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Abstract

ABSTRACT
The centromere is the chromosomal locus which drives proper
genome inheritance during eukaryotic cell division. Most vertebrate
centromeres are composed of extended arrays of tandemly repeated DNA
sequences named satellite DNA, suggesting that satellite DNA may
contribute to the establish centromere function. However, while
centromere function is highly conserved during evolution, centromeric DNA
sequences are extremely variable across species: this contradiction in known
as “the centromere paradox”. Indeed, it has been unequivocally
demonstrated that centromere identity is determined by epigenetic marks,
the most important of which is the CENP-A protein, a centromere specific
variant of the H3 histone.
This PhD project arises from a collaboration between the laboratory
of Molecular Cytogenetics directed by Professor Elena Raimondi and the
laboratory of Molecular and Cellular Biology directed by Professor Elena
Giulotto, aimed at studying the molecular organization of mammalian
centromeres using the equid species as a model system. Species belonging
to the genus Equus are an unprecedented model for the analysis of
mammalian centromere birth, evolution and complete maturation. Indeed,
an exceedingly high number of centromere repositioning events occurred
during their evolution leading to the formation of evolutionarily new
centromeres void of satellite DNA (1 out of 32 in the horse, 16 out of 31 in
the donkey, 9 out of 23 in the Grevyi’s zebra, 11 out of 22 in the Burchell’s
zebra, 10 out of 28 in the Hartmann’s zebra and 14 out of 25 in the African
donkey).
Taking advantage of the equid model system, we firstly investigated one of
the most intriguing opened questions in mammalian centromere biology:
which is the role played by satellite DNA at the centromere? Indeed, the
existence in equid karyotypes of canonical satellite-based centromeres
together with evolutionarily new satellite-free centromeres, offers the
opportunity to directly compare their behaviour during cell division.
Literature data mainly concern pathological and experimental human
neocentromeres, but, to our knowledge, no systematic analysis has ever
been carried out on the stability of satellite-free natural centromeres.
1
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Here I analysed the mitotic stability of horse chromosome 11
(ECA11), whose centromere is satellite-free, and compared it with that of
chromosome 13 (ECA13) which is similar in size and has a centromere
containing long stretches of the canonical horse centromeric satellite DNA.
The results, obtained by two different chromosome segregation assays,
under normal and mitotic stress conditions, demonstrated that the
segregation accuracy of these two chromosomes is similar, thus suggesting
that satellite DNA is dispensable for transmission fidelity.
As mentioned above, centromere function is determined by
epigenetic factors. In the second part of my PhD project, I studied the
epigenetic landscape of horse and donkey centromeres by means of high
resolution molecular cytogenetic approaches. Contrary to molecular and
next generation sequencing approaches, molecular cytogenetics allows to
directly compare the architectural organization of satellite-based and
satellite-free centromeres. Moreover, information about DNA protein and
protein-protein interactions can be obtained. My results demonstrated that
satellite-free centromeres, as well as the satellite-based ones, are immersed
in a heterochromatic environment, even if they contain much smaller
amounts of constitutive heterochromatin. This implicates that,
independently from sequence composition, heterochromatin specific posttranslational histone modifications are needed to drive centromere
function.
Satellite-less
centromeres
also
contain
facultative
heterochromatin marks thus indicating that centrochromatin has a partially
opened conformation that is needed for CENP-A loading. Markers of
transcriptional competence are also present at horse and donkey satellitefree and satellite-based centromeres. However, we observed a high
variability in the amount of these modifications among centromeres an
among different cells, independently from the presence or absence of
satellite DNA. It can be hypothesized that the centromeric chromatin
environment varies in different phases of the cell cycle. It is also tempting to
speculate that, in each cell, a threshold amount of centromere transcripts is
needed for proper centromere function, independently from which
centromeric DNA cluster is actively transcribed. In this hypothesis, it must
2
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be assumed that, in analogy with what demonstrated in man, centromere
transcripts can act in trans also in equids. Finally, all horse and donkey
centromeres are associated to the H4K20me1 histone modification which
perfectly co-localizes with the CENP-A protein. This result is in agreement
with literature data that demonstrate that this histone marker is needed at
for the maturation of CENP-A nucleosomes and for kinetochore assembly.
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1. REVIEW OF THE LITERATURE
1.1 THE CENTROMERE
The centromere is an essential chromosomal locus which ensures
accurate segregation of replicated chromosomes to daughter cells during
cell division (Plohl et al., 2014).
The centromere plays its role by recruiting the kinetochore, a
proteinaceous macromolecular structure that mediates the attachment of
the centromere chore to the microtubules of the mitotic and meiotic spindle
(Fig. 1). Defects in centromere or kinetochore function can lead to the loss
of genomic information, resulting in developmental defects and disease.
The centromere was first observed by light microscopy as the
primary constriction of condensed mitotic chromosomes (Flemming, 1882).

Figure 1 – Images of the centromere at increasing resolution. Left:
immunofluorescence image of a metaphase chromosome where CENP-A is red
labelled, and CENP-B is green labelled. Right: electron micrograph of the
centromeric region of a metaphase chromosome showing centromeric chromatin
(dark cloud), kinetochore and microtubules (adapted from McKinley and
Cheeseman, 2016).
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Eukaryotic centromeres are classified in three categories: point,
regional and diffused (Pluta et al., 1995). Point centromeres are assembled
on a specific short DNA sequence, which is sufficient for the centromeric
function, while regional centromeres occupy extended regions containing
highly repeated DNA sequences that are variable among species. On the
contrary, diffused centromeres, are characteristic of “holocentric
chromosomes”, which have a kinetochore plate extending along the entire
chromosome length. This type of centromeres occurs in a number of
arthropods and plants as well as in the model organism C. elegans. (McKinley
and Cheeseman, 2016).
Point centromeres are present only in the budding yeasts
Saccharomyces cerevisiae. Point centromeres encompass about 125 bp and
consist of three Conserved DNA Elements (CDEs): CDEI, CDEII, and CDEIII (Fig.
2-C). The centromeric sequence in S. cerevisiae is necessary and sufficient
for kinetochore recruitment and for chromosome segregation (Hyman and
Sorger, 1995). CDEI (8 bp) and CDEIII (25 bp) are conserved in all S. cerevisiae
centromeres and point mutations in these two elements can abolish the
function. CDE III binds a four subunits protein complex, Cbf3, which interacts
with the Cbf1 protein which, in turn, binds the CDEI sequence (Hemmerich
et al., 2000; Gardner et al., 2001). The resulting complex forms a scaffold for
kinetochore assembly. CDEII is not conserved in terms of sequence, but in
length (between 78 and 86 bp) and AT enrichment (90%). CDEII, interacts
with the histone H3 centromere specific variant Cse4 (named CENP-A in
vertebrates) which is the epigenetic marker of functional centromeres
(Hyman and Sorger, 1995; Stoler et al., 1995; Cleveland et al., 2003).
A well-characterized regional centromere is the one of
Schizosaccharomyces pombe (Figure 2-C), whose centromeric domain
extends for 40-100 kb. The centromeres of S. pombe contain an AT rich 4-7
Kb long core sequence, flanked by inverted repeats called K’, K’’, L and B’.
Progressive deletions have been introduced experimentally within these
sequences to understand what is the minimum DNA sequence necessary for
centromere function. Such experiments showed that at least part of the
repeated sequence K’’ is essential for a correct segregation. Instead, the role
7
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of K’+ L sequences at mitosis was demonstrated to be very minimum, as
deletions of one or both copies of K’ and L have little or no effect on mitotic
centromere function (Hahnenberger et al., 1991).
The centromeres of Candida albicans are regional as well and contain
an about 3 kb long unique sequence (Figure 2-D), which is enriched in AT
(65%) and resembles the sequence of the central core of S. pombe
centromeres, however, C. albicans centromeres do not contain repeated
sequences flanking the central core (Sanyal et al., 2004). On the other hand,
the presence of repeated sequences at the centromere is a property of
Drosophyla melanogaster centromeres (Figure 2-B), which are characterized
by the presence of relatively short blocks of satellite DNA (AATAT and
AAGAG) which, taken together, constitute a 220 kb sequence named "Bora
Bora". For full centromere function Bora Bora, which nucleates kinetochore
formation, must be flanked on either the 5' or 3' side by a 200 kb satellite
DNA sequence which regulates sister chromatid pairing (Pluta et al., 1995).
Furthermore, transposable elements are interspersed within the
centromeric DNA and represent 10% of it (Sun et al., 2003; Chang et al.,
2019).
The centromeres of Mus musculus are a typical example of
mammalian centromeres (Fig. 2-A). They are characterized by the repetition
of long stretches of satellite DNA, distinguished in major satellite (made of
234 bp monomers) and minor satellite (120 bp monomers) and localized
respectively in the pericentromeric and centromeric region, respectively.
The major satellite is associated to the HP1 protein, responsible for
maintaining the heterochromatic state, while the centromeric protein CENPA is associated to the minor satellite (Guenatri et al., 2004).
A more complex centromeric organization is present in humans
(Figure 2-A). Human centromeres contain extended satellite DNA arrays
composed of 171 bp monomers arranged in a tandem head-to-tail fashion.
This satellite DNA is known as alpha satellite and arrays can cover
mega base pairs. Individual monomers share 50%–70% sequence identity. A
defined number of monomers can give rise to higher order repeats (HOR)
that are themselves repeated so that at a given centromeric locus, the alpha
8
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satellite array can span from 250 kb to 5,000 kb. Some monomers within
each HOR contain a conserved 17 bp sequence, CENP-B box, which binds the
protein CENP-B, that is thought to facilitate kinetochore formation even if
its role is a matter of debate (Aldrup-Macdonald and Sullivan, 2014; Plohl et
al., 2014). In the regions flanking the higher order arrays, monomers are
randomly arranged in the pericentromeric region, and their sequence
becomes progressively divergent from the consensus as the distance from
the functional centromere core increases (Aldrup-Macdonald and Sullivan,
2014).

Figure 2 – Centromere structure and organization. Schematic representation of
the DNA sequence arrangement at the centromere of different model organisms
(Allshire and Karpen, 2008).

A number of mammalian and plant species have centromeres
containing stretches of satellite DNA similar in their organization to the
9
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human alpha satellite. For example, in Arabidopsis thaliana centromere
repeats are made up of 178 bp long units, in Oryza sativa the repeated units
are 155 bp long. However, even if the large majority of higher eukaryotic
centromeres contain long stretches of satellite DNA, the size of the repeated
stretches and the sequence composition of the repeated units is extremely
variable (Kursel and Malik, 2016).
In some organisms the centromere is diffused along the entire length
of the chromosome (holocentric) and therefore a primary constriction
cannot be identified. Holocentricity has evolved multiple times in plants and
insects (Kursel and Malik, 2016). The driving forces behind the transition
from monocentric to holocentric chromosomes remain poorly understood
(Pluta et al., 1995).
At the sequence level, a common feature of the centromeres of the
large majority of studied species is the presence of highly repeated
sequences, however, these sequences are neither necessary nor sufficient
to assembly a functional kinetochore (Choo, 2000; Plohl et al., 2014).
The discovery of active centromeres which are completely void of the
canonical highly repeated DNA sequences, the so called “neocentromeres”
is the proof that repeated sequences are not necessary for centromere
function (Fig 3-C) (Voullaire et al., 1993; Marshall et al., 2008). On the other
hand, dicentric chromosomes, with two identical and separate blocks of
centromeric highly repeated DNA exist (Therman et al., 1986; Sullivan and
Willard, 1998; Choo, 2000). These rearranged chromosomes are actually
pseudo-dicentrics and can segregate correctly since only one centromeric
satellite DNA block is able to recruit a functional kinetochore, while the other
satellite-block is epigenetically inactive (Fig. 3-B). Pseudo-dicentrics
demonstrate that satellite DNA at the centromere is not sufficient to
establish centromere function (Fig. 3-B).

10
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Figure 3 – Observations implicating an epigenetic control model for
centromerization. (A) Absence of a conserved centromeric DNA sequence in
different organisms and within an organism; (B) In dicentric chromosomes, the
presence of two functionally active centromeres when the centromeres are close
together, but not when they are far apart, suggests that centromerization is
epigenetically controlled and the possibility that the control mechanism can spread
over a distance beyond the core centromere region; (C) Neocentromere formation
at many different non-centromeric sites suggests a versatility of centromerization
that is independent of both the primary nucleotide sequence and the highly
repetitive nature of the normal centromeric DNA (Choo, 2000).

