al., 2003;
Niikura et al., 2019, 2016, 2015; Yu et al., 2015; Zhao et al., 2016). Neither K124 nor S68 are part of
the CENP-A CATD domain nor is S7 even close to the binding site for CENP-C and importantly, all
functional relevancies of these modifications were substantially contradicted by our lab and the
Black lab (Barra et al., 2019; Fachinetti et al., 2017). There is an ongoing controversy for the
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importance of K124 ubiquitination, which can be compensated by a protein tag in a recent
publication from the Kitagawa lab (Niikura et al. 2019). Phosphorylation of the residues S16 and S18
are crucial and present in pre-nucleosomal CENP-A. Their absence or hyper- phosphorylation leads
to chromosome missegregation (Bailey et al., 2013; Barra et al., 2019).

Additionally, in the same report that described S16 and S18 phosphorylation of CENP-A, amino-
terminal tri-methylation of glycine was discovered (glycine is the N-terminal amino acid since
Methionine, translated from the start codon, is post-translationally removed from CENP-A) (Bailey
et al., 2013). Loss of N-terminal tri-methylation of CENP-A leads to a reduction of CENP-T and
CENP-1 at the centromere and causes chromosome segregation errors. (Sathyan et al., 2017).

Overall, little is known about the regulation of CENP-A PTMs and only S16/18 phosphorylation
have clear functional relevance before CENP-A is deposited at the centromere. Whether there are
any functional implications of PTMs on centromeric CENP-A remains unclear.

A special importance has been attributed to mono-methylation of Lysine 20 of H4 which is
present in CENP-A nucleosomes but not in a pre-nucleosomal CENP-A/H4 complex (Bailey et al.,
2016). Importantly, this PTM is found to be essential for correct kinetochore formation (Hori et al.,
2014). Recent structural studies suggested that CENP-C binding induces conformational changes in
the CENP-A nucleosome that facilitate H4K20 mono-methylation (Ali-Ahmad et al., 2019) which
could suggest that H4 is methylated after CENP-C is bound and might contribute to the stability of
the nucleosome or kinetochore. Monomethylation of H4 is also proposed to be facilitated by the
CATD domain of CENP-A itself suggesting that the epigenetic mark has a direct effect on the

presence of this modification (Arimura et al., 2019).

d) Centrochromatin beyond CENP-A

Centromeric chromatin is exceptional due to the accumulation of CENP-A nucleosomes but
the vast majority of nucleosomes present at the centromere do not contain CENP-A (Nechemia-
Arbely et al.,, 2017). Other epigenetic features adjacent to CENP-A nucleosomes contribute
substantially to the establishment of a special epigenetic landscape also called centrochromatin
which is embedded into pericentromeric heterochromatin (Garcia Del Arco and Erhardt, 2017;
Sullivan and Karpen, 2004).

Acetylation of histones is commonly found in regions with transcriptionally permissive

chromatin states. At the centromere however, certain histone acetylations are either absent or low in
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abundance suggesting that centrochromatin is heterochromatic. The usage of the chromatin fiber
technique first revealed the presence of “open” chromatin marks (H3K4mel/2, H3K36me?2/3) at the
centromeres of flies and human (Garcia Del Arco and Erhardt, 2017; Sullivan and Karpen, 2004;
Lam et al., 2006). In addition, using an approach to purify di- or tri-nucleosomes combined with
mass spectrometry it was possible to identify histone modification of H3 and H4 histones closely
associated with CENP-A nucleosomes (Bailey et al., 2016). This approach additionally identified
heterochromatic marks (H3K9me2, H3K27me2) and also low levels of acetylation marks (H4K5Ac
and H4K12Ac) with multiple PTMs being present on single nucleosomes (Bailey et al., 2016).
Altogether, centromeric chromatin displays a complex blend of modified histones and moreover
distinct methylation patterns [reviewed in (Scelfo and Fachinetti, 2019)] ultimately resulting in a
chromatin state that is weakly transcriptionally permissive (Erliandri et al., 2014; Mravinac et al.,
2009; Sullivan and Karpen, 2004).

Indeed, RNA polymerase Il was found to localize at the centromere (and pericentromeric regions)
(Bergmann et al., 2012; Chan and Wong, 2012) and centromere-specific transcripts are synthesized
(Blower, 2016; Bury et al., 2020; Chan and Wong, 2012; McNulty et al., 2017; Saffery et al., 2003;
Wong et al., 2007).

Low level of centrochromatin transcription in multiple species has been proposed to play
diverse roles in centromere assembly or stability (association with CENP-C, CENP-A and CENP-B)
and function (Blower, 2016; Bobkov et al., 2018; Bury et al., 2020; Du et al., 2010; Ferri et al., 2009;
Grenfell et al., 2016; Ideue et al., 2014; McNulty et al., 2017; Quénet and Dalal, 2014; Rosi¢ et al.,
2014; Wong et al., 2007; Zhu et al., 2018). Centromere transcription continues even during M-phase
where most of the transcription is normally silenced. This is likely caused by the association of RNA
Polymerase Il with cohesin which is retained at the centromere until anaphase onset (Perea-Resa et
al., 2020).

Since the chromatin state seems to be important for centromere functions and/or identity, the
question arises how the epigenetic status of centrochromatin is regulated. An important tool to study
this are human (or mammalian) artificial chromosomes (HAC) (Barra et al., 2019; Basu et al., 2005;
Harrington et al., 1997; Nakashima et al., 2005; Okada et al., 2007; Okamoto et al., 2007; Tachiwana
et al., 2013). HAC formation requires the generation of a centromere on a naked large DNA
fragment. This can be best induced by targeting centromere proteins to a LacO or tetR array present
on the DNA or by the presence of specific centromere sequences (see section 2.5 and 2.6b). At the

same time, chromatin modifying proteins can be recruited to the same arrays which allows to alter
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the epigenetic environment of the artificially generated centromere and test for functional relevance
of these perturbations. Hypomethylation of a HAC for example, was found to negatively impact the
recruitment of the histone chaperone that mediates CENP-A assembly (see section 2.3a) (Bergmann
et al., 2011). Recruitment of histone methyltransferases to an active centromere on a HAC was
insufficient to silence centromere transcription indicating that centromeres establish mechanisms to
prevent heterochromatin spreading (Martins et al., 2016). Similarly, the H3K4me2 mark found in
centromeric regions was proposed to be not only important to enable transcription but likely also to
somehow establish acetylation of H3K9, which could prevent a spreading of the adjacent
pericentromeric heterochromatin (Molina et al., 2016). Such a heterochromatin spreading would
cause centromere inactivation. A fine tuning of H3K9me3 and H3K9ac seems to be important on
native human centromeres (Molina et al., 2016; Nakano et al., 2008). Mechanistically, this is perhaps
regulated by interactions of histone modifiers with centromere proteins (see section 2.3) (Nakano et
al., 2008; Ohzeki et al., 2016, 2012). Other studies also found that the origin recognition complex 2
(ORC2) when sumoylated recruits the histone H3K4 demethylase KDM5A to the centromere which
further ensures low level of transcription (Huang et al., 2016). In Drosophila, the trithorax group
(Trx-G) has been identified as another important regulator of centrochromatin (Piacentini et al.,
2019) and a screen for CENP-A assembly and stability further found a number of chromatin

modifying proteins affecting centromeric CENP-A level (Mitra et al., 2020).

DNA methylation might regulate centromeric transcription as well (Scelfo and Fachinetti, 2019). The
importance of methylation in the centromeric (and pericentromeric) DNA is strikingly disclosed in
the context of diseases (e.g. several tumors and the Immunodeficiency, Centromeric region
instability, Facial anomalies (ICF) syndrome, a genetic disease), where hypomethylation of
centromeric DNA is associated with centrochromatin (and pericentromeric) decondensation. This
further demonstrates that a certain loss of compaction at the centromere is detrimental and
accompanies several centromere dysfunctions and genomic rearrangements (Scelfo and Fachinetti,
2019). Furthermore, a functional interplay between the centromere proteins CENP-B as well as
CENP-C with DNA methylation has been proposed but the detailed effects of aberrant DNA
methylation at the centromere and how this is prevented remains very poorly understood (Scelfo and
Fachinetti, 2019).

Altogether this shows that regulation of a certain centromere chromatin environment is a crucial task

to ensure centromere function.
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Centromeric chromatin undergoes changes during the cell cycle (see section 2.3). Most
remarkable during DNA replication CENP-A nucleosomes are diluted to both daughter strands as
their replenishment is uncoupled from DNA replication (Jansen et al., 2007a; Shelby et al., 2000)
(see section 2.3). The histone variant H3.3 has been described as the placeholder for CENP-A
nucleosomes indicating a special importance of H3.3 at the centromeric region (Dunleavy et al.,
2011). During mitosis moreover, the mitotic kinase haspin phosphorylates H3 at the centromere
(H3T3) specifically in the inner centromeric regions. This is important to recruit the chromosomal
passenger complex to the centromere and has thus functional relevance for proper chromosome
congression and error correction (Dai and Higgins, 2005; Kelly et al., 2010; Wang et al., 2010;
Yamagishi et al., 2010).

e) Pericentromeric chromatin

Centrochromatin is embedded into a highly heterochromatic region formed on the so-called
pericentromere region which is rich in histones with PTMs associated with heterochromatin and
DNA methylation (Peters et al., 2008; Rice et al., 2003; Scelfo and Fachinetti, 2019). The
transcriptionally repressive marks H3K9me3 and H3K27me3 are very abundant at the
pericentromere and cause the recruitment of the heterochromatin protein 1 (HP1). This in turn
creates a positive feedback-loop for heterochromatin formation as it recruits methyltransferases (e.g.
SUV39h) which trimethylate H4K20, an additional repressive mark and promote the spreading of
heterochromatin (Schotta et al., 2004). Functionally, pericentromeric heterochromatin is well known
to be important for the recruitment of cohesin to the centromere region which is important for sister
chromatid cohesion prior to anaphase onset (see section 1.4) (Sakuno and Watanabe, 2009;
Watanabe, 2005).

Changing the epigenetic landscape of the pericentromere by for example, hypomethylation is
associated with genomic instability but is also found in special tissue like paternal or maternal
pronuclei (Déjardin, 2015; Scelfo and Fachinetti, 2019). Among other effects hypomethylation for
example, promotes the recruitment of Polycomb proteins to the pericentromere which are important
transcription regulatory proteins involved in gene silencing. The deposition of Polycomb at the
pericentromere could be a triggering event for gene expression alteration in tissue and disease
(Déjardin, 2015).
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f) Centromere nucleosome sequence and centromere architecture

An important question to better understand the structural organization of the centromere is

the identification of the nucleosome sequence and the 3-D organization of centrochromatin. ChlP-
sequencing and chromatin fiber staining techniques have been applied to investigate the distribution
of H3 and CENP-A nucleosomes at the centromere. In the chromatin fiber analysis, centromeric
chromatin is physically stretched to 50-100 times of its normal interphase length after cell lysis
providing a resolution of approximately 20 kb. Using this chromatin unfolding technique, CENP-A
molecules and H3 nucleosomes were found to be interspersed at the centromere in flies and human
(Blower et al., 2002; Sullivan and Karpen, 2004). However, local CENP-A clusters with higher
occupancy have been observed as well (Blower et al., 2002). CENP-A clustering may be even more
pronounced in the 3-D architecture of the centromere as indicated by high resolution microscopy
(Andronov et al., 2019).
ChIP-Seq is a powerful tool to study epigenetic modification genome-wide but currently does not
provide single cell resolution like the chromatin fiber technique. Moreover, studying CENP-A
distribution at native centromeres using ChIP-Seq is limited by the repetitive nature of the
centromere. Sequencing reads cannot unambiguously be mapped to centromeric DNA in the way it
would be required to determine a CENP-A nucleosome sequence. However, ChIP-Seq on
chromosomes that are not characterized by highly repetitive DNA sequences (such as the Z
chromosome of chicken or human neocentromeres (see section 2.4 and 2.6)), where sequence
mapping is feasible have been used to study CENP-A nucleosome occupancy at the centromere
(Bodor et al., 2014; Shang et al., 2013, 2010). These studies revealed that, in agreement with the
chromatin fiber analysis, CENP-A nucleosomes are indeed not found in one major cluster but
smaller sets of local clusters with very high CENP-A occupancy seeming to exist within the
centromere. Recent advances in the chromatin fiber technique and ChIP approaches describe the
presence of two distinct CENP-A populations at the centromere. Only one population appears to be
strongly associated with CENP-C and is likely directly involved in kinetochore formation (Kyriacou
and Heun, 2018; Melters et al., 2019) while the second population might have a different function in
CENP-A homeostasis (Melters et al., 2019). This is in agreement with the estimated average
molecule number of CENP-C (215 molecules) and CENP-A (400 molecules) (Bodor et al., 2014;
Suzuki et al., 2015).

Moreover, based on native ChlP-Seq data nucleosomes at the centromere were found to be phased on

human centromeric DNA. Centromeric DNA is highly repetitive and one characteristic is the
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recurrent presence of a 17-bp sequence motif called the CENP-B binding box, to which CENP-B
protein sequence-specific binds (see section 2.5). Nucleosome phasing occurs independently of
CENP-B along centromeric DNA but the presence of CENP-B seems to generally improve phasing
of canonical and especially of CENP-A nucleosomes (Ando et al., 2002; Hasson et al., 2013;
Nechemia-Arbely et al., 2017). CENP-B might additionally support partial unwrapping of CENP-A
nucleosomes, a feature that could generally support a centromere/kinetochore formation (Hasson et
al., 2013).

The presence of a CENP-T/-W-/S-/X nucleosome-like structure further contributes to the centromere
architecture. In contrast to the CENP-A nucleosome, this structure induces not negative, but positive
supercoils in the DNA (Takeuchi et al., 2013).

Electron microscopy of metaphase chromosomes revealed that CENP-A occupies a compact
domain at inner centromere regions but is absent from the most inner regions where major fractions
of CENP-B reside (Owen J Marshall et al., 2008). This indicates that many copies of CENP-A
nucleosomes are clustered in 3-D space even stronger from what is known from the nucleosome
sequence perhaps especially during mitosis. Interestingly, a recent study suggests a local orientation
of CENP-A nucleosomes during mitosis mediated by asymmetric binding of CENP-C and CENP-N
molecules. As CENP-A nucleosomes maybe interconnected this local asymmetry might be expanded

on a global centromeric level (Allu et al., 2019).

The underlying centromeric DNA is further proposed to affect the architecture of the
centromere. Intrinsic features of the highly repetitive DNA could promote structure formation (see
section 2.4) (Aze et al., 2016; Kasinathan and Henikoff, 2018). In this regard, the binding of CENP-
B to centromere DNA likely induces conformational changes of centromeric chromatin. The crystal
structure of the CENP-B DNA binding domain bound to DNA revealed a ~60° bending of the DNA
by CENP-B (Tanaka et al., 2001). Moreover, in vitro CENP-B was proposed to possess a bundling
activity for two distant CENP-B boxes as the protein can dimerize which possibly could promote
local heterochromatin formation (Tawaramoto et al., 2003; Yoda et al., 1998, 1992) (see section
2.5).
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1.3  The Never-ending Story of Centromere Identity - CENP-A’s Epigenetic Self-Assembly
Loop

In human and most species studied so far, centromeres can propagate through an epigenetic
mechanism based on the epigenetic mark CENP-A (Zasadzinska and Foltz, 2017). New CENP-A
chromatin assembly is ultimately directed by the presence of preexisting CENP-A nucleosomes

which generates an epigenetic self-assembly loop (Figure 3).

Centromeric CENP-A nucleosomes are further described to be remarkably stable (see section 2.3d)
and CENP-A molecules are very efficiently recycled at the centromere when cells undergo S-phase
(unlike other H3 histones) (Bodor et al., 2013; Shelby et al., 2000; Zasadzinska et al., 2018).

DNA replication however, causes dilution of CENP-A nucleosomes to both daughter strands, which
commonly occurs in a random fashion (Bodor et al., 2013; Shelby et al., 2000) with most likely some
interesting exceptions discovered in the context of stem cell differentiation of the Drosophila mid-
gut (Arco et al., 2018). CENP-A nucleosome replication does not occur immediately in S-phase but
CENP-A is replenished in many species studied so far in a different cell cycle phase (Bernad et al.,
2011; Black et al., 2007; Erhardt et al., 2008; Takayama et al., 2008). This is however different in
budding yeast where CENP-A®*** is replenished during S-phase (Pearson et al., 2004; Wisniewski et
al., 2014) and in fission yeast that can replenish CENP-A®"™ in S-phase and G2-phase (Takayama et
al., 2008).

In human, the timing of new CENP-A reloading was uncovered by taking advantage of the SNAP-
tag technology (Jansen et al., 2007a). At a time point zero preexisting SNAP-tagged proteins in the
cell can be chemically quenched using a non-fluorescent benzylguanine derivative which rapidly and
irreversibly binds to the SNAP-tag. Following a chase period, newly synthesized SNAP-tagged
proteins can be labeled using a different, this time fluorescent benzylguanine derivative allowing
exclusive detection of newly synthesized proteins by fluorescence microscopy. Using this technique
Jansen et al. revealed that CENP-AS™" is newly deposited at the centromere in late telo-/early G1
phase (Jansen et al., 2007a) (Figure 3A).

CENP-A dilution during DNA replication creates vacant nucleosome positions which are proposed
to be filled with nucleosomes containing the histone variant H3.3 which consequently acts as a
placeholder for CENP-A during G2/M (Dunleavy et al., 2011) (Figure 3A). Interestingly, during
DNA replication cells evict CENP-A from non-centromeric regions and retain only centromeric

CENP-A, which demonstrates that DNA replication can act as an error correction mechanism to
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restrict CENP-A accumulation to the centromere (Nechemia-Arbely et al., 2019). This provides a
theory to explain why new CENP-A deposition is uncoupled from DNA replication since
concomitant new CENP-A assembly in S-phase could likely continuously create new mis-
incorporations along chromosome arms. Centromeric CENP-A retention was proposed to be linked
to the CCAN (Nechemia-Arbely et al., 2019) but the molecular details of this error correction
pathway and what prevents the assembly of CCAN proteins involved in this error correction system

at non-centromeric CENP-A prior to S-phase is still unclear.

The major players involved in new CENP-A deposition are: CENP-A’s chaperone HIURP,
the reloading licensing complex Mis18 and the CCAN as the reader of preexisting CENP-A (Figure
3B).
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Figure 3: The CENP-A epigenetic self-assembly loop of the centromere.

(A) Preexisting CENP-A nucleosomes (illustrated in green) are diluted equal during S-phase to both
daughter strands resulting in half maximal centromeric CENP-A level after DNA replication. H3.3
nucleosomes (blue) are incorporated as CENP-A placeholder. After M-phase preexisting CENP-A
molecules direct the deposition of new CENP-A molecules at the centromere to restore CENP-A

level at the centromere.

(B) Major players of the CENP-A self-assembly loop. CENP-C acts as the epigenetic reader of
preexisting CENP-A nucleosomes and directs the Mis18 complex to the centromere which in turn

licenses new CENP-A incorporation mediated by the chaperone HJURP.

a) HJURP — CENP-A’s chaperone

Like other histones, CENP-A’s deposition is mediated by a specific chaperone which in the
case of CENP-A is the Holiday Junction Recognition Protein (HJURP) (Dunleavy et al., 2009; Foltz
et al., 2009). At the native centromere, HJURP was proposed to have two functions during the course

of the cell cycle. During telo-/early G1 phase HJURP mediates new CENP-A deposition at the
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centromere and during S-phase HJURP was described to retain CENP-A at the centromere to avoid
its loss specifically from the centromere (Nechemia-Arbely et al., 2019; Zasadzinska et al., 2018). In
the latter, more recently discovered mechanism, the authors propose that HJURP, preexisting CENP-
A and the replicative helicase complex MCM2-7 interact to ensure CENP-A retention through S-
phase (Zasadzinska et al., 2018).

Pre-nucleosomal CENP-A/H4 dimers bind to an amino-terminal HJURP domain which is
highly conserved across species including budding yeast where HIURP is called Scm3 (Suppressor
of chromosome mis-segregation). Budding yeast Scm3 is much shorter than human HJURP and
consists mainly of the CENP-A/H4 binding domain (Camahort et al., 2007; Mizuguchi et al., 2007,
Pidoux et al., 2009; Stoler et al., 2007; Williams et al., 2009). For this reason, the domain is also
called Scm3 domain in human. The Scm3 domain importantly recognizes the CATD domain of
CENP-A (Shuaib et al., 2010) (see section 2.2a) (Figure 5). For CENP-A/H4 deposition the N-
terminal tail of H4 (residues K5 and K12) must be acetylated, which is mediated by a complex of
RbAp46/48 and histone acetyltransferase 1 (HAT1) (Shang et al., 2016). Binding of CENP-A/H4 to
HJURP was further shown to increase the stability of soluble CENP-A (Bassett et al., 2012).

Targeting HJURP to an ectopic location is sufficient for CENP-A assembly at this locus in
~60% to ~90% of the cases (Barnhart et al., 2011; Shono et al., 2015) or to trigger centromere
formation on human artificial chromosomes (Logsdon et al., 2019). Although the process of histone
H3.3 eviction and CENP-A nucleosome assembly through HJURP is not well understood much

progress has been made in understanding key steps of the mechanism and of its regulation.

Based on the crystal structure the association of HJURP with CENP-A/H4 was found to prevent
tetramerization of CENP-A/H4 (Hu et al., 2011). Assembly of a homotypic CENP-A nucleosome
somehow requires an interplay of two CENP-A/H4/HIJRUP complexes. Dimerization of HIURP was
proposed to be important in this context (Zasadzinska et al., 2013). This model however was more
recently contradicted by including interaction studies of HIURP with the Mis18 complex, a protein
complex upstream of HJURP and important for HJURP recruitment to the centromere at the end of
mitosis (Barnhart et al., 2011; Pan et al., 2019). The authors of this study instead propose either a
different coordination of two CENP-A/H4/HJURP recruited individually by two adjacent Mis18
complexes or a sequential deposition (Pan et al., 2019). In addition to the Scm3 domain, there are
two HJURP Carboxy Terminal Domains (HCTD1 and HCTD2) which are sufficient for HHURP

localization to the centromere in telo-/early G1 phase by interacting with the Mis18 complex (Foltz
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et al., 2009; Nardi et al., 2016; Pan et al., 2019, 2017; Wang et al., 2014; Zasadzinska et al., 2013)
and a Central Domain (CD) which binds to DNA, is important for CENP-A deposition (Mller et al.,
2014) and interacts with cyclin A (Stankovic et al., 2017) (Figure 5). The latter has important
regulatory function for CENP-A reloading (see below).

Once recruited, HIURP is proposed to be locally confined at the centromere through the formation of
nuclear actin triggered by Diaphanous formin (mDia2). This HIURP confinement was proposed to
be important for productive new CENP-A incorporation although the molecular details remain less
clear (Liu et al., 2018; Liu and Mao, 2016). Moreover, condensin Il is recruited in a HJURP
dependent manner to the centromere which is reported to be important for centromere
decondensation and new CENP-A deposition (Barnhart-Dailey et al., 2017).

CENP-A assembly is restricted to late telophase/early G1 phase which is mediated by the
Cyclin Dependent Kinases 1 and 2 (CDK1/2). CDK1/2 are moderately active in S/G2 and are highly
active during M-phase. Inhibition of CDK1/2 before M-phase was shown to be sufficient to promote
precocious CENP-A reloading at the centromere in G2 phase (Silva et al., 2011). CDK1/2 have many
substrates among them HJURP and the Mis18 complex (Miller et al., 2014; Stankovic et al., 2017)
(Figure 4).

HJURP phosphorylation sequesters the protein away from centromeres and mutation of three
phospho-residues (S210/S211/S412) in HIURP*"™? tg alanines was found to be partially sufficient
to enable CENP-A reloading in G2 phase (Stankovic et al., 2017). Important for CDK1/2
phosphorylation seems to be the interaction of HIJURP with cyclin A/CDK (high levels in S/G2) and
cyclin B/CDK (high levels in M-phase) (Figure 4) (Stankovic et al., 2017). Recently, Pan et al.
(2019) identified that the HCTD 1 and 2 domains of HJURP directly interact with the Mis18
complex. S412 is located inside HCTD1 which could prevent Mis18 complex interaction (Pan et al.,
2019; Stankovic et al., 2017) (Figure 5). It is tempting to speculate that S595 (resides inside HCTD2
and is likely phosphorylated during S/G2 (Stankovic et al., 2017)) negatively impacts interaction
with Mis18 in the HCTD2 in a similar way as the S412 site. However, mutations of S412A and
S595A are insufficient to trigger precocious CENP-A reloading emphasizing the importance of
S210/211 phospho-residues, which interestingly are in very close proximity of a HIJURP-DNA
interaction domain (285-321aa) (Muller et al., 2014).