All together, these evidences turn the centromere into a structure
defined more epigenetically, than genetically.
Among the proteins which are constitutively or transiently associated
to the centromeres, the most important epigenetic determinant of
centromere function is CENP-A (also named CEN-H3), a centromere-specific
11
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variant of the H3 histone (McKinley and Cheeseman, 2016). CEN-H3 is
present at all active centromeres, independently from the underlying DNA
sequence, and its function is critical for kinetochore assembly (Barra and
Fachinetti, 2018).
Although histone H3 is evolutionarily conserved, the centromeric
histone H3 variant in related species of mammals, flies, and plants diverge
in the DNA binding region ( Yoda et al., 2000; Henikoff and Malik, 2002; Malik
et al., 2002;). Indeed, CENP-A interacts only with centromeric DNA
sequences that are highly variable among species. In other words, the
observed rapid evolution of centromeric DNA sequences is possible only
assuming coevolution of CENP-A and other DNA-binding proteins (Dawe and
Henikoff, 2006).
The phenomenon of centromere function conservation in spite of
DNA sequence evolutionary divergence, is called “centromere paradox”
(Henikoff et al., 2001). This paradox can be explained assuming that the
higher order chromatin structure of the centromere drives its position and
function (Grady et al., 1992; Koch, 2000). This hypothesis reconciles data
showing the irrelevance of the primary DNA sequence for centromere
function with data that demonstrate the conservation of centromeric
functional domains (Lamb and Birchler, 2003).

12
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1.2 CENTROMERIC AND PERICENTROMERIC REPETITIVE
SEQUENCES
The “regional” centromeres, the most common type of eukaryotic
centromeres, are characterised by the presence of two types of repetitive
sequences: satellite DNA (satDNA) and transposable elements (TEs) (Pluta et
al., 1995; Plohl et al., 2008). Satellite DNA is composed of tandemly repeated
DNA sequences. In a large number of species, the length of the repeat units
forming the centromeric satellite ranges from 170 to 340 bp, that is to say a
DNA length compatible with that needed to wrap one or two nucleosomes
(Henikoff et al., 2001). Some sequence motifs within satDNAs are conserved
in evolutionarily distant species, suggesting that the evolution of such
elements is influenced by selective constraints (Mravinac et al., 2005;
Petraccioli et al., 2015). A well described example is the CENP-B box, a 17 bp
motif binding the centromeric protein CENP-B. This sequence box was first
described in human centromeric alpha-satellite DNA (Masumoto et al.,
1989) and then found in other mammals (Earnshaw et al., 1987; Sullivan and
Glass, 1991; Schueler et al., 2001), in insects (Lorite et al., 2002; Lorite et al.,
2017), molluscs (Canapa et al., 2000) and nematodes (Mestrovic et al.,
2013).
The second type of highly repeated sequences found in the
centromeric and pericentromeric chromatin are transposable elements.
Based on the mechanism by which TEs move in the genome, they are
classified as transposons and retrotrasposons. Transposons can transpose
via a “cut and paste” mechanism, while retroelements move via a “copy and
paste” mechanism through an RNA intermediate which is reverse
transcribed and then inserted in the genome. The so called “non-LTR
elements” are the retroelements most represented at the centromere. They
comprise two subtypes of retroelements: the short interspersed nuclear
elements (SINE) and the long interspersed nuclear elements (LINE) (Biscotti
et al., 2015; Scarpato et al., 2015). Retrotransposons characterize the
centromeres of a wide range of angiosperms (Neumann et al., 2011). In rice
13
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and maize, all centromeres have different retrotransposon families (Nagaki
et al., 2004b; Bao et al., 2006;), and retrotransposons are the main
component of banana and some wheat centromeres (Cizkova et al., 2013; Li
et al., 2013).
A common feature of centromeres containing satellite DNA is that
the chromatin surrounding the functional centromere core is enriched in
TEs. For example, human centromere cores contain stretches of alpha
satellite DNA, while pericentromeres are composed of unrelated and
heterogeneous satDNA families (e.g., gamma-satellite and SatIII) and LINE
elements (Schueler et al., 2001). Phylogenetic analyses and TEs annotation
demonstrated that when present in the centromere core, TEs have been
recently inserted, while older retrotransposons typically lie outside the
functional centromere (Wolfgruber et al., 2009) and show a distribution
comparable to that observed in human pericentromeric regions (Schueler et
al., 2001).

14
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1.2.1 CENTROMERIC AND PERICENTROMERIC SATELLITE DNA
Satellite DNA consists in repetitive DNA sequences arranged as very
long arrays clustered in specific chromosomal regions. The total amount of
satellite DNA in the genome of one eukaryotic species can highly vary. In
plants, for example, satDNA can represent from 0.1% up to 36% of the
genome (Macas et al., 2000; de la Herran et al., 2001; Levy et al., 2007;
Hribova et al., 2010; Ambrozova et al., 2011; Cizkova et al., 2013; Emadzade
et al., 2014; Garrido-Ramos, 2015; Miga, 2015). Within the animal kingdom,
the total satDNA content ranges from less than 0.5% to more than 50%, both
in invertebrates and vertebrates (Garrido-Ramos et al., 1994; Mestrovic et
al., 1998; Mravinac et al., 2005; Levy et al., 2007; Kopecna et al., 2014; Miga,
2015; Subirana et al., 2015; Subirana and Messeguer, 2013). The term
satellite DNA takes its origin from early caesium chloride gradient
centrifugation experiments, in which genomic DNA fragments composed of
tandemly repeated short sequences were isolated due their different
density with respect to bulk DNA, thus forming “satellite” bands in the
gradient (Kit, 1961).
Satellite DNA comprises a wide range of sequences that differ in
nucleotide sequence, sequence complexity, repeat unit length and
abundance, with only 2 features shared: ability to build long arrays of
tandem head-to- tail arranged repeats and ability to form highly condensed
heterochromatic regions (Plohl et al., 2008). Each satDNA family consists in
a library of monomer variants that can be shared by related species.
Expansions and/or contraction of different variants from this library may
result in rapid changes in satDNA distribution and abundance profiles, even
among closely related species (Kuhn et al., 2008; Plohl et al., 2012; Rojo et
al., 2015). Because of the dynamic changes of satDNA in evolutionary time
scale, these sequences can be species or genus specific (Garrido-Ramos,
2015). Moreover, different satDNA families may be also present in single
species. For example, there are up to 15 different satellite DNA families in
Pisum sativum (Macas et al., 2007), 62 families in Locusta migratoria (RuizRuano et al., 2016) and 9 in human (Levy et al., 2007; Miga, 2015). However,
15
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usually only one or a few families are predominant in each species (Macas
et al., 2007). The most abundant satDNA family within the human genome
is the alpha-satellite (Lander et al., 2001).
The evolutionary divergence of satDNAs is demonstrated not only by
the presence of variable satDNA families in one species and among different
species, but also by the striking difference in the complexity of the
organizational patterns and contribution of particular sequence types to
repeat-based centromeres among species (Plohl et al., 2014). For example,
while all rice centromeres share the same DNA sequence (Macas et al., 2007;
Macas et al., 2010), the alpha-satellite of human centromeres, is
chromosome-specific, with various degrees of polymorphism, making the
organization of the human centromeric DNA different not only among
individuals in the population, but also among chromosomes in the same
individual. Polymorphism may concern the total number of HORs, the
number of monomers making up the HORs and the sequence of monomers
due to the presence of various SNPs (Aldrup-Macdonald and Sullivan, 2014).
Satellite DNA is also present in the pericentromeric regions where its
abundance can be higher than that of centromeric core satellite DNA
(Garrido-Ramos, 2017). Cytologically, pericentromeric satellite DNA is
organized in chromocenters, which are dense aggregates of pericentromeric
satellite DNA from multiple heterologous chromosomes clearly visible in
interphase nuclei (Jones, 1970; Pardue and Gall, 1970; Mayer et al., 2005).
Chromocenters show epigenetic modifications associated with chromatin
compaction and transcriptional repression such as DNA methylation and
methylation of histone H3 and H4 (Saksouk et al., 2015; Nishibuchi and
Déjardin, 2017).
As mentioned before, human centromeres host families of repetitive
DNA other than alpha satellite, satellites 1, 2, 3, β and γ, that are localized in
the pericentric regions. These may be organized in tandem arrays of variable
length (from 5 bp up to 220 bp) or they may be composed of interspersed
repeats (LINEs and SINEs). Satellite 1, 2, 3 are A-T rich and their amount is
highly variable in the pericentromeric regions of most human chromosomes.
They are evolutionarily conserved, suggesting a functional role (Grady et al.,
16
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1992). Another well characterized pericentromeric satellite-DNA family is
the mayor satellite present at all mouse chromosomes, with the exception
of chromosome Y (Pardue and Gall, 1970). Major satellite monomers are 234
bp long and are organized in uninterrupted arrays that vary in extension
from a minimum of 240 kb to more than 2000 kb (Vissel and Choo, 1989).

1.2.2 FUNCTIONS OF CENTROMERIC SATELLITE DNA
The functional significance of satDNA has been long debated.
Because of its association with the heterochromatic fraction of the genome,
the supposed absence of transcriptional activity as well as the high sequence
divergence across species, in the early seventies, this DNA was defined junk
(Ohno, 1972; Palazzo and Gregory, 2014). However, this large genomic DNA
fractions is not lost or diminished during evolution, thus indicating that it
undergoes selective pressure and therefore should have a functional role.
Several evidences show the involvement of centromeric and
pericentromeric satellite DNA in stabilizing interactions with DNA binding
proteins, in maintaining heterochromatin architecture, in sustaining
kinetochore formation, and in controlling chromatid association and
disjunction during cell divisions (Plohl et al., 2008; Pezer et al., 2012; Bierhoff
et al., 2014; Bersani et al., 2015; Biscotti et al., 2015). Moreover, the ability
of satellite DNA to change rapidly during evolution might give rise to
reproductive barriers and promote speciation (Plohl et al., 2014; Biscotti et
al., 2015).
Independently on sequence conservation, centromeric satDNAs may
stabilize CENP-A nucleosomes and promote functional interactions by
forming secondary and tertiary structures. Different combinations of
nucleotides can build similar higher order structures; therefore, the
sequence can be altered as long as the structure itself is not impaired (Lamb
and Birchler, 2003; Plohl et al., 2008). The functional role of satellite DNA in
stabilizing CENP-A nucleosomes could be a driving force in the birth of new
17
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satellite DNA families that can colonize centromeres and could explain why
evolutionarily new centromeres (see chapter 1.3.3), void of repetitive DNA
sequences, can evolve to mature centromeres containing reiterated DNA
families (Zhang et al., 2013; Fukagawa and Earnshaw, 2014). Tandem
duplication of a new sequence with a selective advantage for CENP-A
stabilization or transposition of existing satDNAs could populate an
epigenetically defined neocentromere (Gong et al., 2012; Zhang et al., 2013;
Nergadze et al., 2018).
While a function for satellite DNA in kinetochore assembly and/or
stability has been inferred almost since its discovery (Pardue et al., 1970;
Yunis and Yasmineh, 1971), a prevailing wrong idea was that these
sequences are not actively transcribed into RNA. The analysis of the linear
organization of histones within centromeres using immunofluorescence on
chromatin fibres revealed that CENP-A nucleosome domains are
intermingled with nucleosomes containing H3K4me2 and H3K36me2 which
are epigenetic marks of transcriptionally active chromatin (Blower et al.,
2002; Sullivan and Karpen, 2004; Bergmann et al., 2011). Indeed, transcripts
derived from centromeric and pericentromeric repetitive sequences have
been identified in several organisms such as yeast (Choi et al., 2011; Ohkuni
and Kitagawa, 2011; Choi et al., 2012), rice (Neumann et al., 2007) and maize
(Topp et al., 2004), insects (Pezer and Ugarkovic, 2008; Rosic et al., 2014),
beetles (Pezer and Ugarković., 2008), mouse (Ferri et al., 2009) and man
(Saffery et al., 2003; Wong et al., 2007; Quenet and Dalal, 2014). It has been
demonstrated that kinetochore assembly and centromere function are
strictly linked to the transcription of the repetitive DNA sequences which
they contain (Ohkuni and Kitagawa, 2011; Bergmann et al., 2012a;
Bergmann et al., 2012b; Chan and Wong, 2012; Quénet and Dalal, 2014).
Indeed, defects in centromeric and/or pericentromeric sequences
transcription lead to chromosome mis-segregation during cell division as it
has been documented in yeast (Ohkuni and Kitagawa, 2011), in human HeLa
cells (Chan et al., 2012), and in Human Artificial Chromosomes (HACs)
(Bergmann et al., 2012b). For example, small-interfering RNAs (siRNAs),
processed by the ribonuclease Dicer are transcribed from pericentromeric
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tandem repeats in S. pombe where they are involved in heterochromatin
formation and maintenance (Volpe et al., 2002; Motamedi et al., 2004;
Verdel et al., 2004). In hybrid chicken cells containing a single human
chromosome, the loss of Dicer protein leads to defects in centromere
heterochromatin and chromosome segregation, pointing out the
importance of siRNA for heterochromatin assembly (Fukagawa et al., 2004).
Not only small RNAs, but also long non-coding RNAs have been found at the
centromere. At human centromeres, CENP-A recruitment and its
subsequent loading require the transcription of a 1.3 kb lncRNA that directly
binds CENP-A and its chaperone HJURP (Quénet and Dalal, 2014).
Centromeric transcripts have been found also in D. melanogaster; in
particular, a specific block of satellite DNA (knows as 359-bp satellite) (Lohe
et al., 1993; Sun et al., 2003; Blattes et al., 2006) which is present only at the
centromere of the X chromosome, produces a transcript which is involved in
the correct localization of the centromere constitutive proteins, CENP-A and
CENP-C, as well as of outer kinetochore proteins (Rošic et al., 2014).
Long ncRNAs, not processed into siRNA and highly variable in size,
are characteristic of the centromeres of rice, wallaby, mouse and beetles
(Bouzinba-Segard et al., 2006; Carone et al., 2009; Pezer and Ugarkovic,
2009; Pezer et al., 2012). In rice, long transcripts from centromeric satDNA
are processed in RNAs of 40 nt and they act together with 21–24 nt long
siRNAs derived from the pericentromeric portion of the same satellite (Lee
et al., 2006).
In man, centromeric RNAs have been shown to be involved in the
response to stress conditions and in tumour progression. For the first time,
Denegri and co-workers demonstrated that in interphase nuclei of heatshocked HeLa cells, the pericentromeric heterochromatin of chromosomes
9, 12 and 15 colocalize with Stress-induced Nuclear Bodies (SNBs) (Stressinduced Nuclear Bodies) which are known to be sites of transcripts
accumulation (Denegri et al., 2002). Concerning tumour progression, it has
been demonstrated that BRCA1-deficient cancer cells are defective in
pericentromeric heterochromatin formation and show activation of
pericentromeric alpha-satellite DNA transcription (Zhu et al., 2011).
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Transcription of non-coding RNAs has also been hypothesized to be
involved in the emergence of new centromeres. An L1 transposable element
was found to be transcribed in a human neocentromere defining the
boundaries of the CENP-A domain (Chueh et al., 2005; Chueh et al., 2009).
The transition of TEs from a silenced to a transcriptionally active state
may promote the recruitment of CENP-A nucleosomes, leading to the rescue
of acentric chromosome fragments following the inactivation of the native
centromere (O'Neill et al., 1998). How an ectopic site becomes activated,
enabling the recruitment of CENP-A nucleosomes in the absence of
chromosome damage, as happens for evolutionary centromere
repositioning events, is unknown.

1.3 NEOCENTROMERES
Neocentromeres are fully functional centromeres that arise on nonrepetitive DNA sequences (Marshall et al., 2008). Due to the absence of
satellite DNA, which is indeed the most represented type of DNA at most
vertebrate centromeres, neocentromeres represent the strongest evidence
supporting the epigenetic nature of the centromere (Barra and Fachinetti,
2018). Most of the initial information on neocentromeres derived from the
analysis of human clinical data derived from cytogenetic screenings
(Marshall et al., 2008). Neocentromeres associated with pathological
conditions are usually a consequence of structural chromosome
rearrangements that remove or disrupt the resident centromere, so that the
event of “neocentromerization” acts as a mechanism to rescue acentric
fragments that otherwise should be lost (Choo, 2000; Blom et al., 2010).
Partial/complete deletion of a centromere has been used as a
mechanism to induce new centromere formation in different model
organisms such as D. melanogaster (Williams et al., 1998; Maggert and
Karpen, 2001; Olszak et al., 2011), Schizosaccharomyces pombe (Ishii et al.,
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2008), Candida albicans (Ketel et al., 2009) and several plant species (Nasuda
et al., 2005; Gong et al., 2009; Topp et al., 2009).
In addition, in a number of instances, ectopic centromeres formation
occurs in evolutionary time scale, leading to the formation of the so called
Evolutionarily New Centromeres (ENCs) (Montefalcone et al., 1999; Ventura
et al., 2001; Cardone et al., 2006; Piras et al., 2009; Wade et al., 2009; Rocchi
et al., 2012; Nergadze et al., 2018). These centromeres are centromeres that
moved to a new position without any observable chromosomal
rearrangement and are one of the driving forces for karyotype evolution in
a number of species (Rocchi et al., 2012).

1.3.1 - HUMAN NEOCENTROMERES
Most of the knowledge about the formation and function of
neocentromeres derives from the cytogenetic analysis of neocentromeres
found in clinical cases (Burrack and Berman, 2012). The first case was
identified in 1993 and the marker chromosome, designated mardel (10),
originated from a de novo rearrangement of chromosome 10 which gave rise
to a ring chromosome containing the endogenous centromere and a linear
chromosome fragment (Voullaire et al., 1993). This acentric maker
chromosome was rescued by the spontaneous formation of a new
centromere at the cytogenetic band 10q25, an euchromatic region of the
chromosome arm that did not undergo any sequence change (du Sart et al.,
1997; Lo et al., 2001).
More than 100 pathological neocentromeres have been described to
date showing differences both in the chromosomal position and in the
features of the DNA sequence on which they form (Marshall et al., 2008;
Alonso et al., 2010; Klein et al., 2012).
Human neocentromeres derive from structural chromosome
rearrangements, such as interstitial deletions or inverted duplications, both
generating a chromosome fragment lacking a conventional centromere.
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Both types of rearrangements, reported in Figure 4, originate from
chromosome breaks that, in the first case, generate a centric ring
chromosome and an acentric fragment (on which the neocentromere forms)
(Fig. 4-A) or an acentric ring (on which the neocentromere forms) and a
centric fragment (Fig. 4-B), depending on the site of deletion; in the second
case, chromosome breaks lead to the formation of an acentric chromosome
fragment (on which the neocentromere forms) with an inverted duplication
(Fig. 4-C; fig. 4-D). In the cases in which a neocentromeric marker
chromosome is present in an unbalanced karyotype (inv-dup) it is associated
with mosaicism presumably due to the counter selection of trisomic or
tetrasomic cells (Amor and Choo, 2002). Meanwhile, chromosome
fragments caused by interstitial deletions lead to a balanced karyotype at
the cytogenetic level; however phenotypic effect may result from a “ring
syndrome,” due to a mosaicism for the marker or to the interruption of
critical genes at the sites of chromosome breakage (Amor and Choo, 2002;
Marshall et al., 2008). Therefore, human neocentromeres are generally
associated to developmental delay and heterogeneous clinical signs (Amor
et al., 2005; Mascarenhas et al., 2008; Burnside et al., 2011; Hemmat et al.,
2012; Ma et al., 2015).
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Figure 4 – Chromosome rearrangements commonly associated with
clinical neocentromere formation. The most common chromosome
rearrangements are interstitial deletions (A and B) and inverted duplications (C and
D) (Amor and Choo, 2002).

Neocentromere formation is an event that can accidentally occur in
cancer, as a mechanism that cancer cells use to rescue acentric
chromosomes mostly containing amplified genes that confer a selective
advantage to cancer cells. Examples of tumours in which neocentric
chromosomes have been described are liposarcoma, retinoblastoma, nonHodgkin’s lymphoma, acute myeloid leukaemia and lung cancer (Morrissette
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et al., 2001; Italiano et al., 2006; Mascarenhas et al., 2008; de Figueiredo et
al., 2009; Blom et al., 2010).
Some cases of well-differentiated liposarcomas are cytogenetically
characterized by the presence of a supernumerary ring or giant chromosome
containing the amplification of the 12q14-15 region (Italiano et al., 2009),
and in some instances, a chromosome 8-derived ring chromosome has been
described in acute myeloid leukaemia (de Figueiredo et al., 2009).
Most of the initial information on neocentromeres has stemmed
from human clinical data gathered through cytogenetic screening. Figure 5
summarizes 60 reported cases of constitutional human neocentromeres in
which chromosomal origin has been investigated (Amor and Choo, 2002). So
far, human neocentromeres have been identified on 21 out of the 22
autosomes, as well as on chromosomes X and Y and more than 100 have
been characterized (Marshal et al., 2008; Alonso et al., 2010; Klein et al.,
2012). Neocentromeres are extremely heterogeneous in chromosome
position and DNA associated sequence. Indeed, some neocentromeres arise
in heterochromatic regions containing repeated DNA sequences (Hasson et
al., 2011), but most of them are localized in single copy DNA sequences
(Alonso et al., 2010). However, the distribution of reported neocentromeric
sites across the human genome is not completely random, some
chromosome regions being hot spots such as 3q, 13q, 15q and Yq (Figure 5).
Moreover, distal chromosome regions appear to be more susceptible to
neocentromere formation, compared with proximal regions (Marshall et al.,
2008; Liehr et al., 2010).
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Figure 5 – Sites of formation of constitutional neocentromeres within the human
genome. The mapped position of each neocentromere is indicated by red bars on
the right of the chromosome ideograms. Longer bars indicate neocentromere sites
that have not been precisely localized (Amor and Choo, 2002).