HJURP was also suggested to be important for CENP-C assembly at the centromere (Tachiwana et
al., 2015) and recently for CENP-T assembly (Ding et al., 2019). The molecular mechanism however

of both events remain poorly understood. CENP-T/-W was additionally also described to interact
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with the H2A-H2B chaperone FACT (Prendergast et al., 2016), suggesting that this chaperone may

also be involved in the assembly.

b) Mis18 complex - the licensing factor

The Mis18 complex forms an octameric complex of two M18BP1 (Mis18 Binding Protein 1),

four Mis18a and two Mis18p subunits (Fujita et al., 2007; Pan et al., 2017; Spiller et al., 2017). The
Mis18 complex is required for HJURP reloading but Misl8 does not require HJURP for its
recruitment demonstrating that Mis18 is upstream of HJURP for new CENP-A deposition (Barnhart
etal., 2011). Similar to HIURP the Mis18 complex is not constitutively present at the centromere but
only in anaphase until early G1 (Fujita et al., 2007; Hayashi et al., 2004) and phosphorylation not
only regulates its centromere recruitment but also the assembly of the Mis18 subunits in human and
fission yeast (McKinley and Cheeseman, 2014; Nardi et al., 2016; Pan et al., 2017; Stankovic et al.,
2017; Subramanian et al., 2016). The Mis18 complex is highly conserved and essential for CENP-A
assembly (Fujita et al., 2007; Hayashi et al., 2004; Maddox et al., 2007) but prominently not
identified in Drosophila, suggesting the evolution of alternative CENP-A reloading pathways
(Zasadzinska and Foltz, 2017).
The N-terminal region of M18BP1 (2-130 aa) interacts with Mis18a/B complex involving the so-
called YIPPEE domain found in a middle region of Mis18a (78-191 aa) and P (73-189 aa) (Pan et
al., 2017; Spiller et al., 2017). CDK1 phosphorylation of the residues T40 and S110 of M18BP1
reduces binding affinity of Mis18a/p and is described as an important negative regulator for Mis18
complex assembly (Pan et al., 2017; Spiller et al., 2017). Recruitment of the Mis18 complex to the
centromere is controlled by a single phospho-residue on M18BP1 (T653) (Stankovic et al., 2017)
(Figure 4). The HIURP HCTD domains interact with three helix bundles derived from the C-
terminus of two Mis18a and one Mis18p units (Pan et al., 2019; Subramanian et al., 2016; Wang et
al., 2014). An interaction between M18BP1 and HJURP is not described suggesting that M18BP1
perhaps connects Mis18a/f and in turn indirectly HJURP to the centromere. The first 140 amino
acids of M18BP1 are sufficient for the interaction with Mis18a/p while most likely the C-terminus of
M18BP1 interacts with centromere components (Dambacher et al., 2012; Pan et al., 2017). Mis18p is
also reported to directly interact with the C-terminus of CENP-C**®*% This interaction is either
important for Mis18p recruitment (Stellfox et al., 2016) or to stabilize the Mis18 complex once
recruited as an octameric complex can be reconstituted in vitro even without CENP-C (Pan et al.,
2017) (Figure 5).
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Figure 4: Model for CDK1/2 mediated cell cycle regulation of CENP-A reloading by Stankovic et
al. 2017.

CDK1/2 prevent CENP-A reloading during S/G2 to M-phase by interacting and phosphorylating
HJURP and M18BP1. After M-phase CDK2 level drop allowing new CENP-A deposition. Complete
CENP-A reloading further requires Mis18 complex displacement from the centromere.

In certain aspects similarly to CENP-C (140 kD), M18BP1 is a big (130 kD) highly
unstructured protein that is implicated to bind several proteins such as CENP-C (Dambacher et al.,
2012; Moree et al., 2011; Shono et al., 2015), CENP-I (Shono et al., 2015), Polo-like kinase 1 (Plk1)
(McKinley and Cheeseman, 2014), MgcRacGAP (Lagana et al., 2010) and KAT7 (Ohzeki et al.,
2016) (Figure 5). For most if not all of these interactions the molecular details are only poorly

understood.

Plk1l phosphorylation of M18BP1 was — in contrast to CDK phosphorylation described above —
found to be required for M18BP1 centromere localization and is thus necessary for CENP-A
deposition at the centromere (McKinley and Cheeseman, 2014). This study also proposed another
functional control of M18BP1 by Plk1 phosphorylation in addition to the regulation of M18BP1
recruitment. Hence, PIk1 phosphorylation adds another layer to the tight regulation process of
CENP-A reloading although CDK inhibition alone was sufficient to trigger precocious CENP-A
reloading (Silva et al., 2011), thereby suggesting a more ancillary control by PIk1.

M18BP1 was also described to interact with the histone acetyltransferase KAT7 (Ohzeki et al.,

2016). This was proposed to be important to maintain a transcriptionally permissive centrochromatin
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(see section 2.2¢) and thus prevent centromere inactivation (Ohzeki et al., 2016). Using the tetR/tetO
system, the C-terminus of M18BP1 (851-1132) was described to be the main driver of KAT7
recruitment (Ohzeki et al., 2016). In HeLa cells KAT7 depletion and simultaneous overexpression of
the histone methyltransferase Suv39hl results in centromere dysfunction caused by spreading of
heterochromatin in the centromere region (Ohzeki et al., 2016). KAT7 association with M18BP1 is
surprising as this suggests that KAT7 recruitment occurs concomitant with new CENP-A assembly.

However, it remains unclear if the timing of KAT7 recruitment during the cell cycles is important.

In a functional proteomics study, the small GTPase activating protein (GAP) MgcRacGAP
was further identified to interact with M18BP1 in human (Lagana et al., 2010). Together with its
antagonist the GTP exchange factor Ect2, this small GAP especially regulates the activity of the
small GTPase Cdc42. The authors propose that Cdc42 activity modulates newly incorporated CENP-
A but the mechanism as well as the binding site of MgcRacGAP on M18BP1 are not identified
(Lagana et al., 2010). CENP-A stabilization especially at the centromere could be another important
mechanism to restrict the centromere to its unique position and enable CCAN assembly only at the

stable centromere location.

Finally, M18BP1 is proposed to interact with a C-terminal region of CENP-C although also
this interaction remains poorly described (Dambacher et al., 2012; Hori et al., 2012; Moree et al.,
2011; Shono et al., 2015).

Since T653 phosphorylation prevents M18BP1 recruitment to the centromere (Stankovic et al.,
2017), this residue is likely involved in the CENP-C interaction and is located within a ~50 amino
acid conserved Myb-like domain which was identified to be important for CENP-A loading in C.
elegans (Maddox et al., 2007). Interestingly, a long N-terminal construct (1-490aa) lacking the T653
residue can be targeted to the centromere (McKinley and Cheeseman, 2014). Thus, it is tantalizing to
speculate that M18BP1 may be able to connect to the CCAN through alternative interfaces. A
possibility for this could be an indirect connection between CENP-C and M18BP1 complex through
CENP-I (Shono et al., 2015) but future studies are required to validate the existence of such a

connection and elucidate the molecular details.

In chicken and frogs, M18BP1 was found to directly connect to CENP-A nucleosomes,
which therefore presents another alternative pathway for CENP-A reloading (French et al., 2017;
Hori et al., 2017). However, the residues of M18BP1 involved in this interaction are not conserved in
human suggesting that human M18BP1 cannot directly interact with CENP-A nucleosomes but
likely require CENP-C or CENP-I.
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Tethering M18BP1 to an ectopic site was described to be insufficient to trigger CENP-A assembly at
this locus in human (Ohzeki et al., 2019; Shono et al., 2015). This could suggest that in human, in
addition to the presence of the Mis18 complex, HJURP also requires components of the CCAN like
CENP-C and CENP-I to successfully assemble CENP-A (Dambacher et al., 2012; Hori et al., 2012;
Okada et al., 2006; Shono et al., 2015).

c) The CCAN - the reader of the epigenetic mark

Although in frogs and chicken the CCAN may not be required for HJURP recruitment and
CENP-A assembly, in human, CENP-C (and maybe CENP-I) seems to be very important to function
as a “reader” of CENP-A nucleosomes (Dambacher et al., 2012; Hori et al., 2012; Moree et al., 2011,
Shono et al., 2015; Stellfox et al., 2016).

As described above CENP-C interacts via its C-terminal domain with M18BP1 and Misl18p
(Dambacher et al., 2012; Hori et al., 2012; Moree et al., 2011; Shono et al., 2015; Stellfox et al.,
2016).

When bound to an ectopic site CENP-C and CENP-I are indeed individually sufficient to recruit the
Mis18 complex and trigger the incorporation of endogenous CENP-A at this locus even though with
a rather low efficiency (~30%) (Hori et al., 2012; Shono et al., 2015).

In Drosophila, the Mis18 complex is not identified (see Zasadzinska and Foltz 2017 for a
detailed view on the conservation of the CENP-A self-assembly loop). Using human cells as a
heterologous system in combination with a LacO array, three D. melanogaster components (CENP-
A°'®  CENP-C and HJURP®®1) have been found to be sufficient for centromere propagation (Roure
et al., 2019). Drosophila CENP-C directly interacts with HJURP; however, the poor sequence
conservation of the proteins does not allow any conclusions for the human case. Interestingly,
CENP-C fragments but not the full-length protein were found to interact with HJURP in vivo in
human (Tachiwana et al., 2015). Although the authors concluded that HHURP may be important for
CENP-C recruitment it seems possible that a transient interaction involving the Mis18 complex plays
a more important role for new CENP-A reloading which could potentially also explain why the
Mis18 complex alone is insufficient for CENP-A reloading (Shono et al., 2015).

In contrast to HIURP and the Mis18 complex, CENP-C is clearly constitutively present at the
centromere. Its replenishment follows rapidly after CENP-A reloading in G1/S phase but is not
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observed in G2/M (Hoffmann et al., 2016; Hoffmann and Fachinetti, 2018). It is tantalizing to
speculate that new CENP-C reloading to the centromere is similarly regulated by CDK activity as is

CENP-A reloading but little is known about the regulation mechanism of CENP-C reloading.

While CENP-1 is connected to CENP-C via the REST domain (Figure 5), CENP-C in turn as
described previously, binds to CENP-A nucleosome and is hence the direct “reader” of the
epigenetic mark (Figure 5). CENP-C possesses two nucleosome binding sites called central region
and CENP-C-motif. In vitro studies suggest that both domains exclusively bind CENP-A
nucleosomes and the central region has higher affinity for CENP-A (Ali-Ahmad et al., 2019). The
central region (especially residue R522) in vivo was found to be most important for CENP-A
stabilization while the CENP-C motif for this matter was described to be dispensable (Guo et al.,
2017). CDK1 mediated phosphorylation of CENP-C was further described to strengthen CENP-A/C
interaction presenting an additional regulation of CENP-C stabilization at the centromere (Watanabe
etal., 2019).

CENP-C binds to CENP-A nucleosomes but also connects to chromatin in other ways:
indirectly via CENP-I/H/K/M/L/N and CENP-T complex (see section 2.1a) and CENP-B and
directly through an interaction with DNA (Fachinetti et al., 2015; Hoffmann et al., 2016; Politi et al.,
2002; Suzuki et al., 2004) (see section 2.5). Whether these connections substantially contribute to
centromere identity is not well understood. Tethering CENP-T and CENP-B to an ectopic site in
some studies however, were found to be insufficient for ectopic CENP-A assembly (Gascoigne et al.,
2011; Hori et al., 2012; Okada et al., 2007) (see section 2.5).

Moreover CENP-C has a dimerization domain at the C-terminus (Carroll et al., 2010; Cohen et al.,
2008). The role of CENP-C dimerization for centromere organization and potential regulations (e.g.

by CENP-B interaction, binding of other proteins or PTMSs) is however only poorly understood.

d) CENP-A — the epigenetic mark

The presence of CENP-A is crucial for long term viability of proliferating cells and CENP-A
is required for centromere propagation for indefinite cell cycles (Fachinetti et al., 2013; Howman et
al., 2000; Régnier et al., 2005).
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As mentioned earlier, the CATD domain of CENP-A is sufficient for CENP-A targeting to the
centromere at telo-/early G1 phase in human (Black et al., 2007, 2004).

This provides the first step in a two-step cycle by which CENP-A acts as an epigenetic mark to self-
direct its own chromatin assembly. Once assembled into chromatin, in the second step, CENP-A
nucleates the assembly of the CCAN via its N- and C-terminal tails (Fachinetti et al., 2013; Kato et
al., 2013; Logsdon et al., 2015).

CENP-A deposition at native centromeres occurs in nucleosomes that are in close proximity
of preexisting CENP-A nucleosomes (Ross et al., 2016). The density of CENP-A may be important
for de novo CENP-A deposition as CENP-A is highly enriched at native centromeres and even form
clusters within the centromere (see section 2.2e) (Andronov et al., 2019; Bodor et al., 2014). An
open question in this regard is whether the presence of preexisting CENP-A nucleosomes is at all
required to template new CENP-A deposition (see section 2.7). As mentioned previously tethering
experiments could demonstrate that CENP-A assembly at an ectopic locus does not require already
existing CENP-A nucleosomes as long as specific components of the CENP-A assembly pathway
were present (e.g. (Barnhart et al., 2011; Hori et al., 2012; Shono et al., 2015)). However, in these
assays protein attachments and concentrations are tremendously different in comparison to native
centromeres. This therefore makes any conclusion on de novo CENP-A deposition in absence of

preexisting CENP-A at native centromeres uncertain.

Furthermore, it is unclear if CENP-A has any guiding function to target the replacement of
specific neighboring H3 nucleosomes at native centromeres (Ross et al., 2016). A di-nucleosome
model has been proposed where a CENP-A nucleosome is connected through CENP-C with a
neighboring H3 nucleosome (Musacchio and Desai, 2017; Pan et al., 2019). To what extent the
existence of a hetero-di-nucleosome is important for new CENP-A deposition and if the CENP-A
deposition machinery perhaps preferentially replaces H3 nucleosomes that are associated with
CENP-C and indirectly or directly with CENP-A is unclear. Overall, the contribution of preexisting
(perhaps even post-translationally modified) CENP-A to new CENP-A reloading in particular needs
to be tested.

While the core of the CENP-A epigenetic loop seems to mainly involve CENP-A, CENP-C, Mis18
and HJURP (Figure 3 and 5) other factors as indicated previously were described to be important
regulators or stabilizers of CENP-C or other centromere components. Indeed, CENP-A incorporation
was also proposed to require some level of transcription (Bobkov et al., 2018) (section 2.2).
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Centrochromatin transcription also presents a risk for CENP-A loss since chromatin is disassembled
similar to DNA replication. HAC formation for example was not detected when centromere DNA
was flanked by actively transcribed regions (Nakashima et al., 2005). As mentioned earlier, HHURP
was indicated to be involved in CENP-A recycling during S-phase (Zasadzinska et al., 2018). A
recent study suggests that the histone chaperone and transcription elongation factor Spt6 provides a
similar function for CENP-A retention during transcription (Bobkov et al., 2019). Spt6 interacts with
both H3 and CENP-A nucleosomes but shows higher affinity for un-phosphorylated CENP-A in
vitro, which could explain recycling of parental CENP-A and replacement of H3.3 in G1 (Bobkov et
al., 2019). In addition to recycling, CENP-A was also proposed to be rejuvenated with a very slow
turnover in temporary quiescent cells (Swartz et al., 2019). Fully differentiated, non-cycling cells
like, for example, muscle cells however do not display any centromeric CENP-A accumulation any
longer (Swartz et al., 2019).

In addition to CENP-A recycling mechanisms other factor contribute to the stability and
longevity of CENP-A that is observed in different model systems (Arco et al., 2018; Bodor et al.,
2013; Fachinetti et al., 2013; Smoak et al., 2016).

In human, a crucial stabilizer for both CENP-A and CENP-C is the protein CENP-B, which is the
only centromere protein that binds to a specific DNA sequence motif of the centromere (Fachinetti et
al., 2015; Fujita et al., 2015; Hoffmann et al., 2016; Masumoto et al., 1989; Suzuki et al., 2004) (see

section 2.5).

Moreover, binding of CENP-C and CENP-N to CENP-A nucleosomes was reported to increase the
stability of CENP-A nucleosomes (Cao et al., 2018; Falk et al., 2016, 2015; Guo et al., 2017). Hence
factors that regulate CCAN stability in turn also may contribute to CENP-A stability. The sumo-
protease SENP6 was recently identified as a major regulator of CCAN stability. Its depletion leads to
hyper-sumoylation and subsequent degradation of the CCAN proteins CENP-C and CENP-1 (Liebelt
et al., 2019; Mitra et al., 2020). It is tempting to speculate that this regulation may further be

involved in the prevention of neocentromere formation by restricting SENP6 to centromere regions.

Centromeric RNA transcripts were described to be important for CENP-A and CCAN stabilization in
different species (Bergmann et al., 2011; Carone et al., 2013; McNulty et al., 2017; Rosi¢ et al.,
2014). A recent single cell study using single molecule FISH suggests that, in vivo, transcripts
however do not co-localize with centromeres, further promoting debate around the function of the
centromere transcripts (Bury et al., 2020).
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CENP-A’s stability is an important factor for its inheritance and function as the epigenetic mark of
the centromere. In bull sperm, CENP-A even escapes protamine transition that removes all non-
centromeric histones; further supporting the notion that CENP-A acts as a heritable mark (Palmer et
al., 1990). During meiosis in mice, CENP-A was proposed to be loaded in G1 phase before meiosis |
and last throughout both meiotic divisions with no substantial intermediate replenishment events.
This is in particularly remarkable due to the long-lasting prophase | arrest in female meiosis (Smoak
et al., 2016); although recently, slow gradual CENP-A renewal was also identified in prophase I-
arrested starfish oocytes via a PIk1 independent, transcription-driven reloading mechanism (Swartz
et al.,, 2019). A transgenerational role of centromere inheritance seems to be conserved and was
further described in flies (Raychaudhuri et al., 2012).

Another question arises as to how CENP-A deposition is terminated in G1 phase? It has been
proposed that the Mis18 complex or parts of it are actively dissociated from the centromere and
Mis18 removal is even a necessity for productive CENP-A reloading (Nardi et al., 2016; Stankovic
et al., 2017) (Figure 4). In fact, the Mis18p subunit was described to be ubiquitinated and degraded
after completion of CENP-A reloading (Kim et al., 2014). An alternative model suggests that new
CENP-A deposition is limited to the availability of paired CENP-A-H3 di-nucleosomes which are
connected through CENP-C (and perhaps other CCAN proteins). Once all H3 nucleosomes of all di-
nucleosomes are replaced, new CENP-A deposition is terminated (Musacchio and Desai, 2017).
Clear evidence for active Mis18 complex disassembly or the di-nucleosome model however are
missing. In chicken and frogs, CENP-C, which in the di-nucleosome model connects CENP-A
nucleosomes and H3 nucleosomes, is not required for new CENP-A reloading (French et al., 2017;

Hori et al., 2017); further supporting a Mis18 disassembly scenario.
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Figure 5: Protein interactions to direct new CENP-A assembly at the centromere.

Schematic map of proposed/reported protein interactions of HHURP, CENP-C, CENP-A, M18BP1,
Mis18a and Mis184 as well as CENP-B. Top left inset: A model for new CENP-A deposition based

on an interplay of two CENP-C molecules to assemble a new CENP-A nucleosome at the centromere

during early G1 phase.
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1.4 The Curious Case of Centromeric DNA (CenDNA)

Budding yeast possess so-called point centromeres that connect each sister chromatid to a
single microtubule during mitosis (Pluta et al., 1995). The location of these point centromeres in the
genome are specified by a ~125 bp sequence comprising three conserved DNA elements called
Centromere DNA Element (CDE) I/II/11l. Specific single point mutations in CDEIIl lead to
centromere dysfunction and chromosome segregation errors (McGrew et al., 1986; Ng and Carbon,
1987). However, the budding yeast case appears to be exceptional. In other monocentric species, the
centromere spans along significantly longer DNA sequences (regional centromeres). The functional

relevancies of the CenDNA in these cases are far less obvious and will be discussed in this section.

a) Centromere Evolution

CenDNA and CenDNA-binding proteins undergo rapid evolutionary changes which
contradict the conserved function of the centromere and is referred to as “the centromere paradox”
(Henikoff et al., 2001). An explanation of the centromere paradox may rely in the co-evolution of
CenDNA with centromere components as the result of a meiotic drive. The meiotic drive theory
suggests that during asymmetric female meiosis | bivalents undergo a selection process based on
centromere features. Homologues with inferior centromere features are proposed to be more likely
segregated into the polar body rather than into the egg and are thus less likely inherited in the next
generation (Henikoff et al., 2001).

In mice, biased distribution of bivalents was observed in female oocytes obtained from hybrid mice
strains with different centromere features (Akera et al., 2019, 2017; Chmatal et al., 2014; Iwata-
Otsubo et al., 2017). These studies suggest that larger centromeres form more unstable spindle
interactions, especially when oriented towards the cortical side of the spindle compared to their
shorter homologue counterparts. This greater instability at the cortical side causes reorientation of the
larger centromere towards the egg pole. The authors propose that spindle-kinetochore detachment
and reorientation is a consequence of elevated Bubl (Budding Uninhibited by Benzimidazoles)
kinase activity found at larger centromeres. Bubl activity can activate MCAK (Mitotic Centromere
Associated Kinesin), a component of the error correction pathway (see section 1.4). MCAK
preferentially destabilizes spindle fibers that are tyrosinated. This spindle fiber modification is more

pronounced at the cortical side, which could explain the observed instability of the spindle to
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kinetochore attachment during female meiosis | (Akera et al., 2019, 2017). Whether this proposed
mechanism is the sole, universal centromere selection mechanism or whether there are other
molecular ways of centromere selection during female meiosis | requires further investigation in

different model systems.

In addition to centromere driven meiotic drive mechanism, non-centromeric “selfish” elements found
on chromosome arms are found to foster biased bivalent segregation as well. In maize, a kinesin 14
motor protein can bind to heterochromatic knobs present on chromosome arms and impact

chromosome segregation (Dawe et al., 2018).

A biased selection process during asymmetric female meiosis | may cause greater incompatibilities
during symmetric male meiosis I, where for example, a strong maternal centromere needs to pair
with a potentially drastically weaker, paternally-derived centromere. This in turn could lead to
increased chances of segregation errors and hence infertility (Henikoff et al., 2001). Indications of
other negative effects during mitosis or male meiosis as the result of a biased female meiosis |
selection process have been reported in different species: in cells derived from the Muntjac deer for
example, very long centromere sequences were found to encounter microtubule capture errors more
frequently (Drpic et al., 2018). In monkeyflower hybrids, alleles with very clear selective advantage
during female meiosis | were identified, but a plant homozygous for these alleles produced less
pollen (Fishman and Kelly, 2015; Gamba and Fachinetti, 2020). Therefore, centromere proteins and
CenDNA likely experience a selective pressure counteracting biased female meiosis 1. This constant
arms race for centromere selection during female meiosis | and centromere compatibility outside of
meiosis | could contribute to the lack of a perfect centromere consensus sequence which emerged

over evolution (Henikoff et al., 2001).

The repetitiveness of CenDNA likely also confers to more frequent unequal crossing over events
during meiosis and more frequent sequence conversion events which could additionally promote
rapid evolution of CenDNA sequences (Henikoff et al., 2001). Repetitive DNA with high AT content
as found at the centromere of many species is proposed to be more vulnerable to DNA breaks which
likely has implication for centromere evolution. In certain cancers such as colorectal cancer, breaks
and rearrangement involving (peri-)centromere regions are very common (40-60%) [for a deeper
review on this issue see (Barra and Fachinetti, 2018)]. However, centromere proteins normally
contribute to the protection of CenDNA integrity (Giunta and Funabiki, 2017) (Guinta, Hervé et al.
submitted).
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Moreover, it has been suggested that evolutionary new centromeres (ENC) may be deprived of
repeat arrays and acquire CenDNA after their formation over time (Rocchi et al., 2012). New
centromere acquisition events during evolution likely further contribute to poor sequence
conservation during evolution. Potential ENCs can be found in different species (e.g. chicken (Shang
et al., 2010) and horse (Wade et al., 2009)) where the native centromeres of some chromosomes
indeed lack any repetitive DNA arrays [reviewed in (Giulotto et al., 2017)]. The existence and stable
inheritance of these centromeres represents further indication that the requirement of centromere

DNA sequences for centromere function can be bypassed.

In human, all native centromeres possess repetitive DNA sequence arrays. However, in rare cases,
the formation of neocentromeres (NeoCen) has been discovered (Earnshaw and Migeon, 1985; Owen
J. Marshall et al., 2008; Voullaire et al., 1993). NeoCen can be stably inherited to the next
generation, demonstrating that also in human, a specific DNA sequence may not be absolutely
essential to maintain centromere identity (Amor et al., 2004; Voullaire et al., 1993). Even pseudo-
dicentric chromosome have been discovered. In these cases, the native centromere has been
inactivated and a centromere is formed on a different chromosome location (Amor et al., 2004;
Owen J. Marshall et al., 2008). The presence of the centromeric DNA at the original centromere is

not sufficient to reactivate the centromere (Amor et al., 2004) (see section 2.6a).

b) Centromere DNA sequence organization

Despite evolutionary differences, a reoccurring sequence pattern of regional centromeres in
fungi, plants and animals is repeat arrays that span over several kilo-bases (kb) to mega-bases (Mb)
of DNA suggesting that such arrangements could provide favorable conditions for centromere
formation and/or function (Gamba and Fachinetti, 2020; Willard et al., 1989).

Repeat arrays found at all human centromeres are built on a series of primate-specific DNA
units called alpha-satellites (Aldrup-Macdonald and Sullivan, 2014; Waye and Willard, 1987). An
accumulative sequence of alpha-satellite DNA monomers (2-16 monomers) form a so-called Higher
Order Repeat (HOR, 1 to 3 kb length). HORs in turn are repeated multiple times at the centromere
producing highly repetitive HOR arrays of ~200 kb to up to 5000 kb in human (Figure 6) [reviewed
in (Aldrup-Macdonald and Sullivan, 2014)].

Human alpha-satellite monomers have a length of 171-bp (Waye and Willard, 1987). Similar
hierarchical organization of monomer sequence blocks can also be found in other species although
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the monomer sequences are highly divergent (Alkan et al., 2011). Interestingly however, monomers
from other species show similar length (e.g. in fish (Sparus aurata): 186 bp, in insects (Chironomus
pallidivittatus): 155 bp, in plants (Arabidopsis and maize): 180 bp or (rice): 168 bp) or are around
twice as long (e.g. in pigs 340-bp) (Henikoff et al., 2001). It has been suggested that either this
length might favor local non-B form DNA folding (Garavis et al., 2015a, 2015b) (see section 2.6¢)
or may be important for nucleosome positioning as it is reminiscent to the DNA length of a single

nucleosome (Henikoff et al., 2001).

Alpha-satellite monomers in human show relatively high divergence (50-80% similarity) but within
an HOR array individual HORs are commonly nearly identical, which greatly contribute to the
repetitiveness of centromere sequences [reviewed in (Miga, 2017)]. It is possible to distinguish
between arrays of HORs present at different chromosomes since the composition of alpha-satellites
within their HOR is variable among chromosomes. However, some chromosomes share the same
HORs (Miga, 2017).