Despite the divergence of the sequence underlying human
neocentromeres, some common features can be identified, such as a high
AT content and an increase in LINEs content (Chueh et al., 2009).
In rare cases, human neocentromeres form on otherwise normal
chromosomes, without any rearrangement, presumably following
inactivation of the native centromere through unclear mechanisms (Amor et
al., 2004; Liehr et al., 2010). Unlike pathological human neocentromeres,
this type of neocentromeres do not show mosaicism and segregate
permanently for at least three generations (Rocchi et al., 2012).
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1.3.2 ARTIFICIAL NEOCENTROMERES
Although the structure and functional characteristics of
neocentromeres are known, comparatively little is known about the
mechanism which drives their formation. The first example of
neocentromerization induced experimentally was reported in Drosophila
melanogaster. In an initial study, a neocentromere arised after irradiation of
a mini chromosome derived from the X chromosome (Williams et al., 1998;
Maggert and Karpen, 2001). Significantly, the rearrangements within the X
derived mini chromosome relocated the neocentromere very close to the
endogenous centromere. In contrast, when the same fragment was released
from a normal X chromosome, where it is 40 Mb apart from the native
centromere, no neocentromere formation was observed (Williams et al.,
1998). A further experiment in Drosophila showed that CENP-A overproduction results in ectopic kinetochore assembly at the boundaries
between heterochromatin and euchromatin (Olszak et al., 2011).
Interestingly, an association may exist between DNA damage and
neocentromere formation. In human HeLa cells, in which overexpression of
CENP-A was transiently induced, ectopic CENP-A localization was observed
at Double Strand Break (DSB) sites (Zeitlin et al., 2009). This data, together
with the identification of CENP-A chaperone HJURP at sites of DNA damage,
suggest that sites of DSB bound by CENP-A might initiate neocentromere
formation as a mechanism to prevent the loss of otherwise acentric
chromosomes (Kato et al., 2007; Zeitlin et al., 2009).
In barley (Hordeum vulgare), a neocentromere was formed through
specie-specific crossbreeding and marker selection. A spontaneous
breakage produced a chromosome 7 derived isochromosome (mirror
images of chromosome 7 short arm), containing a neocentromere with no
centromeric repeated DNA sequence. The newly formed centromere was
localised in close proximity to the chromosome 7 native centromere and was
transmitted normally (Nasuda et al., 2005).
Neocentromeres have also been induced in fungi by the deletion of
the endogenous centromere using a homologous recombination strategy in
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Candida albicans (Ketel et al., 2009) or by the Cre-Lox system in fission yeast
(Ishii et al., 2008). In C. albicans, a human pathogenic fungus with small
regional centromeres, 3-4 kb, (Baum et al., 2006; Ketel et al., 2009),
neocentromeres arised close to the locus of the constitutive centromere
following deletion of the constitutive centromere which was replaced by a
selectable marker gene (Ketel et al., 2009). In the fission yeast S. pombe,
neocentromere formation was induced by deletion of the native centromere
DNA via Cre-Lox excision. Similarly, to the ectopic centromeres induced by
over-production of CENP -A in D. melanogaster, S. pombe neocentromeres
were found at the borders between euchromatin and heterochromatin (Ishii
et al., 2008). In addition, neocentromere formation in S. pombe required
heterochromatin marker proteins. Thus, in S. pombe as in D. melanogaster,
the chromatin context strongly influences neocentromere formation.
Despite a lot of information came out from the studies carried out in
the model organisms described above, the process of neocentromere
formation in vertebrate cells remains poorly understood. Shang and
collaborators (Shang et al., 2013) established a chromosome-engineering
system in chicken DT40 cells that allowed them to efficiently isolate
neocentromere-containing chromosomes. The authors used the Z
chromosome of DT40 chicken cells; this chromosome is present in single
copy and does not contain satellite DNA at the native centromere. In order
to generate DT40 chicken cells containing neocentromeres, a 127 kb region,
which included a 35 kb CENP-A binding domain, was conditionally removed
and cells that maintained the chromosome despite the loss of the
centromere, were selected. The authors demonstrated that, though
neocentromeres can be formed in any region of the Z chromosome, 76% of
those regions are adjacent to the site where the original centromere was
previously located (Shang et al., 2013). The preference for non-random
neocentromere formation near the endogenous centromere was thought to
be due to the presence of CENP-A in the flanking regions (Shang et al., 2013).
These secondary CENP-A sites do not allow the nucleation of a
kinetochore in the presence of the constitutive centromere; nevertheless,
these flanking regions can become able to recruit a functional kinetochore
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when the constitutive centromere is removed or inactivated (Ketel et al.,
2009).
The transformation/transduction of putative centromere DNA
sequences into cells has been performed in several organisms to define the
minimal region needed for de novo centromere formation (Kalitsis and Choo,
2012). Human alpha satellite DNA, integrated in mammalian cell lines, was
able to recruit centromeric proteins but it did not ensure stable segregation
(Haaf et al., 1992; Larin et al., 1994). Positive results were obtained by
Harrington and collaborators in 1997 (Harrington et al., 1997), that
combined long arrays of alpha satellite DNA with telomeric and genomic
DNA, obtaining mini chromosomes stably transmitted in HT1080 cells.
However, centromere formation occurred only in HT1080 cells, presumably
providing trans acting elements needed for centromere seeding. Moreover,
only alpha satellite arrays containing CENP-B boxes were able to form de
novo centromeres (Ikeno et al., 1998; Grimes et al., 2002). Furthermore,
arrays containing mutated CENP-B boxes did not form de novo human
artificial chromosomes (Ohzeki et al., 2002). Thus, the presence of CENP-B
binding sites is required for human centromeres assembly in vitro. This is in
contrast with the fact the centromere of Y chromosome, while being
perfectly functional, lacks CENP-B boxes. These findings point to the
existence of un-understood key differences between de novo artificial
centromeres versus natural ones.
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1.3.3 EVOLUTIONARILY NEW CENTROMERES
Evolutionarily New Centromeres (ENCs) derive from the
repositioning of a centromere during evolution without any structural
chromosome rearrangement, in other words, in evolutionary time,
centromere function slides in a new position while the ancestral centromere
becomes inactive (Montefalcone et al., 1999; Burrack and Berman, 2012).
The first case of evolutionary centromere repositioning was described by
Montefalcone and colleagues (Montefalcone et al., 1999) while studying the
evolution of chromosome 9 in primates. FISH experiments, using BAC probes
specific for chromosome 9 in different primate species, revealed that the
position of the centromere changed while the order of molecular markers
was conserved (Figure 6).
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Figure 6 – Diagram representing clear evidences of a process of centromere
repositioning in primates. Regions homologous to human 9p (red) and 9q (green)
are reported on the left of each ideogram, while the G-banding pattern is indicated
on the right. From left to right: Pongidae ancestor (PA); HPA (HSA/PTR common
ancestor); Primate Common Ancestor (PCA); Homo sapiens (HSA); common
chimpanzee (Pan troglodytes, PTR), gorilla (Gorilla gorilla, GGO), and orangutan
(Pongo pygmaeus, PPY); Cercopithecidae (Old World monkey, OWM), silvered leafmonkey (Presbytis cristata, PCR); Platyrrhinae (New World monkeys, NWM), dusky
titi (Callicebus molloch, CMO, Callicebinae), spider monkey (Ateles geoffroy, AGE,
Atelinae), common marmoset (Callithrix jacchus, CJA, Callitrichinae), and squirrel
monkey (Saimiri sciureus, SSC, Saimirinae). (Montefalcone et al., 1999).

A number of cases of ENCs have been found in primates (Ventura et
al., 2001; Eder et al., 2003; Misceo et al., 2005; Cardone et al., 2006; Roberto
et al., 2007; Stanyon et al., 2008; Rocchi et al., 2012) and in other mammals
such as equids (Piras et al., 2009; Wade et al., 2009; Nergadze et al., 2018),
Macropus eugenii (Ferreri et al., 2005), Ryukyu spiny rat (Kobayashi et al.,
2008).
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In recent years, the widespread practice of prenatal diagnosis
allowed to identify asymptomatic human neocentromeres; similarly, to
ENCs they are derived from centromere repositioning, suggesting that ENCs
and human neocentromeres are two sides of the same coin. It's worth
noticing that in some cases the locus where a new centromere is seeded
during evolution or in human pathology is the same and this may imply that
some chromosome domains are hot spots for centromerization (Cardone et
al., 2006; Rocchi et al., 2009). Furthermore, it has been discovered that some
sites where pathological neocentromeres occur correspond to inactivated
ancestral centromeres (Rocchi et al., 2009; Rocchi et al., 2012).
A chromosome domain that seems to promote the formation of
human neocentromeres is the region 15q24-26, characterized by a high
concentration of segmental duplications, which represent relics of the
pericentromeric segmental duplications flanking the ancestral inactive
centromere (Ventura et al., 2003; Ventura et al., 2007). Human
chromosomes 15 and 14 were generated by fission of an ancestral
chromosome, which appears to be composed of these two chromosomes
arranged head-tail (Fig. 7). Following the fission event, a neocentromere
arised on both fragments. Indeed, one new centromere emerged in human
chromosome 15, corresponding to the telomeric region of the short arm of
macaque homologous chromosome 7 (MMU7) (Fig. 7). A second centromere
emerged on chromosome 14 and corresponded to the fission point of
MMU7.
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Figure 7 – Evolution of human chromosomes 15 and 14. Chromosomes 15 (HSA15)
and 14 (HSA14) in Hominoidea were generated by fission of an ancestral MMU7
chromosome, which appears to be composed of these two chromosomes arranged
head-tail (Adapted from Ventura et al., 2007).

The relationship between human neocentromeres and ENCs
described so far regards chromosomes in which hotspots for the formation
of clinical neocentromeres (3q, 8p, 13q, and 15q) have been found (Voullaire
et al., 1993; Blennow et al., 1994; Maraschio et al., 1996; Rowe et al., 2000;
Teshima et al., 2000; Warburton et al., 2000). However, though no region of
chromosome 6 is found to be a hotspot, Capozzi and co-workers (Capozzi et
al., 2009) reported a family in which a centromere repositioning event
occurred on this chromosome causing centromere sliding to the ancestral
position (6p22.1) (Eder et al., 2003; Raaum et al., 2005).
Additional intriguing relationships between human neocentromeres and
ENCs have been reported for chromosomes 13 and 3. Chromosome 13 is one
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of the most conserved chromosomes among primates (hominoids, Old
World monkeys, and New World monkeys), Carnivora (cat), Perissodactyla
(horse), and Cetartiodactyla (pig). Two independent centromere
repositioning events occurred in OWMs and pigs (Sus scrofa) with the
centromere repositioned in the same location (13q21). Strikingly, this region
is also the place where some pathological neocentromeres were reported
(Morrissette et al., 2001; Li et al., 2002; Warburton et al., 2000). Sequence
analysis of this chromosome domain revealed the presence of a 3,9 Mb
region totally void of genes. It is supposed that the absence of genes may be
a critical component for the seeding and maturation of a novel centromere.
(Cardone et al., 2006).
A further case emphasizing the relationship between pathological
and evolutionarily neocentromeres is the human chromosome 3. In this
chromosome, a repositioned centromere associated with a normal
phenotype and a clinical neocentromere were seeded to the 3q26
chromosomal domain. This region corresponds to the position of the
centromere in OWM common ancestor (Ventura et al., 2004). Therefore, the
same domain has been used as seeding point for an ENC and
pathological/non-pathological human neocentromeres.
The frequency of centromere repositioning in evolution is
surprisingly high, making these events a powerful driving force in karyotype
evolution. Ventura and collaborators (Ventura et al., 2007), by the
comparison of human and macaque karyotypes, identified 14 ENCs; nine of
which occurred in the macaque lineage and five in the human lineage. As the
last common ancestor of macaques and humans is estimated at about 25
million years ago, ENCs formed about once every three million years,
meanwhile in the same range of time only four translocations occurred
(about one translocation every twelve million years) (Rocchi et al., 2009).
The process of centromere repositioning may be influenced by forces
acting to keep the region of the new centromere unaltered, the presence of
genes can be one of these forces (Rocchi et al., 2012). Some authors
examined the expression of genes embedded in neocentromeric regions
pointing out that presence of neocentromeres does not affect gene
expression per se (Lam et al., 2006; Nagaki et al., 2004a; Saffery et al., 2003;
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Yan et al., 2006). However, the accumulation of satellite DNA and the
potential remodelling of the pericentromeric regions can negatively affect
gene structure and, consequently, expression. The absence of genes around
the neocentromerization regions can therefore be a condition favouring, or
at least not opposing, ENCs fixation. Lomiento and co-workers (Lomiento et
al., 2008) found that ENCs fixed in primates were preferentially seeded in
gene-deserts.
Whatever characteristics favour the neocentromere formation, it is
evident that the site of the repositioned neocentromere tends to become
more complex in evolutionary time, acquiring most of the characteristics of
natural centromeres. Meanwhile, the chromosomal domain containing the
inactive ancestral centromere undergoes rapid depletion of specific
centromeric sequences. An example is represented by the human
chromosomal region 2q21 where the endogenous centromere underwent
inactivation following the fusion of the telomeres of two ancestral
chromosomes, raising present time human chromosome 2 (IJdo et al., 1991).
In this chromosome, the ancestral centromere lost almost totally alphoid
DNA sequences (Montefalcone et al., 1999; Ventura et al., 2003).
An excellent model for the study of the dynamics and mechanisms
underlying the evolution of the centromeric region is represented by the
species belonging to the genus Equus. As will be detailed later on in this
introduction, the presence of different steps of centromere maturation in
equid species allowed to propose a model to explain the birth, evolution and
complete maturation of mammalian centromeres (Piras et al., 2010;
Nergadze et al., 2018).
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1.4 CENTROMERIC AND PERICENTROMERIC EPIGENETIC
ENVIRONMENT
The differences observed among the centromeric sequences in
eukaryotes together with the existence of neocentromeres and pseudodicentric chromosomes (see paragraph 1.1) demonstrate the lack of a
universal sequence motif underlying centromere function, the latter being
determined by epigenetic mechanisms. As mentioned above, the main
epigenetic mark of the eukaryotic centromere function is the protein CENPA, a centromere-specific variant of histone H3 (McKinley and Cheeseman,
2016). CENP-A is required for kinetochore assembly and its deletion is
associated with mis-localization of most kinetochore proteins. Furthermore,
a CENP-A over-expression leads to the formation of the kinetochore in
ectopic sites due to its recruitment in normally non-centromeric regions
(Allshire and Karpen, 2008). However, single CENP-A nucleosomes can be
found at non-centromeric sites throughout the chromosomes in human cells
indicating that the presence of CENP‑A alone is not sufficient for centromere
activity (Bodor et al., 2014). Indeed, centromere identity is determined also
by the chromatin landscape characterising the centromere core and the
surrounding regions (Blower et al., 2002; Peters et al., 2003; Sullivan and
Karpen, 2004; Bergmann et al., 2011).
In general, different chromatin domains are characterized by the
presence of different epigenetic markers which modify the flexible Nterminal tails of the four core histones (H2A, H2B, H3 and H4). These posttranslational
modifications
include
acetylation,
methylation,
phosphorylation and ubiquitination (Jenuwein and Allis, 2001; Fischle et al.,
2003). Histone modifications are indicators of transcriptionally active or
repressed chromatin. The ‘histone code’ hypothesis suggests that
combinations of specific histone modifications create a complex, functional
hierarchy for chromatin regulation (Jenuwein and Allis, 2001).
The centromere core and the pericentromeric regions are
distinguished by distinct chromatin signatures that are crucial for their function. A critical balance between repressive and activating post-translational
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histone modifications give rise to the so called “centrochromatin” (Blower
et al., 2002; Peters et al., 2003; Sullivan et al., 2004; Bergmann et al., 2011).
Moreover, the presence at the centromere core and at the
pericentromere of histone modifications typical of transcriptionally
permissive chromatin suggests that transcription of these domains may play
a role in centromere propagation and function (Folco et al., 2008; Choi et al.,
2011; Chan and Wong, 2012; Rosic et al., 2014; Quenet and Dalal, 2014).