Moreover, some chromosomes have centromeres with two or more distinguishable HOR arrays
showing different CENP-A occupancy levels. Generally, one HOR array is considerably longer than
the other HOR arrays present at the same chromosome and shows higher CENP-A occupancy level.
This dominating HOR array is considered the functionally active array for centromere assembly but
exceptions may exist (Aldrup-Macdonald and Sullivan, 2014). In the majority of the cases the same
HOR array of two homologue chromosomes functions as the active HOR array but individuals can
also be heterozygous meaning that different HOR arrays on the homologues show different CENP-A
occupancy at the centromere (Maloney et al., 2012). Such an occurrence has been found at the
centromere of chromosome 17 where interestingly, shifting of the active HOR array seems to
correlate with DNA sequence polymorphism. HORs of the longer, more commonly active array were
found to be shortened. The authors speculate that a loss of CENP-B boxes (see section 2.5) may be a
determining factor for a switch of CENP-A occupancy but the causality of sequence polymorphism
and array switch remain unclear (Maloney et al., 2012).

HOR arrays are usually separated from each other by highly divergent alpha-satellite
monomers (Miga, 2017). These assemblies of transition monomers which are also found in the
pericentromere, can span hundreds of kb adjacent to the HOR arrays, but are not observed to be
involved in binding of centromere proteins and were found to be insufficient for HAC formation (in
contrast to inactive HOR arrays) (Hayden et al., 2013; Maloney et al., 2012). Although Logsdon et
al. (2019) observed centromere formation on a HAC deprived of any kind of centromeric DNA, a
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certain higher rate of HAC formation with specific centromere DNA sequences seems still likely (see
section 2.6b). Interestingly even in this study, when HACs were formed on non-centromeric DNA
without initial centromere seeding, HACs had somehow acquired centromeric DNA sequences
(Logsdon et al., 2019).

17-bp CENP-B box: /\

TTTCGTTGGAAACGGGA CENPB' Figure 6: Schematic illustration of centromere sequence
= ~
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c) Contribution of DNA sequence to the centromere architecture

The potential drive to acquire centromere repeat arrays in ENC (or even in HAC
experiments) and especially their occurrence at all human centromeres supports a functional role of

these DNA sequences.

Since centromeric DNA is commonly AT-rich and highly repetitive it has been suggested that these
features could promote the formation of non-B-form DNA. Rather than a precise DNA sequence, the
ability of any given sequence to induce a certain DNA topology favorable for centromere protein

binding maybe the key selection factor for CenDNA (Dumont and Fachinetti, 2017).

An in silico approach further identified the reoccurrence of different dyad symmetries in small
(<10bp) centromeric DNA sequence units (Kasinathan and Henikoff, 2018). These symmetries are
not ubiquitously found in all species. Computational modelling suggest that sequences in which the
dyad symmetry was present are more likely to establish an energetically stable non-B-form DNA
structure (Kasinathan and Henikoff, 2018). Interestingly, species lacking the dyad-symmetry in their
CenDNA (e.g. human with the exception of the CenDNA at the Y chromosome) are known to
possess a sequence specific DNA binding protein like CENP-B (section 2.5). The authors suggest
that in these cases CENP-B-like proteins might induce structure formation substituting the intrinsic
propensity of CenDNA with dyad symmetry. Moreover, they hypothesize that HJURP might
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preferentially bind to these non-B-form DNA configurations, further implicating a potential

relevance for centromere identity (Kasinathan and Henikoff, 2018).

Experimentally it was shown that alpha-satellite monomers in vitro can form small non-B form
conformations (e.g. so called i-motifs) using NMR (Gallego et al., 1997; Garavis et al., 2015a,
2015b). Whether this indeed occurs in longer DNA sequences and in vivo where additionally

histones and other proteins are present, remains uncertain.

Larger topological structures of pieces of human centromeric DNA were observed by electron

microscopy in a heterologous Xenopus egg extract system (Aze et al., 2016).

The presence of overwound DNA is dependent on topoisomerase | activity and condensins. In their
model the authors suggest that smaller structures like hairpins might form during DNA replication as
centromeric DNA is highly repetitive. The larger loops of dSDNA are proposed to prevent activation
of DNA damage response in these difficult to replicate regions by sterically preventing hyper-
loading of proteins of the DNA damage pathway (especially RPA, Replication Protein A). This,
however, rather describes a mechanism of how cells control highly repetitive centromeric DNA
during DNA replication, but does not necessarily allow any conclusion on the importance of such

repetitive elements for centromere function per se.

A real functional implication of double stranded DNA loops at the centromere has been proposed
during mitosis. These topological arrangements might act as molecular springs to absorb the
microtubule pulling force exerted on centromeric chromatin (Bloom, 2014; Rosandi¢ et al., 2008).
However, experimental evidence for this is missing and how and if repetitive centromeric DNA

engages topoisomerase | for loop formation requires further analysis.

Another intriguing finding in the study of Aze and colleagues was the assembly of CENP-A on the
introduced centromeric DNA but not on non-centromeric control DNA in the egg extracts. This
indicates an importance of centromeric DNA for CENP-A assembly. If structure formation or other
features such as the high AT content, periodic presence of tandem repeat monomers, an accumulative
presence of deoxyuridine bases (Shu et al., 2018) or other CenDNA features are important for this
remains unclear. In S. Pombe centromeric DNA was also shown to destabilize H3 nucleosomes to
favor CENP-A deposition, presenting another alternative mechanism for how centromere sequence

could favor centromere formation/propagation (Shukla et al., 2018a).
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Yet another theory to explain the functional importance of CenDNA involves transcription.
The role of transcription for centromere function has been discussed previously (see section 2.2d).
DNA structure formation or non B form DNA could regulate centromere transcription and slow
down the process with potential implication for new CENP-A deposition at sites of RNA Pol 1l
stalling for example (Kouzine et al., 2017). Moreover, transcripts of CenDNA themselves might
show a special topology that could be favorable for its proposed functions, but neither experimental

nor computational evidence for this exist to my knowledge.

The centromere transcript was also found to remain associated with DNA and form so called R-loops
(Kabeche et al., 2018). These structures were proposed to be involved in the chromosome
congression process by interacting with components important for Aurora B activity (Kabeche et al.,

2018). Whether DNA sequence can promote R-loop formation remains unclear.

As indicated before, a very interesting feature of centromeric DNA in many species is the presence
of a protein binding motif. In human, this binding motif is called CENP-B box and allows the
binding of the only sequence specific DNA binding protein identified so far, named CENP-B
(Figure 6) (Earnshaw et al., 1987). CENP-B may further contribute to the architecture of the

centromere as discussed in the next chapter.

1.5 CENP-B

CENP-B is a 2 helix-turn-helix DNA binding protein that binds to a 17-bp DNA sequence
motif called CENP-B box (Muro et al., 1992). CENP-B shows sequence similarity with class 11 DNA
transposase of the pogo-like family (Gamba and Fachinetti, 2020). This led to the hypothesis that
CENP-B could be a domesticated transposase. Indeed, residues that are crucial for transposase
activity are mutated and sequence conservation is especially high in the DNA binding region
(Kipling and Warburton, 1997).

CENP-B seems highly conserved in mammals suggesting that the exaptation event of CENP-B
occurred in a common ancestor but CENP-B was not identified in most other vertebrates (Gamba
and Fachinetti, 2020). Convergent domestications of transposases presumably also took place in
other species such as fungi (Casola et al. 2008) and insects leading to CENP-B-like proteins (Gamba
and Fachinetti, 2020).
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Potential precursor CENP-B box sequences were found in evolutionary distant species (plants,
insects, nematodes), which suggest that a similar sequence motif could have contributed to the

domestication of different transposases in evolution (Gamba and Fachinetti, 2020).

Studies in closely related new world monkey species showed a tremendous variation of CENP-B box
abundance and organization among these species (Thongchum et al., 2020). The authors concluded
that CENP-B boxes are — similar to alpha-satellite sequences in general - acquired gradually over
time at ENCs for example and not present at early events of centromere formation (Thongchum et
al., 2020).

In human, CENP-B boxes are found within type I, but not type Il alpha-satellite monomers (Miga,
2017). The active HOR array of a chromosome typically shows the strongest abundance of CENP-B
boxes. Different chromosomes display variations of type | or Il monomer abundance with CENP-B
boxes being present in centromeres of all chromosomes except for the male sex chromosome, which
possesses its own type of alpha-satellite sequences (Miga, 2017). As Y chromosomes do not undergo
the selection process of asymmetric female meiosis | it has been speculated that this might account

for the absence of CENP-B boxes at the Y centromere.

Precisely how CENP-B contributes to centromere strength in female meiosis | remains to a certain
extent untested. As discussed below, CENP-B contributes to centromere stability, which could
potentially also promote higher Bubl kinase level and thus advantage in egg pole re-orientation
during female meiosis I. Another theory suggests that CENP-B could have promoted centromere
expansion by frequently inducing breakage-repair mechanism in centromeric regions. This is based
on a transposase-derived nickase domain found in CENP-B that potentially is still active
(experimentally untested) (Gamba and Fachinetti, 2020). A larger centromere region as discussed
previously (see section 2.4a) may be an advantageous feature for selection in female meiosis I
(Akera et al., 2019).

a) CENP-B’s functions

Selfish gene behavior and acquisition of functional relevancies outside of female meiosis | do
not necessarily exclude each other; but in the case of CENP-B could present two cooperative driving
forces for positive selection. Several functional roles of CENP-B at human centromeres have been

reported.
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CENP-B presence at the centromere is proposed to affect centromere organization by
optimizing nucleosome positioning along centromere DNA (Hasson et al., 2013). The positioning
effect was also reconstituted in vitro using CENP-B, alpha-satellite DNA and core histone
complexes, which were assembled with the aid of NAP-1 (Yoda et al., 1998). In addition, as
mentioned in section 2.2f CENP-B is also predicted to affect the 3-D organization of centromeric
DNA. Its presence may be important at chromosomes that have lost intrinsic sequence-specific
features to promote structure formation at the centromere, which could be important for centromere

function or identity, as suggested by an in-silico approach (Kasinathan and Henikoff, 2018).

CENP-B dimerization was proposed to be important to physically bring together two CENP-B boxes
and promote heterochromatin formation or control transcription in certain regions of the centromere
(Figure 7) (Tawaramoto et al., 2003; Yoda et al., 1998, 1992).
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Figure 7: CENP-B dimerization could cause higher order structure formation.

(A) Electron microscopy of CENP-B bound to DNA possessing two CENP-B binding sites assembled
in vitro (Yoda et al. 1998).

(B) Model of nucleosome bundling by CENP-B from (Tawaramoto et al., 2003).

In addition to CENP-B’s potential effect on the architecture of the centromere, CENP-B was

found to influence centrochromatin in different ways:
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Two out of three potential CpG dinucleotides (common target sites for methylation) of type I alpha-
satellite monomers reside within the CENP-B box motif. On one hand, CENP-B binding likely
prevents methylation of alpha-satellite DNA but on the other hand methylation of these sequences
were also shown to reduce CENP-B binding affinity to centromeric DNA, suggesting an interplay
between DNA methylation and CENP-B binding regulation (Mitchell et al., 1996; Scelfo and
Fachinetti, 2019; Tanaka et al., 2005). The regulation and physiological relevance of this for the
centrochromatin state requires further exploration (Scelfo and Fachinetti, 2019). Moreover,
expression of human CENP-B in CENP-B knock-out mouse embryonic fibroblast (MEF) cells
increases H3K9me3 level at the mouse centromere, presumably through the interaction of CENP-B
with a histone methyltransferase (Suv39h) (Okada et al., 2007). Future studies are however required

to better elucidate this interaction and its regulation at native human centromeres.

Moreover, CENP-B depletion was found to regulate DAXX and H3.3 (deposited by DAXX) levels at
centromeres (Morozov et al., 2017). The recruitment of DAXX was reported to be regulated by
sumoylation and sumoylation-specific proteases (SENP). This study further reports changes in
H3K9me3, ATRX and HPla levels and hence also suggest an overall contribution of CENP-B to

heterochromatin formation at the centromere (Morozov et al., 2017).

In conclusion, there are indications that CENP-B as a genetic feature could have an impact on the
epigenetic centromere landscape. The functional relevance and mechanism behind this however

remains only partly uncovered.

As indicated earlier, overwound CenDNA structures are suggested to be important for DNA
replication (Aze et al., 2016). CENP-B was implicated to be involved in controlling DNA replication
possibly through its chromatin regulatory functions (Erliandri et al., 2014); but how CENP-B and
regulation of structure formation or resolution are related to DNA replication need further
clarification. Also a CENP-B homologue in fission yeast was described to counteract replication-fork
blocks which can be a result of Sapl (Switch-activating protein 1) recruitment to long terminal

repeat sequences present at fission yeast centromeres (Zaratiegui et al. 2011).

In addition to its implications in centrochromatin remodeling or centromere architecture, the
abundance of CENP-B at the centromere also correlates with centromere strength in human during
mitosis (Dumont et al., 2020; Fachinetti et al., 2015) (Figure 8C). The Y chromosome or
chromosomes with neocentromeres for instance, have a higher probability to mis-segregate than

other CENP-B possessing centromeres (Fachinetti et al., 2015) (Figure 8B). The Y chromosome is
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also found to be frequently lost in hematopoietic cells in an age-related manner (Pierre and
Hoagland, 1972). In 1 out of 5 men over 80, mosaic loss of chromosome Y in white blood cells has
been identified, which in turn also reflects the ability of these cells to survive even without the Y
chromosome (Forsberg et al., 2014). This further suggests an additional explanation for the lack of
CENP-B boxes at the Y chromosome since its stable continuous transmission at least in certain
contexts might be less essential as it is for other chromosomes. Although CENP-B might be involved
in the regulation of the centrochromatin state, its positive impact on segregation fidelity most likely
is conferred predominantly by its direct interaction with and stabilization of centromere components.
In an evolutionary context, centromere stabilization by CENP-B could facilitate CENP-A/DNA

evolution by permitting weaker interfaces.

Amino acids 10-25 were found to be essential for CENP-B’s ability to bind to CENP-B boxes
(Earnshaw et al., 1987; Okada et al., 2007; Yoda et al., 1992). Moreover, the N-terminal domain (1-
44) was also proposed to interact with the N-terminal tail of CENP-A which substantially stabilizes
CENP-A nucleosomes in vitro (Fujita et al., 2015). Furthermore, full-length and also N-terminal
CENP-B constructs (1-159) were sufficient to trigger CENP-A incorporation when a bacterial
artificial chromosome (BAC) comprising alphoid DNA with CENP-B boxes was transfected into
mouse embryonic fibroblasts (MEF) (Okada et al., 2007). Altogether, this therefore leads to the
conclusion that the N-terminus has a dual function for a) CENP-B to DNA binding and; b) CENP-A
binding. Both functions together could indicate that CENP-B has a functional relevance to act as an
identification mark of the centromere position perhaps upstream of the epigenetic mark CENP-A
(Okada et al., 2007). Indeed, centromere formation was observed in various studies using HACs with
integrated alphoid DNA which spanned a minimal length of 30 kb in MEF and human cell lines
(Basu et al., 2005; Harrington et al., 1997; Nakashima et al., 2005; Okamoto et al., 2007; Tachiwana
et al., 2013). Although this seems to support the idea that CENP-B facilitates centromere formation,
alphoid DNA lacking CENP-B boxes were also effective at generating HACs (Harrington et al.,
1997), but with strikingly reduced efficiency (Basu et al., 2005; Harrington et al., 1997). Moreover,
to some extent puzzlingly, CENP-B was described to promote heterochromatin formation suggesting
it to promote chromatin inaccessibility for centromere formation when alphoid DNA was integrated
on a chromosome (Okada et al., 2007; Tachiwana et al., 2013). Another study also found HAC
integration in the host genome. On these CENP-B box containing sequences, centromeres had
formed occasionally (Nakashima et al., 2005); but it remains unclear if they formed before or after
HAC sequence integration into the host genome. Recently, the team of Hiroshi Masumoto reported

that CENP-B can recruit CENP-C to an ectopic centromere region and also CENP-A recruitment is
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observed at least when overexpressed (Ohzeki et al., 2020; Otake et al., 2020). The authors propose
that CENP-B has the ability to recruit chromatin remodelers with counteracting functionality but the
regulation of this remains uncertain. CENP-B can recruit ASH1L, a H3K36 methylase, therefore
promoting the formation of a permissive chromatin environment favorable for CENP-A

incorporation but also heterochromatin components (Suv39hl and HP1) (Otake et al., 2020).

Earlier studies also initially suggested that integration of human alphoid DNA containing CENP-B
boxes into the genome of African Green Monkey (AGM) cells caused difficulties in chromosome
segregation (Haaf et al., 1992). However, in hamster cells integration of human alphoid DNA also
caused segregation defects; but no additional kinetochore formation was observed. Instead,
integration of additional repeated DNA arrays (not necessarily alphoid DNA) caused DNA sister
chromatid disjunction problems providing an explanation for the defects seen in the AGM cells
(Warburton et al., 1997).

CENP-B interacts not only with CENP-A but also with CENP-C (Fachinetti et al., 2015;
Hoffmann et al., 2016; Suzuki et al., 2004). Yeast-two-hybrid (Y2H) studies identified CENP-B’s
acidic domain (404-470) as a possible interaction region (Figure 5). Where exactly CENP-B binds
on CENP-C is less clear as the Y2H identified three domains (336-383; 737-759; 890-943).
Overexpression of a N-terminal CENP-B constructs lead to aberrant CENP-C organization (CENP-C
no longer formed uniform round foci) especially during G2-phase and increased mitotic timing
suggesting that CENP-B may be important for CENP-C organization at the centromere although a
direct interaction of CENP-C with the N-terminus of CENP-B is not reported. A different pattern of
aberrant CENP-C organization in G2 was also observed when a CENP-B construct including the
acidic domain (1-561) was overexpressed. However, it remains poorly understood how CENP-B
modulate the organization of CENP-C at the centromere. CENP-B depletion reduces centromeric
CENP-C level in vivo by two-fold demonstrating that CENP-B critically contributes to CENP-C
stability in addition to CENP-A (Fachinetti et al., 2015).

Our lab further found that CENP-B was neither required nor sufficient to recruit CENP-C to the
centromere although we followed CENP-C loading in absence of CENP-A only for a short time. It
remains unclear if preexisting CENP-C could have blocked free binding sites on CENP-B (Fachinetti
et al., 2015; Hoffmann et al., 2016).

Once the centromere is assembled, the presence of endogenous CENP-B is sufficient for

faithful chromosome segregation even when CENP-A is depleted (Hoffmann et al. 2016). We
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concluded that the interaction between CENP-B and CENP-C is in this case sufficient to maintain
the integrity of the centromere and allow proper kinetochore formation and function during mitosis
(Hoffmann et al., 2016). Indeed, rapid removal of both CENP-A and CENP-B leads to a rapid loss of
CENP-C (Hoffmann et al. 2016) (Figure 8A). In agreement with this explanation, Y chromosome
missegregation can be induced in cells expressing a CENP-A chimera containing the C-terminal tail
of histone H3 (Ly et al., 2017). Altogether, CENP-B and CENP-A seem to cooperatively bind to
CENP-C to cooperatively support CENP-C stability.

The CENP-B/C interaction could also be at the core of non-random mis-segregation rate of
different chromosomes. Active centromere length correlates with CENP-B protein level and CENP-
C level and anti-correlates with centromere mis-segregation rate. Especially large chromosomes with
small centromeres were found to mis-segregate more frequently when mitotic chromosome

segregation was challenged (Dumont et al., 2020) (Figure 8C).
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Figure 8: CENP-B and centromere strength.

(A) Immunofluorescence coupled with fluorescence in situ hybridization (IF-FISH) in a CENP-B
knock-out RPE-1 cell line with CENP-A or after rapid removal of CENP-A (from Hoffmann et al.
2016). CENP-B is missing to stabilize CENP-C following rapid CENP-A removal.

(B) FISH image of a human DLD-1 cell possessing a micronucleus containing Y centromeric DNA
(from Fachinetti et al. 2015). Centromere strength of the Y centromere is weaker resulting in higher

mis-segregation rate of the Y chromosome.

(C) Model of centromere strength from Dumont et al. 2020. Centromeric CENP-B level crucially

impacts centromere strength. CENP-B abundance is especially important for larger chromosomes.
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While CENP-B, CENP-A and CENP-C are interacting partners, a great number of CENP-B
molecules likely do not engage in these interactions. IP experiments suggest that ~20-25% of total
endogenous CENP-B is in the same chromatin fraction like CENP-C (Suzuki et al., 2004); and
around half of the amount of CENP-B interacts with canonical H3 nucleosomes rather than CENP-A
nucleosomes (Ando et al., 2002). ChIP experiments in addition report that CENP-C and CENP-B
bind to similar alpha-satellite sequences but at different regions at the centromere (Politi et al., 2002),
however the repetitive nature of CenDNA likely prevents a definitive answer. This is further
supported by fluorescence microscopic imaging and electron microscopy images that reveal partial
co-localization of CENP-A/C with CENP-B (Cooke et al., 1990; Owen J Marshall et al., 2008;
Saitoh et al., 1992; Sugimoto et al., 1999) (Figure 9). What regulates CENP-B interaction with
centromere proteins remains unclear. In addition to heterochromatin formation mechanisms, CENP-
B is posttranslationally modified which could be another important component in the regulation of
CENP-B interaction with centromere proteins. Interestingly, CENP-B can be phosphorylated in vitro
within the acidic domain at a conserved SDEEE motif likely via the casein kinase 2 and sumoylated
at K407 residue (Maalouf et al., 2018; Sugimoto and Himeno, 1992). It remains untested if these
PTMs regulate CENP-C interaction, for instance. Further, there is little evidence for casein kinase 2-

mediated SDEEE phosphorylation in vivo.

-

CENP-B  CENP-A  Hec

TR

Figure 9: Electron microscopy images of CENP-B, CENP-A and Hecl adapted from Mashall et
al. 2008. In contrast to CENP-A, CENP-B is also found in most inner centromeric regions. Scale
bars 200 nm.

Finally, in the context of CENP-B-mediated centromere stabilization, FRET (FOrster resonance
energy transfer) analysis also suggested that CENP-B could interact with CENP-T (Hellwig et al.,
2008). However, CENP-A’s N-terminal tail likely interacts with both CENP-B and CENP-T
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(Fachinetti et al., 2015; Hoffmann et al., 2016; Logsdon et al., 2015; Suzuki et al., 2004) which could
attribute to spatial proximity of CENP-B and -T. Further evidence that demonstrating a possible
CENP-B/CENP-T interaction is missing so far.

Despite the functional implications described above, in mice, CENP-B knock-out did not cause
obvious strong phenotypic changes in the first generation (Hudson et al., 1998; Kapoor et al., 1998;
Perez-Castro et al., 1998). These results are in agreement with the observations that centromeres can
be to some extent functional and propagated even in the absence of CENP-B. However, mice can
tolerate genomic instability to some extent, which could explain the lack of phenotypic abnormalities
in absence of CENP-B. Aneuploid cells were found to be eliminated by the immune system or are
eliminated through p53 activation (Chunduri and Storchovd, 2019). Another indication that this may
be an important aspect to consider comes from the study of Hudson et al. (1998) in which weight and
sperm count of CENP-B knock-out mice were indeed significantly decreased suggesting more
frequent cell death. Furthermore, follow-up investigations also identified age-dependent uterine
dysfunction, loss of fertility in female mice and reduced reproductive fitness in CENP-B knock-out
mice (Fowler et al., 2000).

In conclusion, centromere function and propagation can occur in absence of CENP-B but the protein
contributes to centromere strength. On one hand, CENP-B seems to promote heterochromatin
formation and is insufficient to promote centromere formation; but on the other hand, CENP-B
interacts and stabilizes CENP-A and CENP-C. CENP-B’s relevance for centromere identity remains

thus unclear and requires deeper characterization.

b) Regulation of CENP-B binding at the centromere

CENP-B was reported to show high dynamic turnover rates in G1/S phase and almost no
turnover in G2/M (Hemmerich et al., 2008). A variety of indications and hypotheses have been put

forward on how CENP-B might be regulated but a clear picture is still missing.

As mentioned earlier, one key regulatory feature of CENP-B binding to CENP-B boxes could be
DNA methylation (Scelfo and Fachinetti, 2019). In addition, CENP-B itself was described to be tri-
methylated at the N-terminus. This methylation was proposed to increase CENP-B’s affinity to bind

to CENP-B boxes perhaps as a response to cellular stress (Dai et al., 2013).
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Another interesting protein for CENP-B regulation is NAP1, which was reported to have different
cellular functions, most prominently as a histone chaperone for H2A and H2B (see section 1.2).
NAP1 was found in vitro to interact with the DNA binding domain of CENP-B and with full-length
CENP-B in vivo. NAP1 facilitates CENP-B binding to CENP-B boxes on one hand, while on the
other hand seems to prevent association of CENP-B with CENP-A in absence of CENP-B boxes

association (Tachiwana et al., 2013).

Another study proposed that INMAP (Interphase Nucleus and Mitotic Apparatus Associated
Protein), a protein also associated with centrosome function, interacts with CENP-B and somehow
promotes the cleavage of the N-terminal domain of CENP-B during interphase and thus regulates
CENP-B centromere localization (Tan et al., 2014). CENP-B was recently also described to be
controlled by yet another regulation  mechanism involving  sumoylation and

ubiquitination/proteasomal-dependent degradation (Maalouf et al., 2018).

Finally, CENP-B centromere stability is also influenced by centromere proteins like CENP-A in
vivo. Depletion of CENP-A or its N-terminal tail leads to a slight decrease of centromeric CENP-B
level (Fachinetti et al., 2015, 2013).

In conclusion, although several mechanisms of CENP-B regulation have been proposed, the interplay
of these regulation mechanisms and the details of CENP-B’s cell cycle-dependent stability at the

centromere require deeper investigation.