1.4.1 CENTROMERIC PROTEINS
Centromeric proteins were firstly isolated in early ‘80s from the
serum of patients affected by the CREST syndrome (Calcinosis, Raynaud’s
phenomenon, Esophageal dysmotility, Sclerodactily, Telangiectasia) (Moroi
et al., 1980; Earnshaw and Rothfield, 1985). These patients produce anti
centromere antibodies that were used to isolate the centromere proteins
CENP-A, CENP-B and CENP-C.
Centromeric proteins form a complex structure, called kinetochore,
which appears as a trilaminar disc characterized by an electron dense layer
in the middle of two compact layers (Jokelainen, 1967; Comings and Okada,
1971; McEwen et al., 2007).
The inner kinetochore layer is assembled on the centromeric
chromatin formed by nucleosomes containing CENP-A interspersed with
nucleosomes containing the classical histone H3. It consists of 16 proteins
complex, called CCAN (Constitutive Centromere-Associated Network)
(Cheeseman and Desai, 2008; Hori et al., 2008a; Hori et al., 2008b) (Fig.8 blue coloured box). This protein network is divided in five functional
domains: CENP-C, the CENP-L-N complex (Carroll et al., 2010; Hinshaw and
Harrison, 2013), the CENP-O-P-Q-U-R complex (Hori et al., 2008b; Hornung
et al., 2014), the CENP-H-I-K complex (Cheeseman and Desai, 2008; McKinley
et al., 2015) and the CENP-T-W-S-X complex (Nishino et al., 2012). Depletion
of components within the CENP-H-I-K-M complex causes cell-cycle arrest,
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kinetochore-assembly defects and severe chromosome mis-segregation
(Fukagawa et al., 2001; Nishihashi et al., 2002; Goshima et al., 2003; Foltz et
al., 2006; Izuta et al., 2006; Okada et al., 2006). The CENP-O-P-Q-U-R domain
(also known as CENP-50/PBIP) (Foltz et al., 2006; Izuta et al., 2006; Okada et
al., 2006) is non-essential for viability, but is required to ensure recovery
after spindle damage (Minoshima et al., 2005; Okada et al., 2006). The CCAN
complex localizes at the centromere during the entire cell cycle, mediating
the link between kinetochore and centrochromatin and making up the
platform on which the outer layer of the kinetochore is assembled (Nagpal
et al., 2015).
The outer layer of the kinetochore is formed by the KMN complex
(KNL1–MIS12–NDC80) (Fig. 7 – magenta coloured box) which is the
microtubule binding-site (Screpanti et al., 2011; Malvezzi et al., 2013). A
number of fibrillar projections depart from the outer plate forming the socalled fibrous corona (Yen et al., 1991; Cooke et al., 1993). The latter is
constituted by kinesins, the molecular motors of the microtubules (CENP-E
/ Cenp-meta and Kif18A / Klp67A), dyneins and the associated proteins LIS1
and the ROD–ZW10–Zwilch (RZZ complex). The cooperation among all these
components drives chromosome alignment and segregation (Yen et al.,
1991; Cooke et al., 1997; Yao et al., 1997; Gandhi et al., 2004; McEwen et
al., 2007; Stumpff et al., 2008; Barisic and Geley, 2011).
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Figure 8 – Schematic model of trilaminar structure of the kinetochore. The area
between the sister-chromatids is the inner centromere zone (green), which
contains the chromosome passenger protein complex (CPC) formed by borealin,
survivin, INCENP, Aurora B, condensin, and CENP-B. The inner kinetochore (blue)
consists of five groups of CENPs known as CCAN (CENP-C, CENPT/W/S/X, CENPN/L/M, CENP-H/I/K, and CENP-O/P/Q/R/U), which assemble directly on
centromeric chromatin where CENP-A nucleosomes are deposited (light green).
The outer kinetochore (magenta) lies on the inner kinetochore and has three
representatives: KNL1, the Mis12 complex (Mis12, Dsn1, Nsl1, and Nnf1) and the
Ndc80 complex (Ndc80, Nuf2, Spc24, and Spc25) (Perpelescu and Fukagawa, 2011).

CENP-A, the centromeric histone H3 variant, is the main actor in the
formation of a functional kinetochore, as its presence is essential for
kinetochore recruitment. CENP-A (Fig. 9) contains a histone fold domain
which shares 62% homology with human histone H3 and an amino-terminal
tail that differs more significantly from histone H3 and among CENP-A
proteins from different species (Goutte-Gattat et al., 2013). Within the
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histone fold domain, the first loop (L1) and the second alpha-helix (α2) form
the CENP-A Targeting Domain (CATD), which is sufficient for centromere
localization and confers a unique rigidity to the CENP-A nucleosome that is
its defining characteristic (Black et al., 2004; Black et al., 2007b). When in
cells knocked down for CENP-A, the histone fold domain of histone H3 is
substituted with the CATD domain, it gains the ability to be recruited at the
centromere and to ensure cell viability (Black et al., 2007a; Black et al.,
2007b).

Figure 9 – Model of human CENP-A primary and secondary structure,
showing conservation with respect to histone H3. Each segment corresponds to a
single amino acid and is coloured according to its conservation with respect to
human H3.1. Barrels represent α-helices, and rods represent loops. Within the
histone-fold domain, the helices are designated α1 to α3 and the loops are
designated L1 and L2. L1 and α2 comprise the CENP-A-targeting domain, which is
sufficient to target CENP-A to centromeres (McKinley and Cheeseman, 2016).

CENP-A binds CENP-N and CENP-C through the CATD domain. CENPC presents six sites of interaction with CENP-A carboxyterminal tail with
other histones within the CENPA nucleosome and with the CENPA CATD
(Carroll et al., 2010; Guse et al., 2011; Kato et al., 2013; Logsdon et al., 2015;
Westhorpe et al., 2015).
The interaction between CENP-C and CENP-A is essential for CENP-A
deposition process. Indeed, the correct deposition of CENP-A, which, unlike
other histones, occurs in the G1 phase, is ensured by the interaction of
CENP-C with the protein M18BP1 which is a subunit of the MIS18 complex.
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This complex localizes at the centromeres transiently during a short
period of the cell cycle from telophase and persisting through early G1 phase
(Maddox et al., 2007) and allows the recruitment of a protein called
"HJURP", also involved in the CENP-A loading (Barnhart et al., 2011). The
interaction between the complex MIS18/HJURP with CENP-C allows CENP-A
targeting at pre-existing CENP-A containing nucleosomes (McKinley and
Cheeseman, 2016).
While the correct CENP-A loading is essential for a proper
kinetochore assembly, a correct kinetochore attachment to the mitotic
spindle is essential in order to avoid chromosomal segregation errors.
Therefore, defective attachments of kinetochores to the mitotic spindle
must be monitored. This monitoring activity is performed by a protein
complex, called Chromosomal Passenger Complex (CPC), which is formed by
the enzymatic component Aurora B and the three regulatory and targeting
components INCENP, Survivin and Borealin (Ruchaud et al., 2007). This
complex has a characteristic behaviour in mitosis: from prophase, up to
metaphase is located on the kinetochore, from anaphase onwards it is
redistributed on the spindle microtubules and cell cortex (Carmena et al.,
2012). These dynamic changes in CPC localisation throughout mitosis ensure
the effective and spatially restricted phosphorylation of substrates involved
in chromosome condensation, correction of erroneous kinetochoremicrotubule attachments, activation of the spindle assembly checkpoint
(SAC), and cytokinesis (Sandall et al., 2006; Ruchaud et al., 2007; Carmena
et al., 2012).
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1.4.2 HISTONE MODIFICATIONS AT THE CENTROMERE
As already mentioned in the introduction of this chapter, centromere
function is strictly dependent on the chromatin environment in which the
functional centromere core is embedded (Blower et al., 2002; Peters et al.,
2003; Sullivan and Karpen, 2004; Bergmann et al., 2011).
The organization of centromere chromatin is peculiar due to the
presence of both euchromatic and heterochromatic marks whose relative
amount is critical for the creation of the permissive conditions needed for
CENP-A loading and for the maintenance of centromere identity (Bergmann
et al., 2012b; Quenet and Dalal, 2014). Early studies associated centromeres
to heterochromatin (Flemming, 1882; Vig, 1982), moreover, the
heterochromatic state of pericentromeric chromatin is demonstrated by the
presence of high levels of di- and tri-methylation of histone H3 at lysine 9
(H3K9me2, H3K9me3) (Peters et al., 2003; Rice et al., 2003; Alonso et al.,
2010; Shang et al., 2013), although, non-repetitive centromeres and
neocentromeres frequently lack surrounding heterochromatin (Peters et al.,
2003; Rice et al., 2003).
In particular, H3K9me3 is a typical marker of constitutive
heterochromatin. In D. melanogaster and in humans, this histone
modification is concentrated in the pericentromeric region and does not
overlap the centromere core (Sullivan and Karpen, 2004). Also, in S. pombe
the central centromere core is flanked on both sides by heterochromatin
marked by H3K9me3 (Partridge et al., 2000).
H3K9me2 is a marker of facultative heterochromatin and, as
HeK9me3, is present in the pericentromeric regions. Immuno-fluorescence
analysis of chromatin fibres showed that this post-translational histone
modification can overlap the borders of the CENP-A containing domain, but
never spreads over them (Sullivan and Karpen, 2004). Conversely, chromatin
immunoprecipitation analyses indicated that, in rice, this histone
modification is present also within the functional centromere core (Nagaki
et al., 2004a).
Several roles have been attributed to the heterochromatin flanking
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the centromere core. It may be required to organize the higher order
structure of centromeric chromatin. In this regard, a model has been
proposed by Blower and co-workers (Blower et al., 2002). This model
predicts that pericentromeric heterochromatin may interact with the
interspersed H3 domains to produce or maintain a cylinder structure, in
which CENP-A containing nucleosome are pushed toward the external face
of the cylinder, thus facilitating interactions with the kinetochore;
meanwhile H3 nucleosomes are sequestered in the region between the

paired sister kinetochores (Fig. 10) (Blower et al., 2002).
Figure 10 – 3D Organization Model of centromere chromatin of Drosophila and
Humans metaphases chromosomes. Blocks of CENP-A and H3 nucleosomes are
arranged so that CENP-A nucleosomes are pushed towards the outer face of the
metaphase chromosome while H3 nucleosomes are sequestered in the region
between the paired sister kinetochores (Blower et al., 2002).