11.6 De Novo Centromere Formation

The preservation of a unique centromere per chromosome is a crucial challenge for
monocentric species. As discussed in section 1.5, gain or loss of centromeres can have severe
consequences for chromosome segregation. Centromeres are maintained by an epigenetic mechanism
(section 2.3). DNA sequence and in particular CENP-B seem to be genetic factors that support the
stability of the centromere but their contribution to centromere identity and potential for centromere
formation independent of the epigenetic mark remains a subject of debate (section 2.4 and 2.5).
Especially, the discoveries of neocentromeres strongly support the view that DNA sequence can
neither be sufficient nor be required for centromere propagation and function (Amor et al., 2004;
Voullaire et al., 1993).
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a) Human Neocentromeres and inactivated centromeres

In human, over 100 neocentromere cases have been discovered in patients (Owen J. Marshall
et al., 2008; Murillo-Pineda and Jansen, 2020). Human neocentromere form on different ectopic
chromosome locations and are deprived of CENP-B boxes and CENP-B. Neocentromeres are
characterized by the presence of CENP-A, all CCAN proteins and their ability to form
kinetochores/spindle connections (Alonso et al., 2007; Owen J. Marshall et al., 2008; Saffery et al.,
2000). Moreover, neocentromeres are stably inherited in cycling cells and can be inherited over
generations (Amor et al., 2004; Bodor et al., 2014; Murillo-Pineda and Jansen, 2020). The epigenetic
environment found at neocentromeres is highly similar to native centromeres further supporting the
epigenetic nature of centromere function and identity (see section 2.2) (Bodor et al., 2014; Murillo-
Pineda and Jansen, 2020).

An intriguing case of a neocentromere is a patient-derived PseudoDicentric NeoCentromere
found on the g-arm of chromosome 4 (PD-NC4) (Amor et al., 2004). While neocentromeres are
usually associated with genomic rearrangements, often related to loss or breakage of the native
centromere (Hasson et al., 2011), in this case chromosome 4 as well as the rest of the genome
appeared normal (46, XX) with the exception of the centromere position on one of the chromosome
4 homologues. The neocentromere was discovered in a patient with mild cognitive impairment but
father and brother of this patient carried the same neocentromere and were healthy. The
pseudodicentric chromosome was traced back to the grandfather, however, because the grandfather
was not available for this study, it remains unclear if the generation of the neocentromere and
inactivation occurred in the germline or was already present before (Amor et al., 2004). Analysis of
the inactive centromere showed that the alpha-satellite arrays were slightly reduced compared to a
normal chromosome 4 but more or less in the range of individual variation. What caused the
inactivation of the original centromere in this case and which are the order of events that lead to de
novo centromere formation and centromere inactivation remain elusive. There is some indication that
centromere inactivation could be a triggering event for neocentromere formation (see section 2.6b).
However, it is also possible that ectopic centromere formation is a stochastic event with extremely
low probability and that inactivation of the centromere occurred after neocentromere formation.
Avrtificial generation of neocentromeres in Drosophila was recently found to promote the inactivation
of the original centromere and chromosome breaks at the centromere appeared to be a prerequisite
for this (Palladino et al., 2020).
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Analysis of the epigenetic environment of inactive regional centromeres in yeast, plants and on
inactive HOR arrays in human revealed that repeat arrays at these inactive centromere sites are more
compact, enriched for heterochromatin marks and deprived of acetylated histones (Han et al., 2009;
Maloney et al., 2012; Sato et al., 2012; Zhang et al., 2010). In an artificially generated cell line with a
X chromosome comprising two active centromeres, centromere inactivation of one of the two
centromeres was occasionally observed upon treatment with a histone deacetylase inhibitor (TSA,
Trichostatin A) (Higgins et al., 2005). In contrast, TSA treatment was also proposed to trigger the
opposite effect: The ectopic integration of artificially generated centromere sequence arrays into a
host chromosome usually do not evoke the generation of an active centromere. However, upon TSA
treatment centromere activation in this case has been observed (Nakano et al., 2003). This study
hence further indicates that centromere DNA sequence in a certain epigenetic environment could
provide centromere formation potential even when integrated in a chromosome. However, TSA
treatment in the PD-NC4 case was insufficient to trigger activation of the inactive original
centromere (Amor et al., 2004). It is possible that fine-tuning of the chromatin state for centromere
activation may be challenging and centromere activation could be a rare event easy to miss. Hence, it
remains unclear to what extent epigenetic silencing can overrule a putative intrinsic capability of

centromeric DNA sequence to initiate centromere formation (see section 2.6c¢).

Interestingly, CENP-A level at the PD-NC4 neocentromere were only slightly lower compared to a
normal centromere of chromosome 4; but CENP-C level and centromere strength of the
neocentromere was later found to be weaker due to the absence of CENP-B (Amor et al., 2004;
Fachinetti et al., 2015). In addition, the mitotic error correction mechanism (see section 1.4) is
impaired at neocentromeres due to altered Aurora B location suggesting perturbations in the inner
centromere that are either related to missing centromeric DNA sequences or other factors such as a

non-optimal chromatin environment (Bassett et al., 2010).

b) Artificial Generation of Neocentromeres

Since neocentromeres are potentially associated with karyotype speciation and disease
development, understanding how they might form is of great interest. Neocentromere formation was

successfully induced following different approaches on chromosomes in different species (Figure 9).

Ectopic centromere formation can be achieved as mentioned previously by targeting certain

centromere/kinetochore proteins or HIURP to ectopic chromosome sites (Barnhart et al., 2011;
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Gascoigne et al., 2011; Mendiburo, 2011; Palladino et al., 2020; Shono et al., 2015) (Figure 9B).
While this shows that tethering centromeric proteins to ectopic region can be sufficient to trigger
centromere formation, strong accumulation and solid binding of centromere proteins at non-
centromeric regions is highly artificial and give little insight into how neocentromeres could form

naturally.

In fungi (S. Pombe and C. Albicans), chicken, and human, neocentromeres were occasionally
generated following the excision or replacement of the endogenous centromere (Ishii et al., 2008;
Shang et al., 2013) (Murillo-Pineada et al. (Jansen lab)) (Figure 9C). In Drosophila, centromere
formation was also found as a consequence of gamma-irradiation and chromosome breaks (Williams
et al., 1998). Similar results were obtained in plants (Nasuda et al., 2005). It is thus tantalizing to
speculate that neocentromeres naturally occur when the native centromere is inactivated in some way
or that DNA breaks require neocentromere formation to prevent loss of genetic material during
mitosis. However, this may not be the case for the PD-NC4 observed in human (Amor et al., 2004)
(Figure 9D). In Drosophila, neocentromere formation was also induced by CENP-A overexpression
(Heun et al., 2006; Olszak et al., 2011) (Figure 9A). In contrast to tethering assays, in both cases,
neocentromeres formed at non-artificially designated chromosome sites raising the question if there

are preferential sites within the genome for neocentromere formation.

Interestingly, hotspots for neocentromere formation were sub-telomeric regions or regions with
boundaries between heterochromatin and euchromatin in flies. As described previously, native
centromeres are weakly transcriptionally-permissive but surrounded by heterochromatin regions (see
section 2.2c). Hence these boundary regions seem to provide favorable conditions for centromere
establishment. Also, in S. pombe, heterochromatin was found to be important as the depletion of the
methyltransferase Clrd (mediates H3K9 methylation) reduces the chance for neocentromere
formation (Ishii et al., 2008). In contrast however, in chicken and in several human patient-derived
neocentromeres, hotspots for neocentromere formation are not identified (Alonso et al., 2010;
Murillo-Pineda and Jansen, 2020; Shang et al., 2013).

In conclusion, it still remains unclear especially in vertebrates what triggers neocentromere
formation and if certain chromatin sites could function as potential hotspots to overcome a potential

natural barrier of chromatin to form a centromere de novo.
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CENP-A overexpression induced LacO-Lacl-HJURP induced Neocentromere formation in chicken cells

Neocentromere formation in centromere formation in Efficient formation of vertebrate
D. melanogaster U2-0S cells neocentromeres by chromosome engineering
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different systems.

(A) CENP-A induced neocentromere formation by CENP-A overexpression in flies (adapted from
Heun et al. 2006).

(B) Artificial tethering of HJURP can induce centromere formation at an ectopic chromosome
location in human (adapted from Barnhart et al. 2011). Generation of a neocentromere on the Z
chromosome in chicken cells after excision of the original centromere (CT=CENP-T) (adapted from
Shang et al. 2013).

(D) Naturally occurring pseudo-dicentric neocentromere chromosome 4 (PD-NC4) discovered in

human.

(E) Centromere formation without the aid of artificial tethering strategy on a bacterial artificial
chromosome deprived of repetitive DNA sequence in human cells. HAC formation however was
accompanied with acquisition of genomic sequences in the BAC sequence. (adapted from Logsdon et
al. 2019).

In contrast to flies, CENP-A overexpression in human is insufficient to trigger neocentromere
formation, even though a strong increase of CENP-A and CENP-C on chromosome arms are
observed (Lacoste et al., 2014; Shrestha et al., 2017). The absence of the Mis18 complex suggests
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that the regulation of centromere formation is less complex in flies (see section 2.3b for the role of
Mis18). It is thus tantalizing to speculate that the lack of the Misl8 complex could explain
neocentromere formation after CENP-A overexpression in flies while this is not observed in human.
Also, ectopic CENP-A was described to be assembled mostly in CENP-A-H3.1 heterotypic particles
unlike homotypic nucleosomes found at the centromere (Lacoste et al., 2014). Hence it is possible
that CENP-A nucleosomes need to be homotypic and highly accumulated in close proximity in order
to trigger centromere formation in human (Bodor et al., 2014; Lacoste et al., 2014), which even after
CENP-A overexpression is unlikely to occur at ectopic locations. Moreover, overexpressed CENP-A
is mis-incorporated through different assembly mechanisms in human and Drosophila. In human, the
H3.3 chaperone DAXX is responsible for CENP-A mis-incorporation resulting mainly in CENP-A
mis-incorporation in euchromatic regions (Lacoste et al., 2014). In Drosophila, the DAXX
homologue is not involved; instead a chromatin remodeling complex (NuRD) was reported to be
important for CENP-A mis-incorporation (Demirdizen et al., 2019), prompting speculations to what
extent the assembly machinery could enable (Drosophila) or suppress (human) neocentromere
formation. Despite the lack of neocentromere formation upon CENP-A overexpression in human,
CENP-A overexpression is commonly found in cancers which may be related to gene expression
alterations caused by CENP-A (Hu et al., 2010; Lacoste et al., 2014; Tomonaga et al., 2003).

However, future studies will be required to improve our understanding of the causality.

Another way to study centromere formation are artificial chromosome formation assays.
Especially, bottom-up assembly strategies in which naked DNA containing centromere DNA
sequences is introduced into cells demonstrated that certain centromeric DNA sequences and
especially the presence of CENP-B boxes greatly facilitate centromere formation on HACs
(Harrington et al., 1997; Ikeno et al., 1998; Ohzeki et al., 2002; Okada et al., 2007).

However, as mentioned before, centromere formation was described to be distinct on inserted
potentially naked DNA (BACs) compared to ectopic chromosome sites where the presence of
centromeric DNA sequences were found to be insufficient for centromere formation and CENP-B
presence instead promote heterochromatin formation (Okada et al., 2007) (section 2.5a). Logsdon et
al. 2019 recently reported for the first time that HACs can be generated even in complete absence of
centromeric DNA sequences or centromere seeding using LacO/I or tetO/R (section 2.4). However,
in these cases genomic sequences were acquired and in half of those, even alpha-satellite DNA

sequences.
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HACs have been used to better understand the effect of chromatin environment on centromere
formation (section 2.2c, section 2.5a). Moreover, HAC formation is of greater general interest due to
its potential biotechnological application especially for gene therapy or as a gene delivery system.
HACs indeed can deliver multiple genes, avoid genomic integration but remain stably transmitted
and can be inactivated in patients or livestock if desired (Cardinale et al., 2009; Kononenko et al.,
2015). HACs with reporter genes were also used as sensors to screen compounds that induce
chromosome instability (Kim et al., 2016; Lee et al., 2013). Moreover, artificial chromosome
formation is at the core of ambitious attempts to artificially create entire genomes from scratch with a

great variety of possible biotechnological applications (Boeke et al., 2016).

I11.1 Summary and aims of this thesis

Centromeres fulfil an essential and highly conserved role in proliferating cells (section 1.4/5
and 2.1). Centromeres possess a unique epigenetic landscape (section 2.2), which is sustained for
indefinite cell cycles by an epigenetic mechanism (section 2.3). Despite this epigenetic nature,
centromeres are also commonly assembled on special DNA sequences (section 2.4). The centromere
protein CENP-B binds specifically to a sequence motif found at the centromere (section 2.5). DNA
sequence and CENP-B contribute to centromere strength but centromeres can be functional in their
absence. Great uncertainty surrounds the role of centromere DNA and especially CENP-B bound to

this DNA for centromere identity.

During my PhD, | aimed to investigate the interplay between genetic and epigenetic centromeric

features to better understand centromere specification.

First, I scrutinized the requirement of preexisting CENP-A molecules for centromere identification.
Using a CENP-A®T7ON system, | aimed to understand several outstanding questions regarding the
role of preexisting centromeric CENP-A molecules for a) de novo CENP-A deposition at the native
centromere; b) an epigenetic memory of CENP-A level in the next cell generation(s) and; ¢) guiding

new CENP-A assembly to designated reloading sites.

These questions were addressed by taking advantage of the rapidness and reversibility of the auxin
inducible degron (AID) system (Hoffmann et al., 2016; Hoffmann and Fachinetti, 2018; Nishimura
et al., 2009).
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Furthermore, | aimed to understand if and how CENP-B plays a role in centromere specification at a

CENP-A-deprived native centromere.

111.2 Résume et objectifs de cette these

Les centroméres remplissent un rdle essentiel, fortement conservé, dans la prolifération des cellules
(sections 1.4/5 et 2.1). Les centromeéres possedent un paysage épigénétique unique (section 2.2) qui
est maintenu par un mécanisme épigénetique au cours des cycles cellulaires illimités (section 2.3).
Malgré cette nature épigénétique, les centromeéres sont aussi couramment assemblés sur des
séquences d'ADN particulieres (section 2.4). La protéine CENP-B du centromere se lie
spécifiguement a un motif de séquence localisé au centromere (section 2.5). La séquence d'ADN et
CENP-B renforcent le centromere, mais celui-ci maintient sa fonction en leur absence. Le réle de
I'ADN du centromeére et surtout de la protéine CENP-B liée a cet ADN dans l'identité du centromére
reste trés incertain. Au cours de mon doctorat, j'ai cherché a étudier l'interaction entre les
caractéristiques génétiques et épigénétiques des centromeres afin de mieux comprendre la

spécification des centromeres.

Les centroméres remplissent un réle essentiel, fortement conservé, dans la prolifération des cellules
(sections 1.4/5 et 2.1). Les centromeéres possedent un paysage épigénétique unique (section 2.2) qui
est maintenu par un mécanisme épigénétique au cours des cycles cellulaires illimités (section 2.3).
Malgré cette nature épigénétique, les centroméres sont aussi couramment assemblés sur des
séquences d'ADN particulieres (section 2.4). La protéine CENP-B du centromeére se lie
spécifiqguement a un motif de séquence localisé au centromere (section 2.5). La séquence d'ADN et
CENP-B renforcent le centromere, mais celui-ci maintient sa fonction en leur absence. Le réle de
I'ADN du centromeére et surtout de la protéine CENP-B liée a cet ADN dans l'identité du centromére
reste trés incertain. Au cours de mon doctorat, j'ai cherché a étudier l'interaction entre les
caractéristiques génétiques et épigénétiques des centromeres afin de mieux comprendre la

spécification des centromeres.
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The following sections (results, discussion and methods) are published in the EMBO Journal
(Hoffmann et al. 2020).

5. RESULTS

Previously deposited CENP-A is not essential for new CENP-A deposition at endogenous

centromeres

CENP-A is well known to maintain centromere position via an epigenetic self-assembly loop
(McKinley and Cheeseman, 2016). This suggests that at least a pool of CENP-A must always be
maintained at the centromere to mediate new CENP-A deposition. Here, we sought to challenge this
concept and test if previously deposited centromeric CENP-A is required to license new CENP-A
deposition at the native centromere position. To this aim, we used a two-step assay (hereafter
referred to as CENP-A°ON system) that allows us, in a first step, to deplete endogenous CENP-A
and, subsequently, to re-express it (Figure 11A). To generate this unique tool/model, we took
advantage of the reversibility of the Auxin Inducible Degron (AID) system that allows rapid protein
depletion and re-accumulation following synthetic Auxin (indol-3-acetic acid, IAA) treatment and
wash-out (WO), respectively (Hoffmann and Fachinetti, 2018; Holland et al., 2012; Nishimura et al.,
2009). By combining genome editing with the AID tagging system, we previously showed our ability
to rapidly and completely remove endogenous CENP-A from human centromeres with a half-life of
about 15 min (Hoffmann et al., 2016), with only a small percentage of cells that remain unaffected
by the IAA treatment (Figure 11B). Following IAA WO, endogenous CENP-AF"""AIP (hereafter
referred to as CENP-A™?) is rapidly (within 1-2 hours) re-expressed at detectable level as observed
by immuno-blot (Figure 11C). The rapid CENP-A re-accumulation could be explained by the
continuous presence of MRNA CENP-A transcripts despite the immediate protein degradation in

_ A\OFFION

presence of IAA. Hence, the generated CENP system provides a powerful tool to test CENP-

A reloading in the absence of previously deposited CENP-A.

We next tested if newly expressed CENP-A is reloaded back at the native centromere
position by immuno-fluorescence (IF). Following CENP-A depletion for 4-8 hours (hr) and IAA WO
for 24 hr or 48 hr, we found that in most (~90%) of the cells, newly-expressed CENP-A re-localizes
with centromeric regions marked by CENP-B, which remains tightly bound to the CENP-B boxes

(Figure 11D-F). Interestingly, centromeric CENP-A levels recovered to only ~50% of untreated
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levels after one cell cycle (24 hr WO), but fully recovered to untreated levels after IAA 48h WO
(Figure 11E). This was due to incomplete recovery of total CENP-A levels rather than absence of
pre-existing CENP-A molecules or preexisting centromeric factors that mediate CENP-A assembly.
Indeed, centromeric CENP-A level recovered to untreated level within one cell cycle when we
prolonged G2 phase — time where most CENP-A is transcribed (Shelby et al, 1997) — after IAA WO
using a CDK1 analog sensitive inhibition system (Hochegger et al., 2007; Saldivar et al., 2018)
(Figure 11G-H). Following short-term CENP-A depletion, many CCAN components partially
remain at centromeric regions (Hoffmann et al., 2016), potentially promoting CENP-A deposition
(Hori et al., 2008a; McKinley et al., 2015; Okada et al., 2006). We thus depleted CENP-A for longer
durations (24-48 hr) as, in these conditions, most CCAN proteins are lost from centromeres
(Hoffmann et al., 2016). We used p53-deficient DLD-1 cells and chromosomally unstable U-20S
cells to bypass cell cycle block due to events of chromosome mis-segregation following CENP-A
depletion. Even in these conditions, newly expressed CENP-A molecules were reloaded at CENP-A-

depleted centromeres (Figure 111).
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Figure 11. The CENP-A epigenetic self-assembly mechanism is not required for de novo CENP-A

deposition at native human centromere.

(A) Schematic illustration of the two-step CENP-A®™ON assay using the Auxin (IAA) inducible

degradation system.

(B) Image of IAA treated cells. 1AA escaper is highlighted with a dashed yellow circle, CENP-A

depleted cells are contoured with red dashed lines. Scale bar, 10 pm.
(C) Immunoblot showing CENP-AFA protein level at the indicated time in RPE-1 cells.

(D) Representative immunofluorescence images showing CENP-A reloading at CENP-B-marked

centromeres in DLD-1 cells. White dashed circles contour nuclei. Scale bar, 5 pm.

(E) Quantification of the percentage of cells showing centromeric CENP-A 24 hr or 48 hr after IAA
WO. Each dot represents one experiment (~30-50 cells per condition per experiment), error bars

represent standard deviation (SD) of 5 independent experiments.

(F) Quantification of centromeric CENP-A levels normalized to non-treated level. Each dot

represents one experiment, error bars represent SD. Unpaired t test: ***p= 0.0005.
(G) Schematic for the experiments shown in H.

(H) Quantification of centromeric CENP-A levels normalized to non-treated level. Each dot

represents one experiment, error bars represent SD. Unpaired t test: *p= 0.0493.

(1) Quantification of the relative number of DLD-1 (square) and U-20S (circle) cells with
centromeric CENP-A at the indicated timing of 1AA treatment and recovery. Each dot represents one
experiment with at least 20 cells per condition. Error bars represent standard deviation (SD) from 3

independent experiments.

We then followed de novo CENP-A reloading using live cell imaging taking advantage of the
EYFP tag on the endogenous CENP-A (Hoffmann et al., 2016). To mark centromere position in live
cells, we endogenously tagged CENP-B with mCherry using CRISPR/Cas9 in RPE-1 cells.

Following the induction of a CENP-A°FON

cycle we observed a burst of reloading of CENP-A
shortly after mitotic exit (approximately 30 min after anaphase onset) (Figure 12), in agreement with
the previously described timing of CENP-A reloading (Jansen et al., 2007b). This experiment

showed that CENP-A reloading in the absence of any previously deposited centromeric CENP-A is

65



still tightly restricted to a narrow cell cycle window. So, we further examined if de novo CENP-A
reloading relies on the same key regulation mechanisms as canonical CENP-A deposition (McKinley
and Cheeseman, 2016).
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Figure 12: De novo CENP-A deposition occurs shortly after mitotic exit.

(A) Stills of live cell imaging to follow de novo CENP-A® reloading in RPE-1 cells harboring
endogenously tagged CENP-B™™™ Images were taken every 15 min. White dashed circles contour

nuclei prior/after mitosis and cells during mitosis based on bright field images. Scale bar, 10 pum.

(B) Dot plot showing the timing of CENP-A®* reloading after anaphase onset in the indicated cell

lines. Each dot represents one cell, error bars represent standard deviation. Unpaired t test, ns.

We confirmed that de novo CENP-A deposition is dependent on M18BP1 and HJURP, but
not DAXX, a histone chaperone that was shown to be involved in non-centromeric CENP-A
deposition (Lacoste et al., 2014) (Figure 13). However, as HIURP depletion strongly impacts the
stability of soluble CENP-A, re-expression of CENP-A was also strongly affected by HIJURP

depletion making a direct conclusion on HIURP dependency uncertain (Figure 13F).
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Figure 13: De novo CENP-A deposition follows the canonical CENP-A deposition pathway.
(A) Schematic for the experiments shown in C, D.

(B) Left panel: representative images to confirm M18BP1 knock-down in late M-phase cells. Scale
bar, 10 um. Yellow dashed lines highlight nuclei of daughter cells. Right panel: relative M18BP1
levels in late M/early G1 phase after siRNA knock-down using M18BP1 antibody. Each dot

represents one centromere, error bars represent standard deviation.
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(C) Representative images of de novo CENP-A reloading upon M18BP1 knock-down. Nuclei are

highlighted with white dashed lines. Scale bar, 5 um.

(D) Quantification of centromeric CENP-A intensities in the indicated conditions (relative intensities
normalized to CENP-A level in untreated cells). Each dot represents one experiment (>30 cells per

condition per experiment), error bars represent SD of 2 independent experiments.
(E) Schematic representation for the experiments shown in F-G.
(F) Immunoblot of total protein levels in the indicated cell lines and conditions

(G) Bar graphs showing quantification of centromeric CENP-A intensities following the indicated
treatment. Each dot represents one experiment with at least 30 cells. Error bars represent SD of 2

independent experiments.

Altogether, our data indicate that centromere position is preserved even in the absence of
CENP-A. Also, it demonstrates that previously assembled CENP-A is not essential for de novo
deposition of CENP-A nor to control its abundance, as levels of new CENP-A rise very fast at
CENP-A-depleted centromeres, a result in disagreement with the template model. Further, like
canonical CENP-A reloading in the presence of previously deposited CENP-A, de novo CENP-A

reloading is cell cycle regulated and occurred exclusively after mitotic exit.

Our results rely on complete depletion of CENP-A following IAA addition, as we have
previously shown by IF, immuno-blot and immuno-precipitation (Hoffmann et al., 2016). To further
prove the efficiency of the Auxin system, we challenged it by inducible, doxycycline-mediated Over-
Expression (OE) of CENP-A tagged with EYFP and AID (Figure 14A). CENP-A OE leads to
elevated CENP-A incorporation at the centromere and also outside the centromere region (Lacoste et
al., 2014; Nechemia-Arbely et al., 2017) . Using this system, we obtained ~2000 fold higher nuclear
CENP-AF” protein level as compared to endogenous CENP-A levels at a single centromere (Figure
14B-C). Despite the vast excess of CENP-A in these cells, no CENP-A was detectable upon 1AA
addition by IF (Figure 14B-C). We concluded that the AID system remains - by far - unsaturated
under endogenous CENP-A expression level conditions, as we are able to deplete higher CENP-AFA

levels to non-detectable level.
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Figure 14: Depletion of overexpressed CENP-AF"""AIP to undetectable level using the AID

system.
(A) Schematic illustration of experiment shown in B, C.

(B) Representative images showing complete depletion of CENP-A®* despite doxycycline (DOX)
induced overexpression in DLD-1 cells. Nuclei are contoured with white dashed lines. Scale bar, 5

um.

(C) Quantification of CENP-A intensities in in the nucleus and at the centromere in presence or
absence of IAA/DOX. Endogenous (End.) CENP-AF"PAP (CA) or overexpressed (OE) CA is
depleted to non-detectable background-level in presence of IAA. Each dot represents a cell. Mean

CA intensities are indicated by a black line.

We then used live cell Single Molecule Microscopy (SMM) to assess the presence of single
CENP-A molecules tagged with EYFP after IAA addition. We first confirmed the ability to detect a
single EYFP molecule by transiently expressing EYFP-tagged GlucocorticoidReceptor (GR®Y™) as
it was previously used to study dynamics of single molecules in human cells (Harkes et al., 2015)
(Figure 15A). Here, we observed a clear diffraction limited spot with a Gaussian profile that
bleached in a single bleach step as expected when observing a single molecule (Figure 15B-D). In

BmCherry_

contrast, we were unable to detect such profile for CENP-A®* at CENP- positive centromeres

following IAA treatment. Quantification of EYFP fluorescent intensities of IAA-treated CENP-A®*

REYF single molecule

cells at centromeres was significantly lower than the fluorescent signal of a G
and comparable to the background signal obtained in EYFP-free RPE-1 CENP-C™M™-AD cefls

(Figure 15B-D).
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Figure 15: After depletion CENP-A"""*IP cannot be detected by Single Molecule Microscopy
(SMM)

(A) Schematic illustration of the single molecule microscopy (SMM) experiments shown in B, D.