Heterochromatin at the centromere may also be necessary to adopt
a conformation that maintains cohesion between sister chromatids (Bernard
et al., 2001; Nonaka et al., 2002). Furthermore, it may define the borders of
the centromeric functional domain and prevent CENP-A chromatin
spreading in adjacent regions (Maggert and Karpen, 2000; Maggert and
Karpen 2001).
Though heterochromatin is present at the constitutive centromeres,
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most satellite-free neocentromeres are not associated with it (Shang et al.,
2013; Alonso et al., 2010). Human neocentromeres (Alonso et al., 2010),
neocentromeres induced in DT40 chicken cells (Shang et al., 2013) and in C.
elegans are assembled in the absence of heterochromatin (Yuen et al.,
2011; Padeken and Heun, 2013). However, 3D analysis performed by
Nishimura and co-workers (Nishimura et al., 2019) in DT40 chicken cells,
demonstrated that, in interphase nuclei, heterochromatin free
neocentromeres interact with far heterochromatic regions by means of
large loops. These observations suggest that also centromeres not showing
the typical heterochromatic histone modifications, however, need to
interact with a heterochromatic environment.
While histone modification typical of constitutive and facultative
heterochromatin generally characterize pericentromeric regions, the
centromere functional core is characterized by the presence of posttranslational histone modifications such as H3K4me2 (histone 3 lysine 4 dimethylation) and H3K36me2 (histone 3 lysine 36 di-methylation) that
correlate with transcriptionally competent chromatin (Sullivan and Karpen,
2004; Bergmann et al., 2011). Using Human Artificial Chromosomes (HACs)
it was demonstrated that centromere core recruits RNA polymerase II
(Bergmann et al., 2012b; Chan and Wong, 2012) and produces transcripts
(Saffery et al., 2003; Yan et al., 2005; Wong et al., 2007). The knock down of
the transcriptionally competent pattern or the inhibition of transcription is
detrimental for centromere function. Indeed, experiments performed on
human cells containing a HAC showed that H3K4me2 depletion affects the
levels of centromeric transcripts and centromere-associated RNAP II; the
decrease in centromeric transcription causes a progressive loss of CENP-A
(Molina et al., 2016).
A further histone modification localizing at the centromere core is
the mono-methylation of lysine 20 of histone H4 (H4K20me1) which is
present in CENP-A containing nucleosomes. This histone modification was
specifically detected at both repetitive DNA containing and repetitive DNA
free centromeres in chicken DT40 cells, where it is needed for kinetochore
assembly (Hori et al., 2014). Cell cycle analysis demonstrated that this
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modification does not occur before CENP-A recruitment at the centromeres
indicating that H4K20me1 may be involved in the “maturation” of CENP-A
nucleosome (Hori et al., 2014). H4K20me1 modification must occur during
G1 only after CENP-A deposition, this would allow Constitutive-CentromereAssociated-Network (CCAN) proteins to recognize H4K20me1 in
centrochromatin and thereby kinetochore assembly. The observation that,
in chicken, ectopic low levels of CENP-A located at non-centromeric loci are
not able per se to form a new centromere (Shang et al., 2013), can be due to
their lack of the H4K20me1 modification (Hori et al., 2014). Importantly, this
modification is frequently associated with transcription, which has been
shown to be important for kinetochore maintenance and assembly (Nakano
et al., 2008; Bergmann et al., 2011; Bergmann et al., 2012). Thus, H4K20me1
might be linked to the regulation of centromeric transcription. Alternatively,
or in addition, it may have a role in establishing the structure of centromeric
chromatin, thereby facilitating kinetochore assembly, for example, by
providing a preferred binding site for factors that may promote the CENP-TW-S-X complex association with chromatin (Nishino et al., 2012).
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1.4.3 DNA METHYLATION AT THE CENTROMERE
DNA methylation, that is the addition of methyl groups to the DNA
molecule, contributes, together with post-translational histone
modifications to define the epigenetic environment needed for centromere
function (Lehnertz et al., 2003; Saksouk et al., 2015; Wong et al., 2006). Fivemethylcytosine, in particular, is widespread throughout the mammalian
genome and found on up to 80% of CpG dinucleotides (Vinson and
Chatterjee, 2012).
DNA methylation generally acts as transcription repressor (Hsieh,
1997; Lorincz et al., 2004), the best described example being the hypermethylation of DNA in the X chromosome of mammalian female somatic
cells (Kaslow and Migeon, 1987). The regulatory function of DNA
methylation has also been studied in depth at imprinting control regions (Li
et al., 1993) and, more recently, at pericentromeric regions (Saksouk et al.,
2015).
Though the presence of repetitive DNA at the centromere hampers
detailed molecular analysis, studies performed in patients affected by the
ICF (Immunodeficiency, Centromeric region instability, Facial anomalies)
syndrome offered the first insights in the role of DNA methylation in
centromere stability (Xu et al., 1999). ICF Patients show loss of function of
DNMT3b [DNA (cytosine-5-)-methyltransferase]. This condition leads to a
substantial decrease in DNA methylation at both centromeric (Miniou et al.,
1997) and pericentromeric DNA sequences (Hansen et al., 1999) which is
associated with the presence of large regions of decondensed
pericentromeric heterochromatin. DNA methylation has been
demonstrated to be associated with the H3K9me3 histone modification,
which is marker of constitutive heterochromatin (see paragraph above).
H3K9me3 was originally shown to be a prerequisite for DNA methylation in
Neurospora crassa (Tamaru and Selker, 2001) and in plants (Jackson et al.,
2002). H3K9me3 and DNA methylation systems also interact at mammalian
pericentromeric heterochromatin. Suv39h methyl-transferase knockout
mouse cells reveal an altered DNA methylation profile, specifically at
45

1. Review of the literature

pericentromeric satellite DNA repeated sequences (Lehnertz et al., 2003).
Biochemical analyses demonstrated that the Methyl-CpG-Binding
Domain protein 1 (Mdb1) interacts with the Suv39h1/2 histone
methyltransferases, which modifies histone H3 at lysine 9 (Lunyak et al.,
2002; Fuks et al., 2003). As detailed above, the methylated form of histone
H3 is generally associated with transcriptional repression. Accordingly, the
Mdb1 and H3K9me are concentrated at pericentromeric regions (Fuks et al.,
2003). The recognition of methylated sequences at the centromere
mediated by Mdb1 drives H3K9me to those regions. The interaction
between Mbd1 and H3K9 methyltransferase may play an essential role in
the correct maintenance of H3K9 methylation in heterochromatin during
DNA replication (Zhang and Reinberg, 2001; Lehnertz et al., 2003; Sarraf and
Stancheva, 2004).
DNA hypo-methylation in heterochromatic regions has been
reported in several cancers: breast, ovary and liver (Bernardino et al., 1997;
Narayan et al., 1998; Qu et al., 1999; Saito et al., 2001). It has been suggested
that DNA hypo-methylation can be associated to genomic and chromosomal
instability (Almeida et al., 1993; Lengauer et al., 1997; Chen et al., 1998).
Analysis of the DNA methylation state at satellite DNA free
neocentromeres, demonstrated that, within the neocentromeric chromatin,
there are specific sites of active transcription and the centromere chromatin
boundaries are defined by DNA hypo-methylation. These results suggest also
that transcription of centromere DNA may occur through the selective hypomethylation of pockets of sequences without compromising the overall
silent chromatin state and function of the centromere (Wong et al., 2006).
Further studies have been conducted in maize, using the
supernumerary B chromosome as a model (Koo et al., 2011). The functional
centromere of this chromosome spans ∼700 kb and contains five distinct
arrays of the ZmB repeat; each of these arrays is flanked by the CentC
satellite intermingled with the CRM retrotransposon (Jin et al., 2005; Lamb
et al., 2005). Despite the presence of repetitive DNA sequences, it was
demonstrated that the centromere of the supernumerary B chromosome,
shows a peculiar state of DNA methylation, where the ZmB repeats arrays
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are hyper-methylated and their flanking repeats (CentC-CRM) are hypomethylated (Koo et al., 2011). However, inactivation of the B centromere
resulted in a drastic increase of DNA methylation of its underlying
sequences. Probably, the loss of CENP-A may lead the underlying CentC-CRM
sequences to be “exposed” to DNA methyltransferases thus being heavily
methylated (Koo et al, 2011).

1.4.4 CENTROMERE TRANSCRIPTION
Historically, centromeres were considered simply heterochromatin-rich and
thus transcriptionally silent. The discovery of post-translational histone
modifications associated with transcriptionally active chromatin such as
mono-methylation of lysine 4 and di- and tri-methylation of lysine 36 of
histone H3 (H3K4me1, H3K4me2, H3K36me2, and H3K36me3 (Sullivan and
Karpen, 2004; Gopalakrishnan et al., 2009; Bergmann et al., 2011; Bergmann
et al., 2012b) changed the way of looking at the centromere.
Interestingly, transcripts, ranging in sizes from 35 to 5,000 bp and
deriving both from the pericentromeric region and from the centromere
core, have been identified in a number of organisms including rice, maize,
beetle, tammar wallaby, mouse, and man (Denegri et al., 2002; Hall et al.,
2003; Ugarkovic, 2005; Carone et al., 2009; Eymery et al., 2009; Brown et al.,
2012; Gent and Dawe, 2012; Koo et al., 2016; Rosic and Erhardt, 2016).
In the model organism S. pombe, long non-coding RNAs (lncRNAs),
transcribed from pericentromeric repetitive sequences, are processed into
siRNAs which recruit factors involved in heterochromatin assembly and
maintenance (Volpe et al., 2002; Motamedi et al., 2004; Verdel et al., 2004).
Indeed, the impairment of the RNA interference (RNAi) pathway in this
organism resulted in severe chromosome segregation defects (Hall et al.
2003). Later, chromatin immunoprecipitation was used by Choi and coworkers (Choi et al., 2011) to demonstrate that RNA polymerase II is present
at S. pombe centromeres.
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The
involvement
or
pericentromeric
transcription
in
heterochromatin assembly was also demonstrated in other organisms.
Pathways resembling RNA interference were found in rice, Arabidopsis,
Drosophila and mouse (Lippman and Martienssen, 2004; Neumann et al.,
2007; Hsieh et al., 2011).
In man, the first evidence of pericentromeric heterochromatin
transcription came from a work by Denegri and co-workers (Denegri et al.,
2002) in which the authors demonstrated that in interphase nuclei of heatshocked HeLa cells, the pericentromeric heterochromatin of chromosomes
9, 12 and 15 colocalizes with Stress-induced Nuclear Bodies (SNBs) which are
known to be sites of transcripts accumulation. More recently, a growing
number of studies demonstrated the presence of transcripts deriving from
the centromere core, indicating that these transcripts play a role in
centromere/kinetochore assembly and maintenance (Wong et al., 2007; Li
et al., 2008; Chueh et al., 2009; Ferri et al., 2009; Gent and Dawe 2012;
Quénet and Dalal, 2014).
Centromere transcripts were found in a number of evolutionarily
distant species such as man (Wong et al., 2007; Chueh et al., 2009),
Plasmodium falciparum (Li et al., 2008), mouse (Ferri et al., 2009) and
tammar wallaby (Carone et al., 2009), suggesting that non coding RNA is an
ancient component of centrochromatin.
It was demonstrated that centromere transcripts or small CEN RNA
(CENtromeric RNA) derivatives form ribonucleoprotein complexes with
several proteins which localize constitutively or transiently at the
centromere, such as CENP-A, HJURP (CENP-A chaperone), CENP-C and CPC
(Chromosomal Passenger Complex). The interaction between CENP-A and
CEN RNAs was first observed at a human neocentromere (Chueh et al.,
2009). LINE-1 elements within the CENP-A-binding region of a
neocentromere on 10q25 were transcribed in non-coding RNAs that were
integrated within the CENP-A chromatin. Later, Quénet and Dalal (Quénet
and Dalal, 2014) demonstrated that both CENP-A and HJURP interact with
CEN RNAs and that this association is important for CENP-A loading at
centromere. In the same study, it was shown that the inhibition of Pol II
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during early G1 halved CENP-A amount at the centromere and nearly zeroed
HJURP although the total cellular levels of CENP-A and HJURP were
unaffected (Quenet and Dalal, 2014). Moreover, in Hela cells, centromeric
α-satellite RNAs are present in the nucleoli and, at mitosis, are associated to
the foundational kinetochore protein CENP-C and to INCENP, a component
of the chromosomal passenger complex (CPC). Indeed, the treatment with
single-stranded RNA-specific RNases results in a significant delocalization of
CENP-C and in the complete delocalization of INCENP and survivin, indicating
that that the assembly of INCENP and Survivin and of a mitotic pool of CENPC at the metaphase centromere is dependent on the presence of singlestranded RNA (Wong et al., 2007).
The binding of CENP-A and CENP-C to CEN DNA and alpha-satellite
RNA promotes kinetochore assembly, including the recruitment of the CPC
(INCENP, Survivin, Borealin, and Aurora B), which regulates chromosomespindle attachment and activates the Spindle Assembly Check-point (SAC),
thus preventing chromosome misalignment (Hindriksen et al., 2017). Coimmmuno-precipitation experiments demonstrated the direct interaction of
Aurora B with CEN RNA (Ferri et al., 2009; Ideue et al., 2014). The RNAdependent inner kinetochore localization of CPC is mediated by at least two
RNA-binding domains: one that is present in Aurora B and one in Survivin or
Borealin (Blower, 2016). Moreover, it was observed that the knockdown of
α-satellite RNA in HeLa cells (Ideue et al., 2014) or inhibition of transcription
with triptolide in Xenopus egg extracts (Blower, 2016) reduced the
centromeric localization of Aurora-B and caused improper spindle
attachment and chromosome unalignment.
It is well known that in eukaryotes during cell division DNA
transcription stops almost completely (Liang et al., 2015). On the contrary,
centromeres remain transcriptionally active and elongating RNA Polymerase
II (Pol II) can be found at the centromere up to metaphase (Chan et al.,
2012).
Overall, the literature data reported in this paragraph, lead to
conclude that a transcriptionally permissive environment characterizes
centromeres in eukaryotes and a fine regulation of centromeric
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transcription is crucial for the centromere function. Indeed, on one hand the
depletion of active chromatin markers (H3K4me2) at the centromere inhibits
RNA Pol II transcription causing the loss of CENP-A loading due to the failure
in HJURP recruitment (Bergmann et al., 2011). On the other hand, a
completely open chromatin configuration, permissive for high level
transcription is incompatible with centromere function as well (Nakano et
al., 2008).