(B) Representative microscopy images from live cell imaging and corresponding 3D surface plots
showing single molecule GRE'™" detection in | and following IAA treatment CENP-A®* signal

absence at CENP-B™"™™ marked centromeres in I1, using SMM acquisition settings.

(C) Examples of background-corrected EYFP signal intensities quantified over time (as shown in D)
for single GRE'™ molecules (in magenta), centromeric EYFP signals in IAA treated CENP-AFAEA

cells (in green) and in absence of EYFP molecules (in black).

(D) Signal quantification as shown in D in the indicated conditions. Unpaired t test, ns (p=0.88),
****p < 0,0001, error bars represent standard deviation. Each dot represents the quantification of
one GRE" signal (GRE"™, n=13) or one centromere, respectively (No EYFP CENP-C™™™ n=85
and CENP-B™""™ CENP-AF* n=52).

In summary, we concluded that CENP-A re-loading following CENP-ACFN s unlikely to
be due to any remaining CENP-A molecules. In addition, as CENP-A loading occurs only at mitotic
exit, the dynamic equilibrium between its IAA-mediated degradation and re-expression does not

impact on our results.
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De novo CENP-A localization remains unaltered in absence of old centromeric CENP-A

Human centromeres display a hierarchical organization ultimately structured as higher order repeat
arrays (HOR) (Miga, 2017). Some chromosomes have centromeres with multiple HOR arrays which
display different abundance of CENP-B boxes and CENP-A occupancy (Sullivan et al., 2011). In
some cases (e.g. chromosomes 7 or 17), the two homologue chromosomes display equal CENP-A
occupancy but at different HOR arrays (epiallelic status) (Maloney et al., 2012). Also, it has been
demonstrated that inactive HOR arrays with low CENP-A occupancy have the capacity to trigger
HAC formation (Maloney et al., 2012). The CENP-A self-assembly mechanism model implies that
previous incorporated CENP-A is required to avoid the sliding of the centromere to a different

chromosomal position.

Using the CENP-A°FN system, we tested if de novo CENP-A deposition was slightly
displaced ultimately leading to a different distribution at HOR arrays within the same centromeric
locus (Figure 16A). CENP-A — HOR array occupancy was determined by CUT&RUN (Cleavage
Under Targets and Release Using Nuclease) combined with high-throughput sequencing (Skene and
Henikoff, 2017). Sequencing reads were mapped to the latest HORs reference assembly for
centromeric sequences, as described previously (Dumont et al., 2020). In agreement with previous
observations of CENP-A occupancy, in untreated cells, CENP-A localized mostly to a defined HOR,
but it could also be found on different HORs of the same chromosome (Nechemia-Arbely et al.,
2019; Sullivan et al., 2011). Following CENP-A depletion and reactivation, we found that the
distribution of de novo CENP-A along the different HORs was maintained, as we did not observe
any remarkable differences of CENP-A HOR array occupancy compared to the untreated condition
(Figure 16B-E). These results were confirmed by line scan and by chromatin fiber techniques
coupled with FISH (Figure 16F-G). Here, we determined CENP-A occupancy along the HOR array
of chromosome X (DXZ1) and found that CENP-A re-occupies around 35% of the DXZ1 array
within 48 hr (Figure 16F), similar to the control and in agreement with previous results (Maloney et
al., 2012).

Altogether, we concluded that CENP-A is reloaded at the same HOR array even in the
absence of previously deposited CENP-A and that (epi-)genetic mechanism(s) other than CENP-A

are involved in maintaining centromere position.
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Figure 16. Previously deposited CENP-A is dispensable for precise de novo CENP-A
incorporation. (A) Schematic of DNA sequence organization at centromeres with more than one
higher order repeat array (HOR) and experimental set-up of the CENP-A®™°N cycle performed in

experiments B-D.

(B) Full coverage plot of chromosome 17 centromeric array (chrl7:22,500,000-26,900,000 of the
hg38 assembly) showing enrichment of CENP-A by CUT&RUN-seq in the untreated (NT) and 1AA
wash out (WO) sample. CENP-A is reloaded to cenl17_1 (D17Z1). A shift of CENP-A occupancy to
cenl7_2 (D17Z1B) is not detected.
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(C) Venn diagram showing the number of CUT&RUN-seq peaks that are NT specific (left, blue), WO

specific (right, red) or overlapping (center).

(D): Venn diagram showing the total length in Mb of CUT&RUN-seq peaks that are NT specific
(left, blue), WO specific (right, red) or shared between NT and WO (center).

(E) CENP-A levels at the indicated HOR arrays quantified by CUT&RUN-sequencing. CENP-A

levels 48 h after IAA wash-out recover at the original HOR.

(F) Quantifications of CENP-A occupancy at the DXZ1 HOR array after one CENP-A°TN cycle in
DLD-1 cells using IF-FISH on chromatin fibers. Each dot represents a single chromatin fiber. Error

bars show standard deviation. P-values from unpaired t test.

(G) Line scan analysis at the D7Z1 array on chromosome spreads in the indicated treatment. Scale

bar, 2 um.

To further test the importance of the original centromere location, we then generated an in
vivo competition assay between the native centromeres lacking endogenous CENP-A and ectopic
site(s) enriched with exogenous CENP-A. To do so, we used an inducible CENP-A OE system with
a binary (on/off) controllable activity in the CENP-A°"7°N background. This binary control is
achieved via a doxycycline-inducible expression of CENP-A tagged with a destabilization domain
E.coli-derived DiHydroFolate Reductase (DHFR) protein (Figure 17A). Addition of a small ligand
named TriMethoPrim (TMP) is required for protein stabilization (lwamoto et al., 2010). We then
assessed if de novo endogenous CENP-A reload at non-centromeric sites following mis-
incorporation of exogenous CENP-A — which can be indistinguishable from centromeric CENP-A
levels (Figure 17F) - and if this was sufficient to trigger ectopic centromere formation (Figure 17B,
C). In most analyzed cases, centromere function (defined by the presence of CENP-C) was occurring
at CENP-B marked centromeres and never observed at ectopic loci despite the initial presence of

ectopic CENP-A along the chromosome arms (Figure 17D, E).

This data demonstrates the importance of alpha satellite DNAs and their embedded features

in marking centromere position.
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Figure 17: Re-expression of CENP-A into a temporary CENP-A overexpression background is

insufficient to promote neocentromere formation.

(A) Nlustration of genomic make-up of DLD-1 with an exogenous CENP-A™F""PHFR gverexpression

system.

(B) Representative images showing ectopic CENP-A on a chromosome spread after induction of
CENP-A overexpression in DLD-1 cells. Centromere position is marked using immunofluorescence
staining for CENP-B. Yellow dashed lines contour representative chromosomes. Scale bar, 2um.
Schematic to the right illustrate the observed CENP-A™FPPHFR ocalization pattern on a

chromosome.
(C) Schematic illustration for the experiments shown in D, E.

(D) Representative images of chromosome spreads after re-expression of endogenous CENP-A®
into a CENP-A™RFPPHFR gverexpression background and subsequent removal of the overexpression
as illustrated in (C). Antibody against CENP-C was used to score for the presence of the functional

centromere. Scale bar, 5um.

_AOFF/ON

(E) Quantification of the indicated events after one CENP cycle compared to treatment

shown in (C).
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(F) Left panel: Comparison of CENP-AP""R level per pixel at the centromere and on chromosome
arms following 1AA and DOX/TMP treatment. Each dot represents one centromere or a region on
the chromosome arms. Right panel: Immunofluorescence image of a chromosome spread of a cell

DHFR
-A

overexpressing CENP (green). CENP-B staining is shown in magenta. Scale bar 2um.

De novo CENP-A deposition is impaired in CENP-B deficient cells

We next asked what maintains centromere position in the absence of previously deposited CENP-A.
We have already demonstrated that CENP-B plays a major role in stabilizing centromere proteins,
including a fraction of CENP-C, on CENP-A-depleted centromeres (Hoffmann et al., 2016). We
therefore hypothesized that CENP-B may be important for de novo CENP-A deposition. To test this,
we assessed CENP-A de novo deposition in CENP-B KO RPE-1 cells harboring the CENP-ACTFON
system (Hoffmann et al., 2016). Following CENP-A°"7°N we found that de novo CENP-A reloading
was strongly impaired in CENP-B™ cells compared to CENP-B*'* cells, with less than 20% of the
cells that reloaded CENP-A upon re-expression (Figure 18A-C).
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Figure 18. De novo CENP-A deposition is impaired in the absence of CENP-B.
(A) Schematic illustration of the CENP-A®™°N cycle performed in the experiments shown in B, C.

(B) Representative images of de novo CENP-A reloading in CENP-B wild-type (+/+) and CENP-B
knock-out (-/-) cells. Cells with centromeric CENP-A are marked with a red dashed contour line

while a yellow contour lines mark cell without centromeric CENP-A. Scale bar, 5 um.
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(C) Quantification of relative number of RPE-1 cells with centromeric CENP-A in the indicated
conditions. Each dot represents one experiment with at least 20 cells per condition. Error bars
represent standard error of the mean (SEM) from 3 independent experiments. Unpaired t test,
***p=0.0003.

Co-depletion of CENP-A and CENP-B leads to immediate mitotic defects (Hoffmann et al.,
2016) that result in a p53-mediated cell cycle arrest. So, we first tested if massive chromosome mis-
segregation per se has an effect on de novo CENP-A reloading by chemical inhibition of the spindle
checkpoint kinase Mpsl (Santaguida and Musacchio, 2009). Despite massive chromosome mis-

segregation in this condition, de novo CENP-A reloading was not affected (Figure 19).
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Figure 19: Reversine induced missegregation does not impair de novo CENP-A reloading

(A) Representative immunofluorescence showing de novo CENP-A deposition in CENP-B (+/+)
DLD-1 cells after reversine induced chromosome mis-segregation. DAPI staining is contoured by a
white dashed line. Scale bar, 5 um.

(B-C) Bar graphs showing the relative number of CENP-A positive cells (B) and the level of
centromeric CENP-A level (C) in presence of reversine. Each dot represents one experiment with
more than 20 cells per condition. Error bars represent SD of 3 independent experiments.

To rule out that failure of de novo CENP-A deposition in CENP-B KO cells is not simply a
consequence of cell cycle arrest, we depleted CENP-B using CRISPR in a p53-deficient DLD-1 cell
line (Figure 20A). We then synchronized cells to specifically assess de novo CENP-A reloading
uniquely in cells that underwent mitosis following the CENP-A°"7°N pulse (Figure 20B). Using o-
tubulin staining to visualize early G1 cells we found that ~90% of CENP-B™ cells showed impaired
de novo CENP-A reloading while almost all CENP-B*"* cells successfully reloaded CENP-A (Figure
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20C, D), similar to control RPE-1 cells. Interestingly, ~ 50% of the CENP-B cells failed to reload
CENP-A completely, while around 40% of cells showed only partial reloading of CENP-A with less
than 10 centromeric CENP-A dots per daughter cell (Figure 20C-E). We then tested if re-expression
of CENP-B could rescue CENP-A de novo deposition in CENP-B KO cells. To this aim we
integrated CENP-B into an isogenic FRT locus that can be induced by doxycycline addition.
Following a CENP-ACFN pulse, most cells rescued by CENP-B successfully reloaded CENP-Ato a
similar extent as the CENP-B wildtype cell line (Figure 20F, G).

Overall, our data demonstrate that CENP-B is required for efficient re-loading of de novo

CENP-A in the absence of any previously deposited centromeric CENP-A.
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1 cells.
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(A) Left: schematic of the CRISPR/Cas9 strategy to deplete CENP-B in DLD-1 cells as measured in

the dot plot on the right. Each dot represents one centromere, error bars show standard deviation.
(B) Schematic representation of experiments shown in C, D.

(C) Representative images of DLD-1 CENP-B (+/+) or (-/-) cells in late M phase following one
CENP-A®TON cycle. EdU staining was used to confirm successful wash-out of Palbociclib and cell
progressing through S-phase. Yellow dashed lines contour nucleus of cells in late M phase. Scale bar

5 pm.

(D) Quantification of indicated events observed in late M phase cells in the indicated cell lines.

Error bars show SEM from 4 independent experiments.

(E) Immunofluorescence images showing partial de novo CENP-A® reloading (<10 centromeres) in
CENP-B” DLD-1 cells in late M phase. Nuclei of daughter cells are highlighted with white dashed

lines. Scale bar, 5 um.

(F) Immunoblot of total protein levels in the indicated conditions in the indicated cell line. FL = full

length.

(G) Bar graphs showing the relative number of DLD-1 cells with centromeric CENP-A in indicated
conditions in the indicated cell line. Each dot represents one single experiment, > 30 cells per

condition. Unpaired t-test, **p=0.0053, error bars represent SD of 4 independent experiments.

Neocentromere formation occurs on the Y chromosome under selective pressure

The centromere of the Y chromosome contains repetitive alpha satellite DNA sequences but
lacks CENP-B binding sites. Hence, CENP-B is absent from the Y centromere (Earnshaw et al.,
1989; Miga et al., 2014). To assess de novo CENP-A reloading at the Y centromere we used
Fluorescence In Situ Hybridization (FISH) probes against the Y centromere or the X centromere, as a
control, in combination with IF in interphase cells and on metaphase spreads in DLD-1 cells (Figure
21A, B). Following a CENP-ACTN cycle, de novo CENP-A or CENP-C colocalized with the X
centromere in both interphase and metaphase spreads, respectively, with no significant changes in
abundance when compared to non-treated cells or to single allele AID-tagged CENP-A*'™"*cells
(Figure 21C-F). Conversely, only ~25% of cells showed CENP-A/CENP-C at the Y centromere in
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both interphase (Figure 21E, F) or mitotic (Figure 21C, D) cells. So, as observed in CENP-B KO

cells, de novo CENP-A reloading is impaired at CENP-B lacking centromeres.
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Figure 21: Impaired centromere formation at the Y chromosome after a CENP-A°T7°N cycle.
(A) Concept of experiments shown in B-D.
(B) Timeline of experiment performed in C, D.

(C) Representative IF-FISH images of mitotic spreads in non-treated cell (NT) and following a
CENP-A®FFON cycle (IAA WO). Chromosomes are contoured by a green (X), magenta (Y) or white
(other autosomes) dashed line. The centromeres of chromosome X/Y are highlighted by a
green/magenta arrow. Scale bar, 2 pm.

(D) Quantification of CENP-C (as read-out of CENP-A) presence at the X (green) or Y (magenta)
centromere in the indicated cell lines. Each dot represents one experiment. Error bars represent SD

from 3 independent experiments. Unpaired t test, **p=0.0042.
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(E) Representative IF-FISH images on interphase cells (nucleus highlighted by a white dashed line)
showing de novo CENP-A deposition at the X but not at the Y centromere after a CENP-ACFTON

cycle (48 h after IAA wash-out (WO). Scale bar, 5 pm.

(F) Bar plot showing frequency of CENP-A presence at the X (green) or Y (magenta) centromere in

OFF/ON
-A

non-treated cells or following one CENP cycle. Unpaired t test, **p=0.0096. Error bars

represent SEM of 3 independent experiments.

We then studied whether CENP-A deposition can occur at a different, non-alpha-satellite
location after CENP-A re-expression. However, the Y chromosome is not an essential chromosome
in the in vitro cell culture model, and since neocentromere formation happens at very low frequency
(Shang et al., 2013), the impaired CENP-A reloading is expected to lead to the loss of the Y
chromosome in the majority of cells (Ly et al., 2017). To prevent its loss, we selected for the
retention of the Y chromosome by inserting a selectable cassette (Neomycin) (Figure 22A-C).
Following CENP-A depletion and re-activation, we subjected cells to G418 treatment to select clones
that maintained the Y chromosome (Neomycin positive), as observed by colony formation assay
(Figure 22D-E). Following a CENP-A®FN cycle, we observed a strong impact of G418 selection
on cell viability that likely reflects failure of CENP-A deposition on the Y chromosome and
subsequent loss of the chromosome bearing the selection marker. IF-FISH on the pool of surviving
clones revealed three outcomes: i) in ~70% of the cells CENP-C was found to be at the original Y
centromere location indicating that other centromere features different from CENP-A and CENP-B
favor centromere formation at native centromere position (Figure 22D, F-G); ii) In about 15% of the
cells, the entire or portions of the Y chromosome (likely containing the Neomycin cassette) was
fused to other chromosomes, an event that could be observed also in untreated condition, although at
very low frequency (Figure 22F-G); iii) Intriguingly, in the about 15% of remaining cases CENP-C
staining was observed elsewhere on the Y chromosome, and not coinciding with the Y centromeric
probe, indicating the presence of a neocentromere (Figure 22F-G). Importantly, neocentromere-like
elements were exclusively found after CENP-A depletion and re-activation by IAA WO, but never
under untreated conditions (Figure 22G).
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Figure 22. Neocentromere formation arises at the CENP-B negative Y-chromosome.

(A) Schematic illustration of CRISPR/Cas9-mediated genome editing of the non-essential RPS4Y

gene on the Y chromosome with the insertion of a neomycin resistance cassette.

(B) Agarose gel of a PCR run confirming successful integration of the Neomycin resistance cassette
at the Y chromosome of DLD-1 cells.

(C) Representative FISH using a Y centromere probe in Neomycin selected DLD-1 cells (nuclei are
highlighted by white dashed contour lines). Scale bar, 5 um.

(D) Experimental set-up for E-G.
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(E) Colony formation assay under selective pressure (Neomycin, G418) in untreated conditions or
following a CENP-ACF7N cycle.

(F) Representative IF-FISH images showing CENP-C localization on the Y chromosome in cell

growing under selective pressure (G418) following a CENP-A°FON

cycle. Chromosomes are
highlighted by a white dashed contour line. CENP-C was found at the native centromere position
(top panel, blue), the Y chromosome fused to another chromosome indicated by the increased size of
the chromosome and the absence of Chr-Y painting probe staining (second panel, orange) or CENP-
C was found on a different location on the Y chromosome and did not overlap with Cen-Y DNA

(lower panels, red). Scale bar, 2 um.

(G) Quantification of indicated events depicted in G. Each dot represents one experiment (>20
spreads for experiment). Error bars represent SEM from 3 independent experiments. Unpaired t-test,
*p=0.0137 and 0.039.

These data indicate that neocentromere-like elements can form on a CENP-B deficient
chromosome following rapid CENP-A re-expression, but only when CENP-A-mediated centromere
identity was transiently perturbed. Nevertheless, native centromere location continues to be the

preferential site for centromere re-formation.

CENP-B bound to an ectopic location promotes CENP-C recruitment independently of CENP-
A

We next investigated how CENP-B maintains centromere position at native centromeres.
Previous studies showed that CENP-C interacts with CENP-B directly (Fachinetti et al., 2015;
Suzuki et al., 2004), in addition to its well-known interaction with CENP-A (Fachinetti et al., 2013;
Guse et al., 2011; Kato et al., 2013). Here, we noticed that exogenous CENP-B expression not only
rescued de novo CENP-A reloading in CENP-B™ cells (Figure 23), but also lead to increased CENP-
C levels at the centromeres that were mostly maintained even after CENP-A depletion (Figure 23).
These observations indicate that CENP-B not only maintains and stabilizes CENP-C (Hoffmann et

al., 2016), but might also recruit CENP-C de novo to the centromere.
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Figure 23: CENP-B overexpression leads to elevated CENP-C level at the centromere.

(A) Representative IF-FISH images of non-treated and IAA treated (48 h) CENP-B™ +/- CENP-B™-

rescue DLD-1 cells (nuclei are contoured by yellow dashed lines). Scale bar, 5 um.

(B) Box plots of centromeric CENP-C levels in the indicated conditions (>70 centromeres per
conditions). Box plot shows median and 25" and 75" percentiles, whiskers show minimum and

maximum values. Unpaired t-test, ****p<0.0001, **p=0.0049.

To test this hypothesis, we used the LacO-Lacl system in a previously described U2-OS cell
line (Janicki et al., 2004) in which we further integrated the CENP-A°ON system at the CENP-A
endogenous locus. This system allows us to test whether CENP-B can recruit CENP-C to an ectopic
LacO locus independently of CENP-A (Figure 24A). Following transfection of CENP-B-Lacl-
mCherry, CENP-C recruitment to the ectopic big Lacl/CENP-B sites was observed in the majority of
the cells, even upon IAA treatment to deplete CENP-A, in contrast to the Lacl/mCherry control
(Figure 24B-D). Interestingly, CENP-C molecules at the LacO array were organized in patches
rather than covering LacO sites homogenously. Based on previous studies (Hori et al., 2012; Shono
et al., 2015), we predicted that once CENP-C is recruited to the LacO array it should recruit CENP-
A. Indeed, following IAA WO, CENP-A was recruited at most CENP-B/CENP-C positive LacO
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arrays (Figure 24C-E). CENP-A recruitment via CENP-C further stabilizes CENP-C, as CENP-C
levels at the LacO array were higher in cells that had CENP-A (non-treated cells and in the IAA
WO) compared to IAA treated cells (Figure 24B-D).
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Figure 24. Ectopic CENP-B is capable to recruit CENP-C independently of CENP-A at LacO

arrays.

(A) Experimental schemes for B-G. Lacl-CENP-B or Lacl control (baits) were expressed into CENP-
AR lacO-tetO U-20S cells. Immunostaining against CENP-C or CENP-A (preys) was performed
following Lacl-CENP-B transfection in untreated, IAA treated and IAA wash-out (WO) conditions.

(B) Representative immunofluorescence images showing CENP-C recruitment at the LacO array in

the indicated conditions. LacO array is displayed in the insets. Scale bar, 5 um.

(C) Bar plot showing frequency of CENP-C (orange) or CENP-A (green) recruitment to LacO array
in the indicated conditions. Each dot represents one independent experiment (>20 cell analyzed for
experiment). Error bars represent SEM from 3 independent experiments. Unpaired t test,

*Hk%1<(0,0001.
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(D) Quantification of CENP-C (orange) or CENP-A (green) protein levels at the LacO array in the
indicated conditions normalized to protein intensities in non-treated conditions at the mCherry-Lacl-
CENP-B-LacO array using CENP-A or CENP-C antibody. Each dot represents one independent
experiment (>20 cell analyzed for experiment). Error bars represent SEM from 3 independent
experiments. Mann-Whitney test was performed on pooled single cell data of three independent

experiments, ****p<0.0001.

(E) Representative immunofluorescence images showing CENP-A recruitment to ectopic mCherry-

Lacl-CENP-B in the indicated conditions. LacO array is shown in the inset. Scale bar, 5 pm.

Efficient recruitment of CENP-A was dependent on CENP-C, as pre-removal of CENP-C by
SIRNA largely abolished CENP-A recruitment at CENP-B positive LacO arrays (Figure 25).
Residual CENP-A recruitment in this condition could be due to incomplete CENP-C depletion by
SiRNA or to a weak ability of CENP-B to directly recruit CENP-A (Fujita et al., 2015).
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Figure 25: CENP-C is required for the recruitment of CENP-A at ectopically tethered CENP-B

loci
(A) Timeline of experiments shown in D-G.

(B) Immunoblot showing CENP-C knock-down after siRNA treatment.
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(C) Representative immunofluorescence images showing CENP-B (bait) mediated CENP-A (prey)
recruitment in the indicated conditions. Nuclei are marked by white dashed contour lines. Inset

shows LacO array. Scale bar, Spum.

(D) Bar graph showing CENP-A intensities at the LacO array in the indicated conditions normalized
to CENP-A intensities in sSiRNA control conditions at the mCherry-Lacl-CENP-B-LacO array. Each
dot represents one independent experiment (>20 cell analyzed for experiment). Unpaired t test,

****n<0.0001, error bars show SD of 3 independent experiments.

(E) Frequency of CENP-A recruitment to the LacO array in the indicated conditions. Each dot
represents one independent experiment. Unpaired t test, *p=0.0128, error bars show SD of 3

independent experiments.

We next tested which CENP-B domains were involved in CENP-C recruitment. Previous
yeast two-hybrid analysis suggested that CENP-B’s acidic domain interacts with CENP-C (Suzuki et
al., 2004). We transiently expressed several CENP-B constructs that lack either the DNA Binding
Domain (DBD), the acidic domain or both. As positive and negative controls, we used CENP-B Full
Length (FL) and H3.1 or CENP-T“® (Gascoigne et al., 2011), respectively. As the DBD of CENP-B
was shown to interact with CENP-A (Fujita et al., 2015; Suzuki et al., 2004), we performed these
experiments in the absence of CENP-A (+lAA) to avoid any interference of CENP-A in CENP-C
recruitment. In agreement with previous studies (Gascoigne et al., 2011; Hori et al., 2012), we could
not observe CENP-C recruitment by H3.1 or ectopic CENP-T. Surprisingly, CENP-C was recruited
at the CENP-B*2_|_acl in a similar manner to that of FL or ADBD (Figure 26A). However, double
deletion of both the DBD and the acidic domain almost completely prevented CENP-C recruitment
to a level similar to that of CENP-T or the negative control H3.1 (Figure 26A). This remaining small
fraction of CENP-C recruited to the LacO could be due to the presence of endogenous CENP-B that
dimerize with the CENP-B variant. We confirmed these results using pull-down assays with purified
recombinant proteins (Figure 26B-C). Here we observed direct interaction between GST-CENP-C
(1-727) and “PPPCENP-B (Figure 26D). However, removal of the acidic domain in “°®°CENP-B
abolished the interaction with CENP-C (Figure 26D). In summary, we concluded that both the acidic
domain and the DBD of CENP-B are involved in CENP-A-independent recruitment and maintenance
of CENP-C that, in principle, is capable to initiate the epigenetic centromere assembly loop mediated
by CENP-A.
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Figure 26: CENP-B’s acidic and DNA binding domain (DBD) are involved in CENP-C binding.

(A) Quantification of the frequency of CENP-C recruitment to LacO arrays by different Lacl

constructs. Error bars represent SEM from 5 independent experiments. Unpaired t test,

***n=0,0001.

(B-C) SDS PAGE analysis of fractions with an unique peak containing the protein of interest after a

final purification step by size exclusion chromatography of the indicated constructs.

(D) CENP-B immunoblot following GST pulldown experiments using GST tagged CENP-C (1-727)

as bait and with the indicated proteins as preys.