1.5 THE GENUS EQUUS
Perissodactyla (from ancient greek, perissós means odd and dáktylos
means finger), is an order of eutherian mammals characterized by limbs with
odd fingers. This order is currently made up of two sub-orders:
Ceratomorpha and Hippomorpha; to the Ceratomorpha belong two families:
Tapiridae, which currently includes four species, and Rhinocerotidae, which
currently includes five species. The Equidae family belongs to the
Hippomorpha and is represented by a single extant genus , the genus Equus,
which in turn includes: two horse species (domestic horse, Equus caballus
and Preswalsky horse, Equus Przewalski), five donkey species (onager,
Equus hemionusonager, African wild ass, Equus africanus, Asian wild ass,
Equus hemionus, domestic ass, Equus asinus, and Tibetan emion, Equus
kiang) and four zebra species (Grevy zebra, Equus grevyi, zebra of the plains,
Equus quagga, mountain zebra, Equus zebra hartmannae, and Burchelli
zebra, Equus burchelli) (Trifonov et al., 2008).
Paleontological and molecular studies indicate that the divergence of
Perissodactyla occurred in Laurasia about 56 million years ago (Murphy et
al., 2007). The first radiation events within the Tapiridae and Rhinocerotidae
families dated about 20-30 million years ago, while the radiation within
Equidae dates back to about 3 million years ago. In particular, the divergence
of the horse from the ancestor goes back approximately to 2.4 million years
ago, while the zebra and donkey speciation took place about 0.9 million
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years ago (Oakenfull and Clegg, 1998).
Despite the recent divergence, the morphological similarity and the
possibility of crossing between different species, Equidae have very different
karyotypes in terms of chromosome number and structure, chromosome
number ranging from 32 in E. zebra to 66 in E. przewalskii (Trifonov et al.,
2008; Jonsson et al., 2014). Studies based on comparative mapping,
comparative chromosome painting and genome sequencing allowed the
reconstruction of the Perissodactyla ancestral karyotype (PAK), that
comprised 74-78 chromosomes, mostly acrocentric (Trifonov et al., 2008;
Trifonov et al., 2012). The uncertainly in the chromosome number can be
explained by the ancestral polymorphic state of some Perissodactyla
chromosomes and/or by fusion and fission events (Trifonov et al., 2008).
Due to its domestication and its social importance, the domestic
horse, is the most studied species among Perissodactyla. The horse genome
was entirely sequenced and assembled in 2009 (Wade et al., 2009). Thanks
to the technique of "chromosome painting", it was possible to reconstruct
the hypothetical Equid ancestral karyotype which is composed of 70-76
chromosomes and differs from the Perissodactyla ancestral karyotype (PAK)
only for two fusions (PAK4/8 and PAK9/36).
In turn, the domestic horse karyotype (2n = 64) differs from the equid
ancestral karyotype for two centric fissions (PAK1 and PAK18) and five
centric fusions (PAK21/1, 18/1, 32/15, 31/17, 18/22 resulting in ECA2, 3, 6,
8, 10, respectively); the karyotype of Przewalski horse acquired an additional
fission (PAK 3). A non-Robertsonian fusion (PAK2/34 = ECA4p/31) and a
centric fission (PAK3 = ECA5p/q) are common for non-caballine equids
(zebras and asses) (Trifonov et al., 2012).
In light of these data and comparing the frequency of
rearrangements for each phylogenetic branch of the Perissodactyla tree (Fig.
11), it can be deduced that, in the Equid karyotype, an extremely high
number of rearrangements occurred in a very short space of time, the rate
of rearrangements per million years ranging from 2.92 to 22.2 (Lindsay et al.,
1980; Trifonov et al., 2008), that is to say about 80-fold that of ancient
ceratomorphs, making equid genome evolution one of the most rapid in
non-rodent mammals.
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Figure 11 – Rates of karyotype evolution in perissodactyla (A) and in equids (B).
Numbers in squares indicate diploid chromosome numbers. Numbers above the
branches indicate the average rearrangements rate (rearrangement per million
years) (Trifonov et al., 2008).
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1.5.1 THE CENTROMERES IN THE GENUS EQUUS
The species of the genus Equus represent an ideal model for the
study of centromere organization and behaviour. Indeed, the evolution of
the karyotypes of these species has been characterised by a surprisingly high
number of centromere repositioning events that lead to the formation of a
number of “immature” evolutionarily new centromeres which are void of
the canonical satellite DNA sequences. In particular, in the horse 1
chromosome out of 32 is satellite-free, 16 out of 31 in the donkey, 11 out of
22 in the Burchell's zebra , 9 out of 23 in the Grevy's zebra, 10 out of 28 in
the Hartmann’s zebra and 14 out of 25 in the African donkey (Carbone et al.,
2006; Wade et al., 2009; Piras et al., 2010; Raimondi et al., 2011; Geigl et al.,
2016; Nergadze et al., 2018). The centromere of horse chromosome 11
(ECA11), was the first discovered natural satellite-free mammalian
centromere and was completely sequenced in 2009 (Wade et al., 2009). It
was hypothesized that this centromere has not acquired yet the classical
satellite DNA sequences, and for this reason, it can be considered
evolutionarily “immature” (Piras et al., 2010). The analysis of the
chromosomal distribution of the two major horse satellite DNA families
(37cen and 2PI) in four equid species, E. caballus (ECA), E. asinus (EAS), E.
grevyi (EGR) and E. burchelli (EBU) (Piras et al., 2010) showed that some
chromosomes lack these sequences at the centromere, but they are present
in terminal position (Fig. 7), where they could represent the relics of the
ancestral centromere. Notably, in the horse only one chromosome is
satellite-free DNA, while in the donkey and in the zebras several
chromosomes lack satellite DNA at the cytogenetic resolution level. The
absence of satellite DNA FISH signals from some centromeres raised the
question about the presence of undiscovered repetitive DNA families at such
centromeres. To address this question, FISH analyses on metaphases
chromosomes from these four equid species were performed using their
total genomic DNA as probe. The results showed a few additional FISH
signals in non-centromeric regions (Fig. 12). Thus, strongly suggesting that a
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number of centromeres of the domestic donkey, Grevy's zebra and
Burchelli's zebra are void of satellite DNA (Piras et al., 2010; Nergadze et al.,
2014)

Figure 12 – Schematic representation of the distribution of satellite DNA on
metaphase chromosomes from Equus caballus (A), Equus asinus (B), Equus grevyi
(C) and Equus burchelli (D) (adapted from Piras et al., 2010).

A novel class of satellite DNA in horses and other equids, named
EC137 (137 bp unit-repeat), was then isolated. FISH experiments on
metaphases chromosomes showed that this class of satellite DNA is more
represented in E. caballus, with respect to other equid species (E. asinus, E.
grevyi and E. burchelli). Moreover, high-resolution FISH experiments on
combed chromatin fibres of the horse highlighted a peculiar organization of
satellite DNA sequences at the centromeric level. Small arrays (2-8 kb) of
highly interspersed 2PI and EC137 sequences are immersed within large
blocks (hundreds pf kb) of the 37cen sequence (Nergadze et al., 2014). This
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organization leaded to the hypothesis that the 37cen satellite DNA sequence
is present at the functional centromere domain, whereas 2PI and EC137 play
an accessory role being presumably involved in the organization of the
pericentromeric chromatin domains (Nergadze et al., 2014). Equid
centromeres offer snapshots of the process of evolutionary maturation of
mammalian centromeres. A model resembling these steps (Fig. 13) was
proposed by Piras and co-workers (Piras et al., 2010). According to this
scheme, and as proposed also by other authors (Montefalcone et al., 1999;
Ventura et al., 2001; Amor and Choo, 2002) the first step would consist in
the sliding of the centromere function to a new position lacking satellite
DNA, while the satellite DNA from the old centromere remains in the
terminal position (Fig. 13-B). A subsequent step would be the loss of satellite
sequences located at the terminal position of the chromosome (Fig. 13-C).
Finally, the new centromere could reach the complete maturation by the
acquisition of satellite DNA (Fig. 13-D). Based on this model, the equid
satellite-free centromeres correspond to steps B and C in Figure 13.
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Figure 13 – Schematic representation of a four-step mechanism for
neocentromere formation during evolution. (A) Acrocentric ancestral
chromosome carrying satellite DNA (yellow) at its terminal centromere (red). (B)
Submetacentric chromosome derived from centromere repositioning; this
chromosome maintained satellite DNA sequences (yellow) at the terminal position,
coinciding with the old centromere site, while the neocentromere (red) is devoid of
repetitive sequences. (C) Submetacentric chromosome derived from (B) in which
the terminal satellite sequences have been lost. (D) Submetacentric chromosome
in its full “maturation” stage carrying satellite DNA (yellow) at the neocentromere
(Piras et al., 2010).

In a recent paper Nergadze and co-workers (Nergadze et al., 2018)
demonstrated that among the 16 donkey satellite-free neocentromeres five
contain amplified DNA sequences. This discovery prompted the authors to
add two alternative routes to the model shown in Fig. 14. The model
presented in Fig. 14 takes into account the hypothesis that sequence
amplification may be an intermediate step towards centromere complete
maturation (routes A, B, E, D or A, B, C, F, D of Fig. 14).
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Figure 14 – Model for the maturation of a centromere during evolution. Several
ways lead to fully mature satellite based repositioned centromere (D), from an
ancestral centromere with satellite repetitions (A) through the intermediates
without satellites (B, C, E, F) (Nergadze et al., 2018).