CENP-B marks native centromere position to promote de novo CENP-A/C reloading

Given the strong enrichment of CENP-B-Lacl at the LacO array, it was unclear if the interaction
with CENP-C is relevant for new CENP-A deposition at endogenous centromeres. In addition,
CENP-B-Lacl at the LacO array could potentially cluster with endogenous centromeres and, to a
certain extent, influence our observation of CENP-C recruitment. Therefore, we tested if CENP-B
could promote centromere formation also at the native centromere position, where CENP-B levels

are far lower compared to the Lacl system. To test this, we generated a DLD-1 cell line in which
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both endogenous CENP-A and CENP-C can be rapidly depleted (and re-expressed) simultaneously
using the auxin inducible protein degradation system (CENP-A/CF7°N: Figure 27).
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Figure 27: Development of a CENP-A/C®FFON AID system.

(A) Schematic representation of the genomic make-up of DLD-1 cells used for CENP-A/COFON

assays.

(B) Representative immunofluorescence images showing CENP-A and CENP-C depletion after I1AA

treatment. Nuclei are contoured by white dashed lines. Scale bar, 5 um.

(C) Quantification of centromeric CENP-A (green) and CENP-C (orange) level in the indicated
conditions in cells with genomic make-up shown in A. Each dot represents one centromere. Error

bars show SD.

(D) Immunoblot following CENP-C depletion and re-expression in DLD-1 cells using the AID

system. Asterisk marks an unspecific band.

After CENP-A/C depletion and re-activation, we tested if both proteins were reloaded de
novo to the centromere and if it was CENP-B-dependent (Figure 28A, E). Following CENP-
A/CCFFON e observed reloading of both proteins at some CENP-B positive centromeres in ~30% of
the cells (Figure 28G, H). CENP-A reloading under this condition was also observed by live cell
imaging (Figure 28B) and CUT&RUN followed by gPCR (Figure 281). We noticed that only a
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fraction of centromeres per cell show efficient reloading, as also demonstrated by the low CENP-
AJC centromeric protein levels upon reactivation (Figure 28C). When CENP-A/C reloading did not
occur at all centromeres, there was a detrimental impact on cell viability, differently to what we

observed in cells in which only CENP-A is removed and re-activated (Figure 28D).

Despite only a fraction of centromeres show CENP-A/C reloading, our data strongly indicate
that the endogenous centromere position remains the hotspot for new centromere formation even in
absence of CENP-A and CENP-C. We next tested if partial de novo CENP-A/C reloading was
CENP-B dependent. Upon downregulation of CENP-B by siRNA (Figure 28F), de novo CENP-A/C
reloading was almost completely lost, as observed by IF and CUT&RUN-gPCR (Figure 28G-1),
reduced to a similar level as that obtained by downregulating M18BP1 expression via siRNA
(Figure 28G-H).

Altogether, our results show that, occasionally, CENP-B can initiate CENP-A/C deposition to
maintain centromere position along with the canonical CENP-A deposition machinery (at least
M18BP1-mediated) in cells in which CENP-A/C were simultaneously co-depleted.
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Figure 28. Partial de novo CENP-A and CENP-C reloading at CENP-A/C-depleted centromeres is
dependent on CENP-B.

(A) Schematic representation of experiments in B-E.

(B) Left: stills of live cell imaging to monitor de novo CENP-A®* reloading in DLD-1 cells after one
CENP-A/C™ON cycle. Images were taken every 10 min. Nucleus/mitotic cell is highlighted by
yellow dashed contour line based on bright field (BF) images. Scale bar, 10 um. Right: Plot to show
the frequency of CENP-A reloading observed in cells that underwent mitosis. Each dot represents
one experiment with at least 10 dividing cells. Error bars show SD of 2 independent experiments.
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(C) Quantification of centromeric CENP-A (green) and CENP-C (orange) levels normalized to non-
treated level using CENP-A/EYFP or CENP-C antibody. Box plot shows median and 25" and 75"
percentiles, whiskers show minimum and maximum values. Average centromeric CENP-A/C
intensities from five independent experiments (with at least 30 cells per condition) were used to
generate the box plots. Unpaired t test: **p=0.0048, ***p=0.0003.

(D) Colony formation assay to assess cell viability in the indicated conditions and cell lines.
(E) Time line of experiment in G-I.

(F) Left: representative immunofluorescence image showing CENP-B knock-down during a CENP-
AJCOFFION assay. White dashed lines highlight nuclei. Scale bar, 5 pm. Right: quantification of
centromeric CENP-B level after RNAi treatment. Each dot represents one centromere (n>700

centromeres). Error bars show standard deviation.

(G) Representative immunofluorescence images showing CENP-A and CENP-C reloading in the
indicated conditions. Cells with centromeric CENP-A/CENP-C are marked with a red dashed
contour line while a yellow contour lines mark cell without centromeric CENP-A. The centromere
position is marked using immunofluorescence staining for CENP-B. White dashed lines contour

DAPI stained nucleus of representative cells. Scale bar, 5 um.

(H) Bar plot showing the percentage of cells with CENP-A and CENP-C co-localization after a
CENP-A/COFFON cycle in the indicated conditions. Error bars show SD from 5 independent
experiments. Unpaired t test, ***p=0.0002. Each dot represents one experiment (>30 cells analyzed

for experiment).

(1) Box plot of CUT&RUN gPCR for CENP-A (green) or CENP-C (orange). Box plot shows median,
25™ and 75™ percentiles, whiskers show minimum and maximum values. Results from 3 independent
experiments including combined data from qPCR reactions using alpha-satellite primers and
primers binding at the centromere of chromosome 4. Enrichment is measured relative to the 19G
control and normalized to Alu repeats. Mann-Whitney test, CENP-A: **p= 0.0087, *pp=0.0411,
CENP-C: **p=0.0022.
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CENP-B initiates the CENP-A self-assembly epigenetic loop by recruiting CENP-C at native
human centromeres

We next wanted to identify the mechanism by which CENP-B promotes de novo CENP-A/C
reloading at the centromere. Our results imply a model in which CENP-B drives the initiation of the
epigenetic centromere assembly loop. This can be achieved either by direct recruitment of CENP-A
via CENP-B-DBD (Fujita et al., 2015; Okada et al., 2007), or via CENP-C that in turn interacts with
components of the Mis18 complex (Moree et al., 2011; Stellfox et al., 2016). Alternatively, CENP-B
could directly promote the recruitment of the Misl8 complex (Figure 29A), although previous
evidence argued that the M18BP1 complex is insufficient to recruit endogenous CENP-A at an
ectopic site (Shono et al., 2015). To test this hypothesis, we measured the number of endogenous
M18BP1 centromere foci in early G1 RPE-1 cells following rapid depletion of CENP-A, CENP-C or
co-deletion of CENP-A and CENP-B (Figure 29B). CENP-A removal or depletion of CENP-B alone
did not alter M18BP1 recruitment at centromeric regions, while CENP-A/CENP-B co-depletion led
to a reduction on the total number of M18BP1 foci (Figure 29B-D). Rapid and complete removal of
CENP-C even further perturbed M18BP1 foci at most centromeres (Figure 29C, D). Since CENP-C
depletion showed the most drastic effect, and co-depletion of CENP-A/CENP-B lead to a strong,
although not complete, loss of centromeric CENP-C signal (Hoffmann et al., 2016), we favor the
model that CENP-C, but not CENP-B, promotes M18BP1 recruitment, as previously observed
(Dambacher et al., 2012; Moree et al., 2011).
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Figure 29: M18BP1 recruitment is CENP-C dependent.

(A) Models of CENP-B induced CENP-A reloading via (l.) initial Mis18 recruitment or (11.) initial
CENP-C recruitment.

(B) Schematic of the experiment analyzed in C, D.
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(C) Quantification of M18BP1 foci in late M-phase/early G1 (eG1) in both daughter cells in the
indicated conditions. Each dot represents two daughter cells. Error bars show SEM. Unpaired t test:

Hkk)<(0,0001.

(D) Representative immunofluorescence images showing M18BP1 foci in different cell lines after 24
hr 1AA treatment. Cells with centromeric CENP-A are marked with a red dashed contour line while

a yellow contour line marks cell without centromeric CENP-A. Scale bar, 5 um.

Our data emphasize that endogenous centromeric CENP-B can initiate the epigenetic self-
assembly loop via CENP-C recruitment independently of CENP-A. Hence, we next dissected the
temporal events that control centromere formation at endogenous CENP-B positive centromeres
(Figure 30A). To do this, we developed a system to rapidly co-deplete CENP-A and CENP-C and
separately induce the expression of either exogenous (e) CENP-A or CENP-C tagged with mRFP
and a DHFR destabilization domain (Figure 30B-C). Expression of ectopic eCENP-A or eCENP-C
was placed under the control of a doxycycline-regulatable promoter and stabilized by addition of

TMP molecule (Figure 30C-D).
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Figure 30: Exogenous CENP-APH™R or CENP-CPHFR system to study chronology of partial
CENP-A/C loading.
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(A) Schematic to illustrate the goal of this experiment.
(B) Schematic illustration of the experiments performed in Figure 31 and 32.

(C) Hlustration of the genomic make-up of DLD-1 cells used to test CENP-A or CENP-C reloading
in absence of endogenous CENPA/C.

(D) Immunoblot showing exogenous CENP-A (left) and CENP-C (right) expression upon addition of
doxycycline (DOX) and TMP to induce CENP-APHFR™FP or CENP-CPHTR™RFP gverexpression in
DLD-1 cells.

We first tested if eCENP-A can be loaded at the CENP-B-positive centromeres that lack
preexisting CENP-A and CENP-C. We synchronized cells to be able to monitor eCENP-A loading in
G1 prior to or after endogenous CENP-A/C removal by IAA (Figure 31A). Surprisingly, we did not
observe any eCENP-A loading when endogenous CENP-A/CENP-C were removed prior to its
deposition, in contrast to control cells in which CENP-A/C removal was performed after eCENP-A
loading (Figure 31D, E). The absence of eCENP-A loading to centromeric regions depleted of
CENP-A/C was also confirmed by CUT&RUN-gPCR (Figure 31B-C). This lack of signal was only
partly explained by CENP-A reduced stability due to the absence of CENP-C (Falk et al., 2015;
2016), as even prolonged I1AA treatment (24 hr) in control cells to remove endogenous CENP-A/C

did not abolish the enrichment of eCENP-A at centromeric regions (Figure 31F).
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Figure 31: Exogenously expressed CENP-A does not reloaded at the original centromere position
in absence of endogenous CENP-A/C.

(A) Experimental design of experiments shown in B-F.

(B) Bar plot of CUT&RUN gPCR quantification using CENP-A antibody and primers binding at the
centromere of chromosome 4. Enrichment is measured relative to the IgG control and normalized to
Alu repeats. Error bars represent SEM from 3 independent experiments. Each dot represents one
independent experiment. Unpaired t test, **p=0.0048.

(C) Bar graphs showing the control of CUT&RUN gPCR on CENP-C antibody and primers binding
to the centromere of chromosome 4 in the indicated conditions. Enrichment is measured relative to
the IgG control and normalized to Alu repeats. Error bars represent of SD of 3 independent

experiments.

(D) Representative immunofluorescence images showing exogenous CENP-A™FP-DHFR

reloading in
the presence (control), but not in the absence (sample) of endogenous CENP-A and CENP-C. Scale
bar; 5 pum. Cells with centromeric CENP-A are marked with a red dashed contour line while a

yellow contour line marks cell without centromeric CENP-A.

_AMRFP-DHFR

(E) Quantification of relative number of cells showing centromeric eCENP in the

indicated conditions. Error bars represent SEM from 3 independent experiments. Each dot
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represents one independent experiment with at least 30 cells per condition. Unpaired t test,
****n<0.0001.

(F) Representative immunofluorescence image showing 24 h CENP-A™PHFR stapility in the
absence of endogenous CENP-A and CENP-C in G1 arrested cells.

Next, we tested the capacity of eCENP-C to be reloaded at the centromere in absence of
centromeric CENP-A/C. Here, we used asynchronous cells (Figure 32A) as CENP-C loading is not
restricted to early G1 (Hoffmann et al., 2016). In contrast to eCENP-A, we found that initial
depletion of endogenous CENP-A/C did not prevent eCENP-C loading at CENP-B-positive
centromeres in ~ 60% of interphase or mitotic cells (Figure 32B-C, F-G). As previously noted
(Figure 28), we observed only partial centromeric eCENP-C loading (Figure 32G). We confirmed
the ability of eCENP-C to reload at the centromere by CUT&RUN-gPCR in the absence of CENP-A
reloading (Figure 32D-E).

Altogether, our results show that CENP-C, but not CENP-A, can be loaded, at least partially,
at centromeres that lack previously deposited CENP-A/CENP-C.
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Figure 32: Exogenously expressed CENP-C reloaded partially at the original centromere position

in absence of endogenous CENP-A/C.
(A) Experimental design of experiments shown in B-G.

(B) Representative immunofluorescence chromosome spreads showing reloading of exogenous
eCENP-C™FPPH™R in the presence (control) and in the absence (sample) of endogenous CENP-A
and CENP-C. Cells were arrested with Colcemid for 3 h prior to spread. Cells with centromeric
CENP-C are marked with a red dashed contour line while a yellow contour line marks cell without

centromeric CENP-C. Chromosomes in inset are highlighted using a white dashed line. Scale bar, 5

pm.

(C) Quantification of relative number of cells with eCENP-C™" """ R in the indicated conditions.
Each dot represents one independent experiment with at least 30 cells per condition. Error bars

represent SEM from 3 independent experiments.

(D) Bar plot of CUT&RUN ¢gPCR results using CENP-C antibody and primers binding at the
centromere of chromosome 4. Enrichment is measured relative to the 1gG control and normalized to
Alu repeats. Each dot represents one independent experiment. Error bars represent SEM from 3

independent experiments. Unpaired t test, ***p=0.0003.

(E) Bar graph showing the control of CUT&RUN gPCR on CENP-A antibody and primers binding
to the centromere of chromosome 4 in the indicated conditions. Enrichment is measured relative to

the 1gG control and normalized to Alu repeats.

(F) Representative immunofluorescence image showing CENP-C reloading in interphase cells
(nuclei are highlighted by a dashed red contour line) in presence (control) or absence (sample) of
endogenous CENP-A/C. Scale bar, 5 um.

(G) Quantification of relative number of exogenous CENP-C-positive centromeres per cell in the

indicated conditions quantified on chromosome spreads.

CENP-A-negative resting CD4" T cells re-assemble CENP-A de novo upon cell cycle entry

Our results imply that CENP-B provides memory of centromere identity. We next aimed to
assess the physiological relevance of this mechanism. While dividing cells maintain CENP-A

expression, terminally differentiated non-dividing cells lacking CENP-A have been described

97



(Swartz et al., 2019). Subsets of differentiated lymphocytes are quiescent in the peripheral blood
from healthy individual, and they can re-enter the cell cycle upon activation through T Cell Receptor
(TCR) activation. We hypothesized that a sub-population of circulating T lymphocytes may contain a
fraction of CENP-A-negative cells, and they might re-acquire CENP-A expression and centromere
deposition upon activation. We measured the level of CENP-A and CENP-B in resting, non-dividing
CD14/CD4" T cells isolated from peripheral blood of healthy human donors (Figure 33A). While
all the analyzed CD4" T cells were CENP-B-positive, two distinct populations were detected based
on their CENP-A expression, referred to as CENP-A"9" and CENP-A"" (Figure 33B).
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Figure 33: Identification of CENP-B positive but CENP-A deprived viable CD4" T in human

blood samples.

(A) Representative FACS plots showing the efficiency of total CD4+ T cell purification from human

blood PBMCs.

(B) Representative FACS plots showing gating of CENP-B positive/CENP-A-high and CENP-B
positive/CENP-A-low populations of freshly purified human CD4+ T cells based on isotype controls.

Ms = mouse; Rb = rabbit.

Next, we sorted CENP-A"9"and CENP-A""" CD4" T cells to investigate CENP-A localization. While
in CENP-A"" cells CENP-A colocalized with centromeric CENP-B, in most CENP-A" cells
CENP-A was undetectable or barely detectable at CENP-B-marked centromeres (Figure 34). In
contrast, CENP-C localized at these CENP-A-depleted centromeres (Figure 34E).
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Figure 34. Centromere identity is maintained in resting CENP-A deprived CENP-B/C positive
CD4" T cells.

(A) Gating strategy for the sorting of freshly purified resting human CD4+ T cells based on CENP-A
expression. Dead cells were excluded (first plot) using Fixable Viability Dye eFluor 780, CENP-A""
and CENP-A" cells (both CENP-B+) were sorted (second plot). Post-sort analysis of each

population is then shown (third and fourth plots).

(B) Representative images of sorted CD4+ T cells with high or low CENP-A level. The nucleus is

contoured by a white dashed line. Scale bar, 5 pm.

(C) Graph showing CENP-A foci identified in high or low CENP-A expressing cells co-localizing
with CENP-B foci in two donors. Each dot represents the percentage of CENP-A/B colocalizing in

one cell. Error bar shows SEM.

(D) Quantification of centromeric CENP-A level in high or low CENP-A expressing CD4™ T cells.

Each dot represents one centromere. Error bars show standard deviation.
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(E) Representative immunofluorescence images showing CENP-B and CENP-C positive
centromeres, but lacking CENP-A in a CD4" T cell. Nucleus is contoured by a dashed yellow line.

Scale bar, 5 um

This result prompted us to investigate CENP-A expression and localization upon T cell activation
(Figure 35A). To track the number of cell divisions across time, purified CD4" T cells were labeled
with the fluorescent dye CFSE (Figure 35B). In undivided cells (CFSE™"), we observed a gradual
increase in CENP-A expression from day 1 to day 3 upon T cell activation (Figure 35C-D),
consistent with the exit from quiescence and re-entry in the cell cycle (Figure 35B-D). The
frequency of dead cells did not increase between day 1 and day 3 (Figure 35H), suggesting that
CENP-A" T cells were not lost as a result of compromised viability. In cells that had divided at
least once (CFSE™", day 3 to day 5), the CENP-A level was high and homogenous (Figure 35B-D).
At day 3 only the remaining population that had not yet divided (div 0) contained cells expressing
lower levels of CENP-A, compared to cells that had divided (Figure 35I). These results were
consistent across independent blood donors (Figure 35E-F, J) and were confirmed by
immunofluorescence analysis (Figure 35G, K). Our data thus suggest that CENP-AY T
lymphocytes convert into CENP-A"" cells upon T cell activation before cell division. Overall, we
conclude that a physiologic sub-population of quiescent resting human CD4" T cells expresses
CENP-B and CENP-C, but lacks detectable centromeric CENP-A. Upon cell cycle entry CENP-A is
reloaded at endogenous centromeres, in agreement with the essential role of CENP-B/CENP-C in the

maintenance of centromere identity.
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Figure 35: CENP-A deprived CD4" T cells found in cells from human donors disappear upon T

cell activation.

(A) Schematic representation of the analysis of CENP-A expression over time in CD4+ T cells,

shown in B-K. T cell were activated with anti-CD3/anti-CD28-coated beads.
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(B) Tracking of cell division by CFSE dilution. The black line separates cells that have not divided
(n° of div=0, CFSE-high) from those that have undergone at least one division (n° of div>1, CFSE-

low).

(C) CENP-A expression and CFSE dilution. Black lines were set based on CENP-A isotype control
and CFSE maximal staining at day O (cells in shaded quadrants are CFSE-high/CENP-A-low). One
representative donor is depicted.

(D) Representative plots showing CENP-A expression vs. forward scatter area (FSC-A), which
determines the relative size of CD4" T cells after activation. Gates represent the frequency of CENP-
A high and low populations in total CD4" T (shaded gates represent CENP-A'" cells).

(E) Absolute number of CFSE-high/CENP-A-low CD4+ T cells (shaded gate in C). Symbols
represent individual donors. Error bars represent SEM from 6 independent donors. One-way
ANOVA, multiple comparisons, n=6. *p < 0.05; **p < 0.01.

(F) Graph representing the frequency of CENP-A-low CD4" T cells during the experimental
kinetics. One-way ANOVA, multiple comparisons, n=6 (each symbol represents a different donor).
**p < 0.01, ***p < 0.001.

(G) Frequency of cells without centromeric CENP-A determined by immunofluorescence microscopy
before and post activation. Symbols represent individual donors, n=4. Error bars represent SEM

from 6 independent donors. Unpaired T test: **p=0.0064.

(H) Graph showing the frequency of dead cells in CD4+ T cell cultures over time. One-way ANOVA,
multiple comparisons, n=6 (each symbol represents a different donor). Error bars show SEM. *p <
0.05

(1) CFSE dilution and CENP-A expression at day 3 post-activation. Representative FACS plots
showing CENP-A expression in CD4+ T cells that have not divided (div 0) and those that have
divided once or more times (div >1), gated based on CFSE dilution. Gates in CENP-A plots were set
based on isotype control for each specific population (cells in shaded gates are CENP-A-low CD4+
T cells).

(J) Graph representing the frequency of CENP-A low cells (shaded gate in 1). One-way ANOVA,
multiple comparisons, n=6 (each symbol represents a different donor). Error bars show SEM. ****p
< 0.0001.
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(K) Representative immunofluorescence images showing CENP-A, CENP-C and CD4 staining after
FACS. Cells with centromeric CENP-A are marked with a red dashed contour line while a yellow

contour line marks cell without centromeric CENP-A. Scale bar, 5 um.

6. RESULTATS (Résumé en francais)

Dans le cadre de mon projet de thése, nos données indiquent que la position du centromeére est
préservée méme en l'absence de CENP-A. Nous démontrons que CENP-A précédemment assemblé
n'est pas essentiel pour le dépdt de CENP-A de novo ni pour contréler son abondance, car les
quantités de CENP-A augmentent tres rapidement au niveau des centromeres dépourvus de CENP-A,
ce qui est en désaccord avec le modeéle actuel (Figure 11). En outre, tout comme le rechargement
canonique du CENP-A en présence de CENP-A précédemment déposé, le rechargement de novo du
CENP-A est régule par le cycle cellulaire et se produit exclusivement en sortie de mitose (Figure
12/13).

Nous montrons également que CENP-A est déposé su niveau du méme HOR méme en l'absence
de CENP-A, ce qui montre que des mécanismes (épi)génétiques autres que la protéine CENP-A sont

impliqués dans le maintien de la position du centromére (Figure 16).

Nous avons déja démontré que la protéine CENP-B joue un role majeur dans la stabilisation des
protéines des centromeéres, y compris une fraction du CENP-C, sur les centromeres appauvris en
CENP-A (Hoffmann et al, 2016). Nous avons donc émis I'hnypothése que CENP-B pourrait étre
important pour le dép6t de novo de CENP-A. Pour le vérifier, nous avons évalué le dép6t de novo de
CENP-A chez le mutant CENP-B knock-out (KO) en utilisant le systéme CENP-A®T7°N (Hoffmann
et al, 2016). Nous avons constaté que CENP-B est nécessaire pour un rechargement efficace du
CENP-A de novo en l'absence de tout CENP-A centromérique déposé précédemment (Figure
18/20).

Comme observé dans les cellules KO CENP-B, le rechargement de novo de CENP-A s'est
également avéré altéré au niveau du chromosome Y qui ne contient naturellement pas de CENP-B
(Figure 21). Nous avons ensuite étudié si le dépét de CENP-A peut se produire a un endroit
différent, en dehors de 1’alpha-satellite, aprés la ré-expression de CENP-A. Cependant, le
chromosome Y n'est pas un chromosome essentiel dans le modéle de culture cellulaire in vitro, et
comme la formation de néocentromere se produit a trés basse fréquence (Shang et al, 2013), le

rechargement altéré de CENP-A devrait entrainer la perte du chromosome Y dans la majorité des
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cellules (Ly et al, 2017). Pour prévenir sa perte, nous avons choisi de conserver le chromosome Y en
insérant une cassette sélectionnable (Néomycine) (Figure 22A-C). Apres épuisement et réactivation
de CENP-A, nous avons soumis les cellules & un traitement G418 pour sélectionner les clones qui
conservaient le chromosome Y. De maniere intrigante, nous avons observé dans 15 % des cas la
présence de CENP-C a un endroit ectopique du chromosome Y, et ne coincidant pas avec la sonde

FISH centromérique Y, indiquant la présence d'un néocentromere (Figure 22D-E).

Ces données indiquent que des éléments de type néocentromere peuvent se former sur un
chromosome déficient en CENP-B suite a une rapide ré-expression de CENP-A, mais seulement
lorsque I'identité du centromére médié par CENP-A a été perturbée de facon transitoire. Néanmoins,

I'emplacement du centromere natif reste le site préférentiel pour la reformation du centromere.

Nous avons ensuite étudié comment CENP-B maintient la position des centroméres a leur
emplacement d'origine. Des études antérieures ont montré que CENP-C interagit directement avec
CENP-B (Fachinetti et al., 2015 ; Suzuki et al., 2004), en plus de son interaction bien connue avec
CENP-A (Fachinetti et al., 2013 ; Guse et al., 2011 ; Kato et al., 2013). Ici, nous avons remarqué que
I'expression exogéne de CENP-B a, non seulement, restauré le rechargement de CENP-A de novo
dans les cellules CENP-B™ (Figure 23), mais a également conduit & une augmentation des niveaux
de CENP-C aux centromeéres qui se sont maintenus, pour lamajorité, méme apres I'épuisement de
CENP-A (Figure 23). Ces observations indiquent que CENP-B, non seulement, maintient et stabilise

CENP-C (Hoffmann et al., 2016), mais pourrait également recruter CENP-C de novo au centromere.

Pour tester cette hypothése, nous avons utilisé le systeme LacO-Lacl dans une lignée cellulaire U2-
OS décrite précédemment (Janicki et al., 2004) dans laquelle nous avons en outre intégré le systéme
CENP-A®ON au locus endogéne CENP-A. Ce systéme nous permet de tester si CENP-B peut
recruter CENP-C a un locus ectopique LacO indépendamment de CENP-A (Figure 24A). Apres la
transfection de CENP-B-Lacl-mCherry, le recrutement de CENP-C vers les grands sites ectopiques
Lacl/CENP-B a été observé dans la majorité des cellules, méme apres un traitement par IAA pour

épuiser CENP-A, contrairement au contrdle Lacl/mCherry (Figure 24B-D).

Etant donné le fort enrichissement de CENP-B-Lacl au niveau du réseau LacO, il n'est pas
clair si l'interaction avec CENP-C est pertinente pour les nouveaux dépdts de CENP-A aux
centromeres endogeénes. En outre, le CENP-B-Lacl du réseau LacO pourrait potentiellement se
regrouper avec les centromeres endogeénes et, dans une certaine mesure, influencer notre observation
du recrutement du CENP-C. Nous avons donc Vvérifie si CENP-B pouvait favoriser la formation de

centromeres également au niveau du centromere natif, ou les niveaux du CENP-B sont bien plus
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faibles que ceux du systéeme Lacl. Pour tester cela, nous avons généré une lignée cellulaire DLD-1
dans laquelle les protéines CENP-A et CENP-C endogénes peuvent étre rapidement épuisees (et re-

exprimées) simultanément en utilisant le systéme de dégradation des protéines inductibles a I’auxine

(CENP-A/CCTON - Figure 27).

Aprés CENP-A/COFN ‘nous avons observé un rechargement des deux protéines a certains
centromeéres positifs en CENP-B dans ~30% des cellules (Figure 28). Nous avons remarqué que
seule une fraction de centromeres par cellule présentait une recharge efficace (Figure 28C). Aprés la
suppression additionnelle de CENP-B par ARN interferant (Figure 28F), le rechargement de novo de
CENP-A/C a cependant été presque complétement perdu (Figure 28G-I).

Ainsi, nos résultats montrent que, parfois CENP-B peut déclencher le dépdt de CENP-A/C pour

maintenir la position du centromeére dans les cellules dépourvues de CENP-A/C.

Nous avons ensuite voulu identifier le mécanisme par lequel le CENP-B favorise de novo le
rechargement de CENP-A/C au niveau du centromere. Nous avons donc disséqué les événements
temporels qui contrdlent la formation du centromere au niveau des centromeres positifs en CENP-B
endogénes (Figure 30A). Pour ce faire, nous avons développé un systéme permettant de co-déprimer
rapidement CENP-A et CENP-C et d'induire séparément I'expression des CENP-A ou CENP-C
exogenes (e) (Figure 30B-C).

En utilisant ce systéme, nous n'avons pu observer le rechargement de CENP-A exprimé

ectopiquement au niveau du centromére (Figure 31).

En revanche, lors de I'expression exclusive de I'eCENP-C, nous avons observé un rechargement
partiel du CENP-C malgré I'absence de tout CENP-A/C endogene (Figure 32). Cela indique que
CENP-C est recruté en premier au centromeére alors que CENP-A a besoin de CENP-C pour son

rechargement de novo.

Nos résultats impliquent que CENP-B incarne la mémoire de I'identité du centromere. Nous
avons donc cherché a évaluer la pertinence physiologique de ce mécanisme. Alors que les cellules en
division maintiennent I'expression de CENP-A, des cellules différenciées et non en division
dépourvue de CENP-A ont été decrites (Swartz et al., 2019). Il existe des sous-ensembles de
lymphocytes différenciés au repos dans le sang périphérique d'un individu sain, et ceux-ci peuvent
réintégrer le cycle cellulaire lors de leur activation par le récepteur des cellules T (TCR). Nous avons
émis I'hypothése qu'une sous-population de lymphocytes T en circulation peut contenir une fraction

de cellules CENP-A-négatives, et qu'elle peut acqueérir a nouveau l'expression CENP-A et le dép6t de
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centromére lors de son activation. Nous avons mesure le niveau de CENP-A et CENP-B dans des
cellules T CD14/CD4" au repos et non divisées, isolées du sang périphérique de donneurs humains
sains (Figure 33A). Alors que toutes les cellules T CD4+ analysées étaient CENP-B-positives, deux
populations distinctes ont été détectées sur la base de leur expression de CENP-A, appelée CENP-
A" (haute) et CENP-A"®" (faible) (Figure 33B).

Ce résultat nous a incité a étudier I'expression et la localisation de CENP-A lors de
I'activation des cellules T (Figure 35A). Dans les cellules indivisées, nous avons observeé une
augmentation progressive de I'expression de CENP-A du jour 1 au jour 3 lors de l'activation des
cellules T (Figure 35C-D), ce qui correspond a la sortie de la quiescence et a leur retour dans le
cycle cellulaire (Figure 35B-D). Dans les cellules qui s'étaient divisées au moins une fois (du jour 3
au jour 5), le niveau de CENP-A était éleve et homogéne (Figure 35B-D). Au jour 3, seule la
population restante qui ne s'était pas encore divisée contenait des cellules exprimant des niveaux de
CENP-A inférieurs a ceux des cellules qui s'étaient divisées (Figure 351). Nos données suggérent
donc que les lymphocytes T CENP-A"®" se transforment en cellules CENP-A"" lors de I'activation
des cellules T avant la division cellulaire. Dans I'ensemble, nous concluons qu'une sous-population
physiologique de cellules T CD4" humaines au repos exprime CENP-B et CENP-C, mais ne posséde
pas de CENP-A centromérique détectable. Lors de I'entrée dans le cycle cellulaire, CENP-A est
rechargée aux centroméres endogenes, en accord avec le role essentiel de CENP-B/CENP-C dans le

maintien de l'identité des centromeres.

/. DISCUSSION

In this work, we identify CENP-B as a key contributor to maintain centromere position
together with CENP-A (Figure 36(1)). By preserving a critical level of CENP-C at native
centromeres, CENP-B provides memory for maintenance of native human centromeres by promoting
de novo CENP-A assembly. This has a physiological impact in cells that have temporarily lost
CENP-A (e.g. a subpopulation of resting CD4™ T cells) where the CENP-B/CENP-C connection is
key to preserving the original centromere identity. Additionally, under selective pressure,
neocentromeres-like elements form at CENP-B-negative centromeres. We demonstrated that CENP-
B bound to centromeric DNA can trigger the recruitment of CENP-C, not only at ectopic LacO site,
but also at native centromeres (Figure 36(11)). We show that CENP-C is key factor for CENP-A

loading which, subsequently, initiates the maintenance of centromere position in a CENP-A-
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dependent manner. While CENP-C has been mainly described as the reader of the epigenetic mark
CENP-A, now we have demonstrated its capability to recognize and mark centromere position via
CENP-B and independently of CENP-A. Moreover, we showed that CENP-A itself, in the absence
of CENP-C, lacks this ability to reinstate centromere memory. In contrast to previous models, our
observations suggest that de novo centromere formation is likely initiated by a critical level of
CENP-C rather than CENP-A (Figure 36(111)). However, our data still emphasize the importance of
the centromeric self-assembly loop to efficiently maintain centromere position for indefinite cell
cycles, a function that cannot be fulfilled exclusively by CENP-B and CENP-C themselves. This is
in agreement with the well-studied essentiality of CENP-A in proliferating somatic cells in all
CENP-A-containing species studied so far (Fukagawa and Earnshaw, 2014; McKinley and
Cheeseman, 2016; Stankovic and Jansen, 2017).
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Figure 36 Model of the role of CENP-B in the maintenance of centromere identity. I-111: See text

for details.

Our data have several implications. First, as CENP-A also incorporates outside the canonical
centromeric sites (Bodor et al., 2014; Nechemia-Arbely et al., 2019), we propose that CENP-B is
required to prevent neocentromere formation by preserving CENP-C at the original centromere
location and favoring the maintenance of centromere identity in a CENP-C-dependent manner
(Figure 36(1)). This is even more critical in the event of CENP-A up-regulation, as observed in some
types of cancer, although to date is still unclear how massive CENP-A mis-incorporation promotes
the emergence of genome instability (Barra and Fachinetti, 2018). Certainly, in contrast to what has
been observed in flies (Heun et al., 2006; Olszak et al., 2011), ectopic CENP-A is unable to drive
neocentromere formation in human cells. This could be explained by the lack of CENP-C-mediated
nucleosome protection mechanism of ectopic CENP-A during DNA replication (Nechemia-Arbely et
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al., 2019) that we argue is strongly supported by CENP-B. Furthermore, we have proven that, under
selective pressure, neocentromere-like elements can form on the CENP-B-deficient centromere of

the Y chromosome (Figure 22).

The contribution of the CENP-B/CENP-C connection to centromere identity is most relevant
at CENP-A-depleted centromeres (Figure 36(1)). We identified a population of resting CD4" T cells
characterized by low CENP-A expression with undetectable localization at centromeres (Figure
34A-E). The origin and properties of T cells lacking CENP-A warrants further study. We
hypothesize that CENP-A loss under physiological conditions could be a consequence of prolonged
cell cycle withdrawal, a feature of quiescent cells. This suggests the inability to reload CENP-A
during quiescence, a phenomenon recently described (Swartz et al., 2019). Importantly, this loss is
reversible in CD4" T cells and we find that resuming the cell cycle restores CENP-A expression and
centromere localization. In this scenario, upon cell activation, T cells are more likely to reactivate
CENP-A transcription during G2 (Shelby et al., 1997) and to reload it at mitotic exit via its canonical
pathways (Zasadzinska and Foltz, 2017), as the absence of CENP-A in the first mitosis can be
tolerated (Hoffmann et al., 2016). This type of de novo CENP-A reloading was also observed in our
CENP-A°FON system using human cell lines as we found full recovery of centromeric CENP-A
level within one (Figure 11H) or two cell cycles (Figure 11F). This suggests the existence of a
quantitative transmission likely determined by CENP-A expression levels mechanism that preserves
the number of CENP-A molecules independently of the presence of previously deposited CENP-A.
In T cells, one cell cycle was sufficient to recover full and homogenous CENP-A expression,
irrespective of the initial fraction of CENP-A-low cells among independent donors. This
demonstrates that the amount of previously deposited CENP-A molecules is not the key determinant
of total centromere CENP-A. A complete turnover of all preexisting CENP-A molecules has been
only previously observed in holocentric organisms (Gassmann et al., 2012). Our findings further
demonstrate that post-translational modifications on preexisting centromeric CENP-A are not
essential to guide new CENP-A deposition at the centromere in contrast to previously described
models (Niikura et al., 2016, 2015).

Our results also show that endogenous CENP-B level enables centromere formation via
CENP-C recruitment (Figure 36(11)). This finding has implications for the mechanisms that drive
HAC formation via CENP-B, as we dissected the temporal events necessary for maintenance of
centromere position. A previous report proposed that CENP-B promotes HAC formation via direct
recruitment of CENP-A (Okada et al., 2007), since, to a certain extent, they stabilize each other
(Fachinetti et al., 2015; Fujita et al., 2015). However, our data on ectopically tethered CENP-B and
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at native centromeres show that this interaction appears insufficient to load and stabilize CENP-A in
the absence of CENP-C (Figure 31). Importantly, CENP-C is a key factor for centromere formation
as it is both able to recruit CENP-A via the Mis18 complex (Dambacher et al., 2012; Moree et al.,
2011; Pan et al., 2017; Stellfox et al., 2016) and stabilize it (Falk et al., 2016, 2015). Interestingly,
the Mis18 complex was not sufficient to mediate detectable endogenous CENP-A assembly when
tethered to an ectopic location (LacO) (Ohzeki et al., 2019), reinforcing the importance of CENP-C
to maintain centromere position. However, our data do not entirely rule out a contribution of

centromere components other than CENP-C to stabilize the Mis18 complex in human centromeres.

Finally, the existence of stably inherited pseudodicentric neocentric chromosomes — in which
both the non-repetitive neocentromere bound by CENP-A and the inactive centromeric locus
carrying satellite DNA and CENP-B are found on the same chromosome [e.g. PD-NC4 cells (Amor
et al., 2004)] — disfavors the notion that CENP-B initiates centromere formation. In this scenario, the
presence of ectopic CENP-B should represent a threat for the cells as it can occasionally lead to a
dicentric chromosome. Indeed, we sporadically observed the spontaneous re-activation of the
inactive native centromere in PD-NC4 cell line and the formation of a dicentric chromosome (Figure
36(111)). However, in these cells the abundance of repetitive DNA and CENP-B at the inactive
centromere were particularly low (Fachinetti et al., 2015), perhaps reducing its ability to promote
centromere formation via CENP-C recruitment. The potential to become a dicentric chromosome
could further explain why the occurrence of pseudodicentric chromosomes remains a very rare event
and that CENP-B only inefficiently promotes centromere formation on HACs (Ohzeki et al., 2002;
Okada et al., 2007). Interestingly, to date, 3 out of 8 cases of described pseudodicentric neocentric
chromosomes in humans occur on the Y chromosome (Marshall et al., 2008) where centromere re-
activation is predicted to be less frequent due to lack of CENP-B. Previous reports have suggested
that CENP-B is removed from non-centromeric regions via its chaperone Napl (Tachiwana et al.,
2013). Considering our findings, such regulation appears also to be important to prevent CENP-B-

driven centromere formation outside of alpha-satellite DNA.

Altogether, our data suggest cooperation of CENP-A/CENP-B/CENP-C in maintenance of
centromere position and function. CENP-C via CENP-B is the initiation factor for new centromere
formation capable to promote de novo CENP-A deposition, that in turn stabilized CENP-C in a
temporal manner. What causes the heterogeneity of CENP-B mediated CENP-C recruitment remains
to be identified. As the percentage of cells that reload CENP-C doubles following ectopic CENP-C
expression (Figure 32C), it is possible that the inefficient reloading is due to low CENP-C protein
level following IAA WO. On this regard, the importance of CENP-C for endogenous CENP-A
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loading was previously observed at ectopic chromatin-integrated LacO sites (Shono et al, 2015; Hori
et al, 2013), in which protein levels at these ectopic site are tremendously higher compared to the
native centromere. As protein level recover gradually over time following IAA wash-out, this can
explain why we initially failed to identify rapid new CENP-C loading (within 3hr) at endogenous
centromeres in the absence of CENP-A (Hoffmann et al, 2016). CENP-C is also absent at the CENP-
B-bound inner centromere during metaphase. Possibly, the chromatin environment or post-
translational modifications might also regulate CENP-C recruitment. On this regard, the acidic
domain of CENP-B was recently described to function as an interface for several chromatin
remodeling proteins with either chromatin compaction or decompaction activities (Otake et al.,
2020). Although the precise regulation of this CENP-B-mediated chromatin alteration remains
unclear, chromatin compaction could impair CENP-C recruitment and thus explain partial CENP-C

recruitment.

Another question that remains to be elucidated is the role of CENP-I in centromere formation
as it was shown to recruit CENP-A at an ectopic site (Hori et al., 2012; Shono et al., 2015) and to
display an extended localization profile compared to the other CCAN proteins in a similar, but not
identical pattern to CENP-B (Kyriacou and Heun, 2018). However, in vitro assays favor the
hypothesis of a cooperative binding between CENP-I and the CCAN likely via a direct interaction
with CENP-C (Klare et al., 2015; McKinley et al., 2015; Pesenti et al., 2018; Weir et al., 2016) that
in turn promotes and stabilizes centromeric CENP-A.

Finally, our model does not exclude that CENP-B and repetitive DNA could maintain the
centromere in a manner that is independent of the direct interaction with CENP-B and CENP-C. A
recent computational study suggested that CENP-B induces the formation of specific non-B DNA
structure (Kasinathan and Henikoff, 2018) that could potentially facilitate CENP-A incorporation.
Interestingly, BACs containing centromeric DNA favor CENP-A assembly in contrast to non-
centromeric DNA (Aze et al., 2016). Non-B DNA structures are also observed at CENP-B-free
centromeres (neocentromeres and the Y chromosome) and could explain the formation of de novo
centromere on some types of DNA in a HAC formation assay (Logsdon et al., 2019). In support of
this hypothesis, our data on CENP-A reloading at the Y chromosome show that the alpha-satellite
DNA sequences provide CENP-B independent features that favor centromere re-formation. More
studies are needed to shed light on the centromere DNA secondary structures and their possible role
in centromere biology. Interestingly, in S. pombe, centromere DNA inherently destabilizes H3
nucleosomes to favor CENP-A deposition (Shukla et al., 2018b). Previous studies have also reported
that CENP-C has DNA binding activity, that could potentially promote CENP-C loading to site of de
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novo centromere formation in several species, although its DNA sequence specificity remains
uncertain (Politi et al., 2002; Sugimoto et al., 1994; Xiao et al.,, 2017; Yang et al., 1996).
Additionally, the alpha satellite locus bears marks of active transcription (B. A. Sullivan and Karpen,
2004) and satellite transcripts might play a direct role in centromere formation by mediating CENP-
A and CENP-C incorporation (Bergmann et al., 2011; Bobkov et al., 2018; Chan et al., 2012; Chen
et al., 2015; McNulty et al., 2017; Quénet and Dalal, 2014). CENP-B might play an additional role in
transcript regulation possibly by competing with DNA methylation and methylated DNA binding
proteins at CENP-B boxes (Scelfo and Fachinetti, 2019). Lastly, CENP-B was proposed to act as a
chromatin regulator by directly modulating heterochromatin formation (Morozov et al., 2017; Okada
et al., 2007). Indeed, the acetyltransferase KAT7 via M18BP1 has been implicated in CENP-A
deposition (Ohzeki et al., 2016). Future studies will be important for defining the interplay among
DNA sequence, transcription and epigenetic modifications in establishing and maintaining
centromere identity via CENP-B and CENP-C.

8. DISCUSSION (Résumé en francais)

Dans le chapitre de la discussion, nous examinons la contribution de la connexion CENP-
B/CENP-C dans l'identité du centromére dans des conditions physiologiques. Nous émettons
I'nypothese que la perte de CENP-A dans des conditions physiologiques pourrait étre la conséquence
d'un retrait prolongé du cycle cellulaire, une caractéristique des cellules quiescentes. Il est important
de noter que cette perte est réversible dans les cellules T CD4" et nous constatons que la reprise du
cycle cellulaire rétablit I'expression de CENP-A et la localisation du centromére. Nous discutons en
outre du fait qu'un rechargement de novo de CENP-A pourrait dans ce cas se produire a la sortie de
la mitose via sa voie canonique (Zasadzinska & Foltz, 2017), car 1'absence de CENP-A peut étre
tolérée au cours de la premiere mitose (Hoffmann et al, 2016). Ce type de rechargement de novo de
CENP-A a également été observé dans notre systéme CENP-A°T7ON ytilisant des lignées cellulaires
humaines, car nous avons constaté une récupération compléte du niveau de CENP-A centromérique
apres un (Figure 11H) ou deux cycles cellulaires (Figure 11F). Sur la base de nos observations,
nous émettons I'hypothése qu'il existe un mécanisme de transmission quantitatif, probablement
déterminé par les niveaux d'expression de CENP-A, qui préserve le nombre de molécules CENP-A

indépendamment de la présence de protéines CENP-A précédemment déposées.
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Nous discutons également du réle de CENP-B dans I'identité des centromeéres et examinons
les premiéres etapes de la formation des centromeres via CENP-B. Celle-ci est nécessaire pour
prévenir la formation de néocentromeres en préservant CENP-C & l'emplacement original du
centromeére et en favorisant le maintien de l'identité des centromeres de maniére dépendante de
CENP-C (Figure 36(1)). Nos résultats montrent que le niveau endogéne de CENP-B permet la

formation de centromere par le recrutement de CENP-C (Figure 36(11)).

Nous commentons également I'existence de chromosomes néocentriques pseudodicentriques
hérités de maniére stable - dans lesquels le néocentromere non répétitif lié a la présence de CENP-A
et le locus centromérique inactif portant I'ADN satellite et le CENP-B se trouvent sur le méme
chromosome [par exemple les cellules PD-NC4 (Amor et al, 2004)]. Ces cas vont a I'encontre de
I'idée selon laquelle le CENP-B initie la formation de centromére. En effet, nous avons
sporadiquement observe la réactivation spontanée du centromeére natif inactif dans la lignée cellulaire
PD-NC4 et la formation d'un chromosome dicentrique (Figure 36(111)). Cependant, dans ces
cellules, lI'abondance de I'ADN répétitif et du CENP-B au niveau du centromére inactif était
particulierement faible (Fachinetti et al, 2015), ce qui a peut-étre réduit sa capacité a favoriser la

formation du centromeére par le recrutement de CENP-C.

Nous discutons plus en détails I'nétérogénéité du recrutement de CENP-C par CENP-B. En
effet, I'échec du recrutement de CENP-C par CENP-B pourrait avoir plusieurs raisons. Par exemple,
I'environnement chromatinien ou des modifications post-traductionnelles pourraient réguler le
recrutement de CENP-C. Il est intéressant de noter que CENP-C est également absent au niveau du
centromére interne lié au CENP-B pendant la métaphase, ce qui pourrait laisser entrevoir un réle

important de I'environnement chromatinien dans le recrutement du CENP-C par CENP-B.

Dans ce chapitre, nous développons également des modeéles alternatifs sur la formation de
centromére par CENP-B qui ne sont pas liés a un recrutement direct de CENP-C par CENP-B.
CENP-B pourrait par exemple induire la formation d'une structure spécifiqgue d’/ADN dite « non B »
(Kasinathan & Henikoff, 2018) qui pourrait potentiellement faciliter I'incorporation CENP-A (ou
CENP-C). Nous avons conclu que d'autres etudes sont nécessaires pour faire devoiler les structures

secondaires de I'ADN des centroméres et leur réle possible dans la biologie des centromeres.

Dans I'ensemble, nous avons conclu que les études futures seront importantes pour définir
I'interaction entre la sequence d'ADN, la transcription et les modifications épigénétiques dans
I'établissement et le maintien de I'identité des centromeéres via CENP-B et CENP-C.
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9. METHODS

Cell culture

Cells were cultivated at 37°C in a 5% CO2 atmosphere. Flp-In TRex DLD-1 cells and U-20S 2-6-3
R.I.LK LacO cells (Janicki et al., 2004) were maintained in Dulbecco's modified essential medium
(DMEM) medium containing 10% tetracycline free Fetal Bovine Serum (FBS, Pan Biotech). U-20S
cells were cultured with 0.1 mg/ml hygromycin (Invitrogen). Immortalized hTERT RPE-1 cells were
maintained in DMEM:F12 medium containing 10% Fetal Bovine Serum (BioSera), 0.123% sodium

bicarbonate and 2 mM L-glutamine.

IAA (15148; Sigma) dissolved in ddH,O was used at 500 uM, doxycycline (1 pg/ml), TMP (10 pM),
Reversine (0.5 pM), Colcemid (0.1 mg/ml, Roche), Palbociclib (1 pM), G418™ (0.3 mg/ml,
Gibco™), Flavopiridol (5 uM, Sigma) and NM-PP1 (5uM, Sigma). IAA was washed-out three times
using culture medium. Efficient IAA removal was ensured by first repeating the washes after 15 min
and second after 30 min to allow excess compound to diffuse from cells. For DOX/TMP wash-outs,

ETM

cells were additionally detached (TrypLE ™, Gibco), washed by centrifugation and then re-seeded on

glass slides in normal culture medium.

Gene Targeting

Gene targeting was performed using either CRISPR/Cas9 to target CENP-B (5°-
CACCGCGCGATCTCGCCCTTGCGCAAAC-3’) and RPS4Y  (guide  RNAs: 5’-
cacCgTCCGTCGCAGAGTTTCGCCA-3’) or TALENs to  target CENP-A  (5’-
GTCATGGGCCCGCGCC-3 and 5’-GGCCCCGAGGAGGCGCA-3’) and CENP-C (5’-
GAGGAAAGTGTTCTTC-3° and 5’-GGTTGATCTTTCATC-3"), as described previously
(Fachinetti et al., 2015; Hoffmann et al., 2016; Hoffmann and Fachinetti, 2018). Here, we introduced
a mini-AID-LoxP-P2A-Neomycin-LoxP sequence at the C-terminus of the CENP-C gene and a
mCherry sequence at the C-terminus of the CENP-B gene using modified pUC57 plasmids harboring
the inserts and homology arms (assembled via Gibson cloning). A start codon deprived neomycin
resistance cassette was integrated in frame with the start codon of the non-essential RPS4Y gene on

chromosome Y. Cells were selected either by neomycin treatment (0.3 mg/ml) or FACS sorted as
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described previously (Hoffmann and Fachinetti, 2018) (Hoffmann & Fachinetti, 2018). Successful
integration was confirmed by PCR, immunoblot and/or immunofluorescence microscopy. Analog
Sensitive (AS) CDK1 expressing RPE-1 cells were generated using a one-shot isolation strategy as

-AFAEA \were transfected

described in Saldivar et al. 2018. In brief, puromycin sensitive RPE-1 CENP
with a CDK1” expression vector, a Sleeping Beauty transposase expression vector and an
endogenous CDK1 inactivation vector (0.5 pg for each plasmid) using nucleofection (Lonza).

Successful integration of CDK1°

give rise to puromycin (5 pg/ml) resistance. G2 phase cell cycle
block was confirmed in selected and isolated clones by FACS analysis after overnight NM-PP1

(5uM) treatment.

Generation of Stable Cell Lines

The FRT/FIp-in system was used to generate stable cell lines as described previously (Fachinetti et
al., 2013). Briefly, we integrated cDNA of carboxy-terminal tagged CENP-B™"™™ and CENP-CP"F*-
RFP as well as amino-terminal tagged CENP-AP"FR or CENP-AF"™AIP into a pcDNAS5/FRT
plasmid harboring a promoter and start-codon lacking hygromycin resistance cassette and co-
transfected this plasmid with a pOG44 plasmid (Flp-recombinase) in a 9:1 ratio into Flp-In TRex
DLD-1 cells using FugeneHD (Promega). Correct integration of the insert at the isogenic FRT site
gives rise to hygromycin resistance. After selection (0.3 mg/ml hygromycin, Invitrogen) single

clones were isolated and tested for successful integration by immunofluorescence microscopy.

0s-TIR1-9-myc was integrated using a recombinant retrovirus as described previously (Holland et

al., 2012). Single cells were isolated using 5 pg/ml puromycin.

SiRNA, transient transfections, EdU staining and Colony Formation Assay

Lipofectamine RNAiMax (Invitrogen) was used to introduce siRNAs as described previously

(Fachinetti et al, 2013). siRNAs SMARTpool against Luciferase, M18BP1, CENP-B, CENP-C were
purchased from Dharmacon. siRNA pools against HHURP and DAXX were a kindly gift from the G.
Almouzni laboratory (Lacoste et al., 2014). Lipofectamine RNAIMAX and siRNAs were mixed in
serum-free OptiMEM (Gibco™). Lacl constructs were transfected into U-20S cells using FugeneHD

(Promega) following the manufacturer’s instructions. FugeneHD and plasmids were mixed in serum
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free OptiMEM. For this study, we generated different Lacl-CENP-B constructs: HA-Lacl or
mCherry-Lacl-CENP-B™e"™" 'HA-| acl-CENP-B*!¢ (1-405; 539-599), HA-Lacl-"">CENP-B""BP
(125-599), N-SCENP-BAPBP*Aacidic (195._405: 539-599) using Gibson assembly cloning. Plasmids for
HA-Lacl-H.3.3 and mCherry-Lacl control constructs were kindly gifts from B. Black laboratory.
CENP-T (1-374) Lacl-NLS (Gascoigne et al., 2011) was purchased from addgene.

EdU click labeling was performed using Click-iT® labelling technologies (Thermo-Fisher scientific)

and colony formation assays was performed as previously described (Barra et al., 2019).

Immunoblotting

Cell pellets were suspended in protein sample buffer and samples were separated by SDS-PAGE,
transferred onto nitrocellulose membranes (Bio-Rad), and revealed with the following antibodies:
DMI1A (a-tubulin, 1:5,000), CENP-A (1:1,000; Cell Signaling), GFP (1:1,000; Chromotek), HIURP
(1:1,000; a kindly gift from D. Foltz), DAXX (a kindly gift from G. Almouzni), CENP-B (1:1,000;
Abcam), GAPDH (1:10,000; Abcam), CENP-C (a kindly gift from I. Cheeseman and B. Black) and
Vinculin (1:2000, Sigma).

Immunofluorescence, Chromosome Spreads, IF-FISH and Live-Cell Microscopy

Cells were fixed in 4% formaldehyde 0.1% Triton X-100 at room temperature for 10 min or in
methanol at -20°C for 15 min and subsequently blocked in blocking buffer (2.5% FBS (v/v), 0.2 M
Glycine, 0,1% triton X-100 (v/v) in PBS) for 30 min at room temperature or overnight at 4°C.
Primary antibodies were incubated in blocking buffer for 2 h at room temperature. The following
antibodies were used: CENP-A (1:1,000; clone 3-19, ENZO, ref. ADI-KAM-CC006-E), CENP-C
(2:1,000; Clinisiences, ref. PD030PD030clinisciences), CENP-B (1:1,000; Abcam, ref. ab25734),
ACA (1:500; Antibodies), DM1A (a-tubulin, 1:2,000), HA (1:500; Institut Curie antibody platform),
CENP-A (1:1000, ref. #2186S, Cell Signaling), GFP and RFP booster (1:200, Chromotek), APC-
CD4 (1:50, ref. 555349, BD). Immunofluorescence in combination with fluorescence in situ
hybridization (FISH) was performed as described previously(Dumont et al, 2020). Images of DAPI
counterstained and immuno-/FISH-stained cells were collected using a Deltavision Core system

(Applied Precision). If necessary, microscope stage coordinates were recorded for sequential FISH
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after immunofluorescence microscopy. For M18BP1 staining in hRPE-1 cells were fixed in methanol
(-20°C) and extracted prior to blocking (in BSA) as previously described (Fachinetti et al., 2013).
M18BP1 antibody was a kind gift from Paul Maddox, University of North Carolina. All secondary
antibodies used for immunofluorescence microscopy were purchased from Jackson Immuno
Research. After immunostaining cells were DAPI counterstained and mounted using anti-fading

reagent (Life technologies).

Movies of live-cell were acquired using Deltavision Core system (Applied Precision) as described
previously (Hoffmann et al., 2016). Cells were grown on high optical quality plastic slides (ibidi) for

this purpose.

Single molecule microscopy

For Single Molecule Microscopy (SMM) cells were seeded on optical quality glass bottom dishes
(FluoroDish™, World Precision Instruments). SMM was performed under conditions of 37°C and
5% CO, using a Tokai Hit heating system on an epifluorescence inverted microscope (I1X71,
Olympus). A Highly Inclined and Laminated Optical sheet (HILO) configuration was employed to
reduce background fluorescence and enable the detection of single molecules (Tokunaga et al, 2008).
Specifically, a 500 mm achromatic lens was used to focus the beam at the back focal plane of a 150x
objective (UApo N 150X TIRF 1.45 NA, O.l., Olympus, France). A metallic mirror on a translation
stage was used to displace the focal point of the beam from the center of the back focal plane of the
objective and determine the angle of the beam. A slit allowed us to regulate the thickness of the
HILO illumination. Illumination was performed using a 488 nm laser (488LM-200, ERROL, France)
and a 564 nm laser (Sapphire 561, Coherent, Santa Clara, CA, USA). Illumination was controlled by
an acousto-optical tunable filter (AOTFnC-400-650-TN, A&A Optoelectronic, France). A quad band
dichroic mirror (FF409/493/573/652-Di02-25x36, SEMROCK) was used to separate emission light
from excitation light. Use of a quad band dichroic mirror led to small, but significant excitation of
mCherry molecules using 488 nm laser. To block this signal, an additional 520/70 emission filter
(SEMROCK) was used when illumination with the 488 nm laser was applied. Images were recorded
using an EM-CCD camera (iXonEM DV860DCS-BV, Andor, Ireland) run in frame-transfer mode
using a 10 millisecond time interval for a total of 2000 frames. In case of overexpression of the
GR®™ protein, the signal was bleached until individual fluorescence could be distinguished. To

EYFP
-A

capture a single molecule of CENP and avoid bleaching great care was taken to avoid any
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illumination of the cell prior to the recording of the images. To that end, the CENP-B™™™ signal
was used to obtain proper focus on the centromeres prior to imaging of CENP-AFY™. Post-

acquisition, integrated densities at the centromere or of single GR®"™

spots were determined by
manually drawing a 6x6-pixel square around the centromere marked by CENP-B™"™/CENP-CA'®
mehemy or GREYFP spots using the software FIJ1. For background corrections, we drew a bigger square
(8x8-pixel) and generated a band of 1 pixel width that surrounds the first 6x6 pixel square as
illustrated in Figure 15A. The integrated density of the background band was subtracted from the

integrated density of the inner square.

CUT&RUN-sequencing and -qPCR

CUT&RUN was performed according to the procedure reported by Skene and Henikoff (2017)
(Skene and Henikoff, 2017) starting from one million cells and using anti-CENP-A (Ozyme, 2186S),
-CENP-B (Abcam, ab25734), or -CENP-C (Abcam, ab33034) antibodies. Rabbit IgG isotype control
antibodies (ThermoFisher, 10500C) were used for background detection and spike-in with yeast
DNA was performed to allow comparison across samples (Skene and Henikoff, 2017). Illumina
sequencing library was prepared using the Illumina TruSeq ChIP Library Preparation Kit according
to the manufacturer’s instructions. Sequencing was performed with an Illumina Hiseq 2500 system.
gPCR was performed using the LightCycler 480 (Roche) system with primers reported below. Fold
enrichement at centromeres was calculated using alpha satellite or D4Z1 primers, with the AACt
method. The rabbit IgG isotype sample was used as control sample and normalization was performed

to the Ct values from the ALU repeat primers.

Target Reference Forward Reverse
Alpha  Hoffmann et al 2016 TCATTCCCACAA TCCAACGAAGGCCA
satellite ACTGCGTTG CAAGA

D471 Contreras-Galindo etal 2017 CTGTAGTATCTG GGTTCAACTGTGTTC
GAAGTGGACATT GTTTAGG

ALU Lou et al 2015 TACAAAAAATTA GATCTCGGCTCACT

GCCGGGCG GCAAG
repeat
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Bioinformatic analysis

Read mapping was performed as previously described (Dumont et al., 2020). Briefly, reads were
mapped using the bwa-mem algorithm of the BWA software package (Li, 2013; Li and Durbin,
2009) on the human reference genome GRCh38.p12 which includes centromere reference models
(Miga et al., 2014; Nechemia-Arbely et al., 2017; Schneider et al., 2017).

To generate the full centromere coverage plot of Figure 2B, CENP-A CUT&RUN reads were
normalized to the 1gG control reads using bamCompare tool from the deepTools2 package (Ramirez
et al, 2016) with the operation set to “ratio”. Peak calling was performed using SICER1.1. (Xu et al.,
2015). The centromeric peaks from the untreated and the auxin wash-out CENP-A CUT&RUN
samples were compared using UCSC table browser (Karolchik et al., 2004) in two ways: first (Figure
16D) by counting the number of peaks overlapping by at least 20% of their length; second (Figure
16E) by measuring the total length in megabases of all the overlaps between untreated and auxin

wash-out samples.

Read mapping to HOR arrays was carried out as previously described (Dumont et al., 2020). Briefly,
the reads mapped on the centromere reference models of GRCh38 were extracted using samtools (L.i
and Durbin, 2009) and mapped with bwa-mem on a reference composed of 64 centromeric HOR
array consensus sequences (Nechemia-Arbely et al., 2019). Due to the high similarities between the
HOR sequence of acrocentric chromosomes 13, 14, 21, 22, reads could not be specifically assigned
to these centromeres and they were excluded from the analysis. Read counts for cen1+5+19, cenl6,
cen2 and cenl18 were corrected as previously described (Dumont et al., 2020) and each value was
normalized to the total read number and to the spike-in control. Table 1 lists normalized read counts

for each HOR consensus sequence, excluding acrocentric chromosomes 13,14,21,22.
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Table 1: Normalized read counts of CENP-A CUT&RUN-seq on each HOR consensus sequence
except for acrocentric chromosomes 13, 14, 21, 22. Read counts were normalized to the spike-in
control and to the total read count. Cen1+15+19 represents the consensus sequence of a HOR that
is present on chromosomes 1, 15 and 19.

Untreated Auxin wash out
cenl+5+19 5411 4818
cenl_2 89 78
cenl_3 21 16
cenl_4 35 30
cenl 5 13 12
cen2 1597 1465
cen3_1 1464 1327
cen3_2 92 64
cen3_3 11 8
cend 2322 2038
cen5_1 105 68
cen5_2 29 23
cen5_3 236 213
cen5_4 25 21
cen5_5 17 12
cen5_6 25 19
cenb 1777 1564
cen7_1 2024 1664
cen7_2 62 39
cen8 1555 1491
cen9 1101 954
cenl10_1 1102 1014
cenl0_2 98 90
cenl10_3 323 289
cenl0_4 8 7
cenll_1 1712 1519
cenll_2 41 34
cenll_3 8 7
cenl2_1 1453 1335
cenl2_2 25 22
cenl5_ 1 1366 1257
cenl5_2 87 53
cenl5_3 37 27
cenl6_1 1581 1498
cenl6_2 20 20
cenl7_1 1148 1064
cenl7_2 232 205
cenl7_3 198 185
cenl8_1 3123 2865
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Untreated Auxin wash out

cenl8_2 83 72
cenl8_3 32 29
cenl8 4 86 77
cenl8 5 132 120
cenl8 6 30 25
cenl9_1 29 22
cen20_1 2130 2039
cen20_2 105 93
cen20_3 21 17
cen20_4 25 20
cen20_5 41 26
cen20_6 17 10
cenX 1435 1140

IF-FISH chromatin fiber

Cells were harvested for extended chromatin fiber preparation as previously described (Sullivan,
2010). Briefly, cells were harvested by trypsinization and washed in 1X PBS before dilution to 1x10°
cells/mL and swelling in hypotonic buffer (1:1:1 75 mM KCI: 0.8% sodium citrate: dH,0) for 10
min. Cells were cytospun using a Shandon Cytospin 4 (ThermoFisher) onto slides at 800 rpm. Slides
were then immersed in lysis buffer (25 mM Tris-HCI, pH7.5, 0.5 M NaCl, 1% Triton X-100, 0.5 M
urea) for 10 min (RPE1 cells) to 17 min (DLD1 CENP-A"'® cells) and slowly removed from lysis
buffer to stretch DNA into long fibers. Fibers were fixed in 4% PFA and permeabilized in KCM.
Slides were then subjected to CENP-A immunostaining and FISH to detect the X alpha satellite array
DXZ1. CENP-A antibody (ab13939; Abcam) concentration was increased to 1:75 and DXZ1 HOR
DNA FISH probe (pBAMX7B) amount used at a concentration of ~500 ng per 22 mm x 40 mm slide

area.

All images were acquired using an inverted Olympus IX-71 microscope controlled by the
Deltavision Elite Imaging System (Applied Precision) equipped with a Photometric CoolSNAP HQ?
CCD camera. Fiber images were collected using the 100X objective. Fibers extending through
multiple fields of view were captured using the Panels option in the softWoRx Acquire 3D program
and merged into single images using the ‘Stitch’ function. All images were exported for analysis and

visualization into Adobe Photoshop and ImageJ.

The ‘Measure Distances’ tool of SoftWorx was used to calculate lengths of fluorescent signals

representing euchromatic probe, alpha satellite probes or CENP-A immunostaining as previously
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described (Sullivan et al., 2011). CENP-A domain size was measured by comparing the length of
CENP-A antibody staining (in micrometers) to the length of overlapping DXZ1 alpha satellite FISH
probe (P BAMXT7B). Alpha satellite FISH probe signal length represented total satellite array size that
had been determined by pulsed field gel electrophoresis. CENP-A chromatin domain size was
calculated from the ratio of the length of CENP-A antibody signal over the total length of alpha
satellite FISH signal.

Intensity quantifications in microscopy experiments

We quantified signal intensities of centromeres on interphase cells manually or automatically as
described previously (Fachinetti et al., 2015, 2013). Integrated densities were determined using the
software FIJI. In the case of manual quantification, a 15x15-pixel circle was drawn around the
centromere (marked by CENP-B or CENP-B box staining), and an identical circle was drawn nearby
(background). The integrated intensity of each centromere was calculated by subtracting the
background signal from the centromeric signal. 15 centromeres per cell were averaged to determine
the average centromere intensity for each cell. The same quantifications were performed using a
30x30-pixel circle to determine CENP-C and CENP-A intensities at the LacO array avoiding
inclusion of adjacent native centromeres.

To quantify total nuclear signal, the nuclear area was identified via the DAPI staining. The nuclear
integrated intensity of EYFP signal was calculated by subtracting the background signal measured
outside the DAPI signal. To calculate the difference in signal intensity between nuclear and
centromeric CENP-A, the integrated intensity of EYFP at centromeres were quantified as described
above, but the background was also taken outside the DAPI signal. The sum of the measurement of

all centromeres was then taken into consideration and subtracted from the total nuclear signal.

Cloning, Expression, and protein Purification

pET30-His-CENP-B (161-599) and His-CENP-B (161-404 ; 465-599) generated using the Gibson
Assembly® kit (Neb) were used for protein expression in bacteria and pFB-GST-CENP-C (1-727)
was used for protein expression in Sf9 cells as described previously (Fachinetti et al, 2015). CENP-B
constructs were expressed in BL21 pLysS (Agilent) at 37°C in 2-YT medium supplemented with
Kanamycin (50 pg/ml) and chloramphenicol (35 pg/ml) until ODgoonm between 0,6 and 0,8.
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Recombinant protein expression was induced by addition of 0,5 mM IPTG (Isopropyl B- D -1-
thiogalactopyranoside). Cell cultures were incubated overnight at 20°C and then harvested by
centrifugation 4500 g 30 min. Cell culture pellets from bacteria or insect cells were suspended in
Buffer A (His-CENP-B constructs: 20 mM Tris pH 8, 200 mM NaCl, 2 mM B-mercapto-ethanol,
protease inhibitor (Roche), 1 mM phenylmethylsulfonyl fluoride (PMSF), 20 mM Imidazole pH 8,
GST-CENP-C: 20 mM HEPES pH 7,5, 500 mM NaCl, 1 mM DTT, 1 mM PMSF, protease inhibitor
(Roche), 0,1% Triton X-100). His-CENP-B constructs from bacteria and CENP-C Sf9 cells were
lysed respectively by sonication or cell homogenizer, then centrifuged for 30 min at 45000 g. The
clear lysate was loaded onto a 5 ml GST-Trap (GE Healthcare) for GST-CENP-C or a 5 ml His-Trap
crude FF (GE Healthcare) for His tagged CENP-B variants connected to an Akta Pure (GE
Healthcare). Nonspecific proteins were removed by washing the column with buffer A, the proteins
of interest were eluted with a linear gradient Buffer B (His-CENP-B constructs: 20 mM Tris pH 8,
200 mM NacCl, 2 mM B-mercapto-ethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 350 mM
Imidazole pH 8; GST-CENP-C: 20 mM HEPES pH 7,5, 500 mM NaCl, 1 mM DTT, 1 mM PMSF,
20 mM reduced glutathione pH 7,5). For His-CENP-B (161-599), an anion exchange
chromatography was performed subsequently. The protein of interest was loaded onto a capto Q
impress 1mL (GE Healthcare) connected to an Akta Pure (GE Healthcare). Nonspecific proteins
were removed by washing the column with buffer C (20 mM Tris pH 8, 200 MM NaCl, 1 mM DTT),
the proteins of interest were eluted with a linear gradient Buffer D (20 mM Tris pH8, 1M NacCl,
1mM DTT). Size exclusion chromatography was then performed for all constructs on the fractions
containing eluted proteins using buffer E (His-CENP-B constructs: 20 mM Tris pH 8, 200 mM NacCl,
1 mM DTT,; GST-CENP-C: 20 mM HEPES pH 7,5, 500 mM NaCl, 1 mM DTT, 1 mM PMSF) on a

Superdex 200 column connected to an Akta Pure (GE Healthcare).

GST pull down assay

100 pl of glutathione sepharose beads 50% (GE healthcare) were washed 4 times with 1000 pl of
interaction Buffer (20 mM HEPES pH 7,5, 300 mM KCI, 1 mM DTT, 5% glycerol). Recombinant
His-CENP-B variants and/or GST-CENP-C were added at a final concentration of 2 uM in 100 pl
then incubated for 1h at RT. Beads were then washed 3 times with 1000 ul of buffer A then 1 time
with 1000 pl of PBS. Proteins are finally eluted with 50 pl of elution buffer (20 mM HEPES pH 7,5,
500 mM NaCl, 1 mM DTT, 5% glycerol, 20 mM reduced glutathione). 25 ul of SB5X are added to
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25 pl of INPUT and Elution, boiled 5 min at 95°C then 12 ul are loaded on mini protein precast gels

(Biorad). The presence of the proteins was revealed by immunoblot.

CD4" T cell staining and sorting

Peripheral blood mononuclear cells (PBMCs) were isolated from platelet apheresis blood from
healthy human donors (approved by the Institut National de la Santé et de la Recherche Medicale
committee) using Ficoll-Paque PLUS (GE Healthcare). Total CD4+ T cell enrichment was
performed by negative selection with an EasySep Human CD4+ T Cell Isolation Kit (Stem Cell
Technologies, ref. 17952).

Cell surface staining to assess CD4+ T cell enrichment. Staining was performed in FACS buffer: 1%
BSA (Sigma, ref. A7030-10G) and 1 mM EDTA (ThermoFisher, ref. 15575020) in PBS. Antibodies
used were: anti-human CD14 (clone M5E2, BD Biosciences, cat. 560919) and anti-human CD4
(clone RPA-T4, BD Biosciences, cat. 557871). Cells were stained for 15 min at 4 °C and washed
twice. Data were acquired on a FACSVerse flow cytometer (BD) and analyzed in FlowJo (TreeStar).
CD4+ T cell enrichment was always superior to 95%.

Intracellular staining of CENP-A & CENP-B, and cell sorting. Freshly purified CD4+ T cells were
washed once with PBS and stained with Fixable Viability dye eFluor 780 (eBiosciences, ref. 65-
0865-14) for 30 min at 4°C in PBS. Cells were washed twice in PBS and fixed using FoxP3 Staining
buffer set (ThermoFisher, ref. 00-5523-00) according to the manufacturer’s instructions. Intracellular
staining was performed in permeabilization buffer using mouse anti-human CENP-A (clone 3-19,
ENZO, ref. ADI-KAM-CCO006-E) and rabbit anti-human CENP-B (Abcam, ref. ab25734). Mouse
IgG1 kappa (eBiosciences, ref. 14-4714-82) and rabbit 1gG (TermoFisher, ref. 10500C) were used as
isotype controls. Cells were washed twice with permeabilization buffer and stained with secondary
antibodies: F(ab’)2-Goat anti-mouse IgG (H+L) (ThermoFischer, ref. A-11017) and goat anti-rabbit
IgG (H+L) antibody (ThermoFishcer, ref. A-21245). Each staining was performed for 30 min at 4°C.
Cells were washed twice and resuspended in FACS buffer for FACS acquisition or cell sorting. Dead
cells were gated as eFluor780+ and CENP-A & CENP-B expression was assessed in alive cells,
gated as eFluor780-. Cell sorting was performed on a MoFlo Astrios (Beckman Coulter). Sorted

populations purity was superior to 98%.

To track cell division, purified CD4+ T cells were labeled with carboxyfluorescein succinimidyl
ester (CFSE, eBioscience, ref. 850850-84). Cells were washed once in PBS and stained with 1.6 uM
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CFSE in PBS at a concentration of 10 millions cells per ml. Cells were incubated at 37°C for 3 min
in the dark, and staining was stopped by adding cold 50% serum in PBS and letting cells on ice for 3
min in the dark. Cells were centrifuged and washed with cold 50% serum and X-VIVO15 medium
(Lonza, ref. BE02-060F). Cells were then plated onto 12-well plates at 1 million per ml in X-
VIVO15 containing penicillin/streptomycin (Invitrogen) and 100U/ml IL-2 (ImmunoTools, ref.
11340027). Cells were activated with Dynabeads Human T-Activator CD3/CD28 (ThermoFishher,
ref. 11131D) and incubated at 37 °C for 5 days. Cells were counted every day with LUNA automated
cell counter (Logos biosystems). At day 3 post-activation, media was changed and cells were plated

at 1 million per ml.

Sorted CENP-A-high and low expressing cells were cytospun using a Shandon Cytospin 4
(ThermoFisher) onto coverglasses at 1500 rpm for 5 min. Cells were fixed with 4% Formaldehyde
for 5 min at room temperature, DAPI counterstained and mounted using anti-fading mounting

reagent (Life technologies).

Data availability

Sequencing data for the CENP-A CUT&RUN on non-treated and IAA wash-out samples, with
corresponding negative controls are available at GEO (https://www.ncbi.nlm.nih.gov/geo/) under the
accession numbers GSM3852804, GSE148187, GSM3852807 and GSM3852808 respectively.
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RESUME

Au cours de la mitose, les cellules de mammiferes doivent conserver un centromeére unique afin
d’assurer une ségrégation correcte des chromatides sceurs dans chaque cellule. Malgré la présence
de séquences d’ADN répétitives dans la plupart des organismes, les centroméres sont marqués
épigénétiquement par une histone H3 spécifique appelée CENP-A (CENtromeric Protein A) via un
mécanisme d’autoréplication. Il n’est pourtant pas certain que CENP-A soit I’unique marqueur de
la position du centromére chez I’Homme ou si d’autres facteurs, tels que la séquence d’ADN, y
contribuent également.

Afin d’évaluer cette hypothése, j’ai récemment développé le systeme CENP-ACFFON qui permet

d’¢liminer I’identité du centromere dans les cellules humaines en quelques minutes. En utilisant ce
systeme unique, je peux identifier le(s) mécanisme(s) qui permet(tent) la réintégration de novo de
CENP-A a sa position initiale et la formation du centromére qui en résulte, en temps réel, sur des
chromosomes humains. Il est intéressant de noter que c’est la présence de la protéine CENP-B liée
a I’ ADN répétitif qui va permettre la réintégration de CENP-A, de nouveau exprimée, a la position
initiale. En revanche, 1’absence de CENP-B et d’autres marqueurs épigénétiques CENP-A-
dépendants au centromeére, empéchent toute nouvelle déposition de CENP-A ce qui entraine la
formation d’un néocentromére. La spécification du centromére liée a CENP-B a lieu, en partie,
indépendamment de CENP-C, composant clé du centromere connu pour son réle dans le
recrutement de CENP-A. Cet ensemble de résultats démontrent que le mécanisme bien établi
d’auto-assemblage de CENP-A n’est pas essentiel pour le maintien de 1’identité du centromére et
que CENP-B joue un réle clé dans le maintien de la position du centromere. Ainsi, ceci permet
d’accroitre nos connaissances, actuellement restreintes, concernant les procédés (épi)génétiques
qui contrélent 1’identité du centromere, essentiel pour la transmission correcte du matériel
génétique. Enfin, dans le cadre de cette these, nous avons identifié une population de cellules T
CD4+ au repos CENP-A-négatives, CENP-B/C-positives, capables de ré-exprimer et de
réassembler le CENP-A a I'entrée du cycle cellulaire, ce qui démontre I'importance physiologique
de la mémoire génétique.

MOTS CLES

CENP-B, centromere identité, CENP-A, CENP-C, I'ADN alpha satellite, la stabilité du génome

ABSTRACT

Centromeres are built on repetitive DNA sequences (CenDNA) and a specific chromatin enriched
with the histone H3 variant CENP-A, the epigenetic mark that identifies centromere position.
During my thesis project, | interrogated the importance of CenDNA in centromere specification by
developing a system to rapidly remove and re-activate CENP-A (CENP-A°T7°M). Using this
system, | define the temporal cascade of events necessary to maintain centromere position. | unveil
that CENP-B bound to CenDNA provides memory for maintenance on human centromeres by
promoting de novo CENP-A deposition. Indeed, the lack of CENP-B favors neocentromere
formation under selective pressure. Occasionally, CENP-B triggers centromere re-activation
initiated by CENP-C, but not CENP-A, recruitment at both ectopic and native centromeres. This is
then sufficient to initiate the CENP-A-based epigenetic loop. Finally, in the frame of this thesis,
we identified a population of CENP-A-negative, CENP-B/C-positive resting CD4" T cells capable
to re-express and reassembles CENP-A upon cell cycle entry, demonstrating the physiological
importance of the genetic memory.

KEYWORDS

CENP-B, centromere identity, CENP-A, CENP-C, alpha satellite DNA, genome
stability