The presence of satellite-free centromeres in the Equid species
supports the idea that satellite DNA is not essential for centromere function.
However, literature data demonstrated that satellite DNA is transcribed and
that these transcripts are involved in heterochromatin formation and CENPA loading at the centromere (Volpe et al., 2002; Lippman and Martienssen,
2004; Neumann et al., 2007; Bergmann et al., 2011; Hsieh et al., 2011;
Quenet and Dalal, 2014). Therefore, in order to understand if also in the
genus Equus satellite DNA was transcribed, Cerutti and co-workers (Cerutti
et al., 2016) performed RNA-seq experiments in the horse and
demonstrated that the 37cen sequence, one of the two major satellitefamilies in the genus Equus, is transcribed. Interestingly, literature data
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showed that centromeric transcripts may act in trans on all or on a subset of
chromosomes, independently of the primary DNA sequence (Rošić et al.,
2014; Biscotti et al., 2015; Rošić et al., 2016). Therefore, it could be
hypothesized that, also in the horse the 37cen transcripts could act both in
cis and in trans, thus stabilizing the satellite-free centromere of ECA 11.
A further characteristic of Equid centromeres is their extreme
plasticity. ChIP-seq experiments were performed in the horse to
characterize, at the sequence level, the functional core of the satellite-free
centromere of chromosome 11 (Purgato et al., 2015). Surprisingly, in single
individual horses, two CENP-A binding peaks were present on chromosomes
11, each one of about 100kb in length. Single chromosome analysis was
performed by immuno-FISH on DNA fibres thus demonstrating that each
CENP-A binding peak represents a positional allele. In other words, each
homologous chromosome 11 binds CENP-A in a slightly different position
and this phenomenon generates functional allelism. The analysis of this
allelism in 5 independent individual horses showed that the centromeric
CENP-A domain on horse chromosome 11 can slide within a region of about
500 kb (Purgato et al., 2015). The possible configurations of the centromere
of horse chromosome 11 are called "epialleles" or alleles that do not differ
in sequence, but in the position of the epigenetic "CENP-A" marker and
therefore, in the position of the centromeric function. For this reason, this
condition is called “functional polymorphism”.
Functional allelism at satellite-free centromeres was recently
demonstrated also in the donkey (Nergadze et al., 2018). Moreover, the
analysis of the transmission of CENPA binding domains in horse/donkey
hybrids showed that positional movement can occur in one generation and
it is on the order of 50 - 80 kb (Nergadze et al., 2018). These observations
strongly support the hypothesis that the centromeric functional domain can
be flexible, though limited by some sort of boundaries, such as specific
patterns of chromatin marks (Sullivan and Karpen 2004; Martins et al.,
2016).
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2. AIMS OF THE WORK
The present research was carried out in the laboratory of Molecular
Cytogenetics of the Department of Biology and Biotechnology of the
University of Pavia, leaded by Professor Elena Raimondi and is the result of
a collaboration with the laboratory of Molecular Biology of the same
Department, leaded by Professor Elena Giulotto. My Ph.D. research project
was aimed at studying centromere biology using the species belonging to
the genus Equus as a biological model. These species radiated quite recently
from the common ancestor, nevertheless, their karyotypes are very
divergent due to the occurrence of a surprisingly high number of centromere
repositioning events.
My research project was divided in two parts with two different, but
complementary, aims:
1) Understanding the role played by satellite DNA in guaranteeing
chromosome segregation fidelity
Though the presence of satellite-DNA is a common feature of most
eukaryotic centromeres, the existence of completely satellite-free natural
centromeres opens the question of the functional role played by satellite
DNA at the centromere. Due to their karyotype peculiarities, equid species
offer the unique opportunity to directly compare the mitotic behaviour of
chromosomes with satellite-free centromeres with that of chromosomes
with satellite-based centromeres.
I set up chromosome two independent segregation assays
(interphase aneuploidy analysis and micronucleus assay), coupled with FISH
with chromosome specific DNA probes to compare the mitotic stability of a
horse chromosome with a satellite-free centromere with respect to that of
a chromosome with a satellite-based centromere. Moreover, to investigate
the response of the two types of centromere to mitotic stress, I performed
the same assays under normal conditions and after exposure to the spindle
inhibitor nocodazole.
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2) Dissecting the equid centromere function from an epigenetic
point of view
The main epigenetic factor defining centromere function is the CENPA protein, a centromere specific histone H3 variant (Blower et al., 2002).
However, additional molecular features contribute to defining centromere
activity (Jenuwein et al., 2001; Fischle et al., 2003), including the
composition of pericentromeric chromatin and post-translational
modifications of CENP-A itself (Hori et al., 2014; Bergmann et al., 2011, 2012;
Nakano et al., 2008). Indeed, a centromere specific ratio between typical
euchromatic and typical heterochromatic histone modifications is crucial for
centromere identity.
In order to study the epigenetic environment of equid centromeres,
I performed double immuno-fluorescence experiments with antibodies
directed against the CENP-A marker and antibodies directed against
different histone post-translational modifications (H3K4me2, H3K9me2,
H3K9me3, H3K27me2, H4K20me1). The experiments were set up on horse
and donkey metaphase chromosomes and chromatin fibres.
In addition, to directly compare the epigenetic state of satellite-free
and satellite-based centromeres, immuno-FISH experiments on metaphase
chromosomes and chromatin fibres were performed. Four chromosome
specific DNA probes were used to identify the satellite–free centromeres of
horse chromosome 11 and of donkey chromosome 7 and the satellite-based
centromeres of horse chromosome 13 and of donkey chromosome 3.
Finally, three colour immuno-FISH on metaphase chromosomes and
chromatin fibres using a probe specific for the centromeric functional horse
satellite DNA family 37cen with anti CENP-A and anti H3K9me3 antibodies
allowed me to analyse the organization of constitutive heterochromatin at
horse satellite-based centromeres.
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3. MATERIALS AND METHODS
3.1 CELL LINES
Primary fibroblast cell line from the horse (HSF-D) and the domestic
donkey (EASn) previously isolated and established in the laboratory of
Molecular and Cellular Biology (Prof. Elena Giulotto), were used. Fibroblasts
were cultured in Dulbecco’s modified Eagle’s medium (Euroclone),
supplemented with 20 % foetal bovine serum (Euroclone), 2 mM glutamine,
2 % non-essential amino acids and 1 % penicillin/streptomycin. Cells were
maintained at 37°C in a humidified atmosphere of 5% CO2.

3.2 METAPHASE SPREAD PREPARATION
Mitotically active cells were collected flushing the medium on the cell
monolayer and then were centrifuged at 1200 rpm (Z380 centrifuge,
Hermle) for 10 minutes. The pellet was resuspended in 75 mM KCl hypotonic
solution then incubated at 37°C for 15 minutes. Cold fixative (acetic
acid:methanol - 1:3) was added and centrifuged at 1200 rpm (Z380
centrifuge, Hermle) for 30 minutes. The fixation was repeated twice. Then,
slides were prepared by dropping the cell suspension perpendicularly to the
slides and then air-dried. They were stored in an appropriate volume of cold
fixative, at -20°C.

3.3 DRUG TREATEMENT FOR INTERPHASE NUCLEI ANALYSIS
AND CYTOKINESIS-BLOCK
Fifty thousand cells were seeded in 5 cm diameter Petri dishes containing
24x24 mm coverslips. After 24 hours culture period, cells were exposed to
nocodazole (Sigma) 100 nM. Since nocodazole is soluble in DiMethyl
SulfOxide (DMSO), control cells were treated with the same DMSO
concentration used for nocodazole treatment. For the CBMN assay, 24 hours
after the addition of nocodazole (or DMSO in control samples) cytochalasin61
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B (Cyt-B), 5 g/ml, was added to the cultures. After 48 hours of nocodazole
treatment, the slides were processed for interphase nuclei and micronuclei
preparations as follows. Slides were treated with 75 mM KCl hypotonic
solution and incubated at 37°C for 15 minutes. Cold (-20°C) fixative
(methanol:acetic acid – 3:1) was added for 30 minutes. The fixation was
repeated twice.

3.4 METAPHASE SPREAD PREPARATION FOR
IMMUNOFLUORESCENCE
Mitotically active cells were collected as before. They were
centrifuged at 1400 rpm (Z380 centrifuge, Hermle) for 8 minutes and
suspended in 75 mM KCl, 0.8 % Na-citrate, H2Obd (1:1:1) hypotonic solution
for 15 minutes for the horse and 10 minutes for the donkey. The cell density
in the hypotonic mixture was adjusted to 14*104 cells/ml. After the
hypotonic treatment, the cell suspension was cytocentrifuged onto glass
slides at 750 rpm for 4 minutes (Z300 centrifuge, Hermle), then placed
vertically and air dried.

3.5 CHROMATIN FIBRE PREPARATION
The cells were treated with trypsin, collected and then centrifuged at
1400 rpm for 8 minutes (Z380 centrifuge, Hermle). The supernatant was
removed, and the pellet resuspended in PBS, then centrifuged again at 1400
rpm for 8 minutes (Z380 centrifuge, Hermle). The supernatant was removed,
and the pellet was resuspended in an appropriate volume of 75 mM KCl,
0.8% Na-citrate, H2Obd (1:1:1) hypotonic solution to obtain a final
concentration of 7x104 cells/ml for the horse and 6x104 for the donkey. The
treatment with the hypotonic solution was carried out at 37 ° C for 15
minutes for the horse and 20 minutes for the donkey. Slides were
cytocentrifuged at 1500 rpm for 4 minutes and 1750 rpm for 4 minutes for
horse and donkey respectively (Z300 cytocentrifuge, Hermle), then placed
vertically and air dried. Slides were treated with a lysis buffer (2.5 mM TRIS
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pH 8, 500 mM NaCl, 0.2 M urea, 1% Triton X-100) for 20 minutes. The slides
were then removed from the solution with a constant speed of 300 μm/sec
using an apparatus equipped with an electric pulley. The constant speed
allows the unidirectional distension of the fibres.

3.6 DNA PROBES
Bacterial artificial chromosome (BAC) derived from horse CHORI-241 BAC
library were used (Leeb et al., 2006). Their cytogenetic position was
validated by fluorescent in situ hybridization (FISH) on metaphase
chromosomes.
- CHORI241-21D14 (chr11: 27,639,936 – 27,829,952)
- CHORI241-387D1(chr8: 41,985,542 – 42,131,402)
- CHORI241-22C1 (chr13: 7,346,775 - 7,544,907)
- CHORI241-150D4 (chr3: 41,487,711-41,273,927)
- CHORI241-25H7 (chr5: 95,112,604-95,305,354)

Lambda phage 37cen clone previously isolated from a horse genomic library
in lambda phage (Anglana et al., 1996) was used.
- 37cen - 221 bp repeat (Accession number: AY029358)

3.6.1 PLASMID DNA PURIFICATION
Satellite DNA containing recombinant plasmids was extracted from
10 ml of bacterial cultures. Bacterial clones were plated with 20 ml of LB
medium (agar 1.8 % and ampicillin 100 μg/ml) and incubated at 37°C
overnight. An isolated colony was taken from each plate and placed in 5 ml
of liquid culture (LB medium and ampicillin 100 μg/ml). The tubes were then
incubated under constant stirring at 37°C overnight. Aliquots were
centrifuged at 13000 rpm (Mini-spin microcentrifuge, Eppendorf) for 1
minute. The supernatant was removed, and the pellet was resuspended in
an appropriate volume of GTE buffer (50 mM glucose, 25 mM Tris-HCl pH 8,
10 mM EDTA pH 8). Then were added 0.2 N NaOH, 1% SDS and the test tubes
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were incubated for 5 minutes on ice. The lysis reaction was stopped adding
potassium acetate 3 M pH 4.8 and incubating the solution on ice for 5
minutes. The tubes were then centrifuged at 13000 rpm (Mini-spin
microcentrifuge, Eppendorf) for 10 minutes and the supernatant was
transferred to a new tube. RNase (20 μg/ml) was added to eliminate the RNA
and the solution was incubated at 37°C for 20 minutes. Then, a volume of
chloroform equivalent to that already contained in the tubes were added
and centrifuged at 13000 rpm (Mini-spin microcentrifuge, Eppendorf) for 1
minute. The DNA remains in the upper phase was collected and gently
transferred to another tube. The chloroform extraction was repeated twice.
An equal volume of isopropanol was added. The tubes were then
centrifuged at 13000 rpm (Mini-spin microcentrifuge, Eppendorf) for 10
minutes. Finally, the pellet was washed with 70 % Et-OH and resuspended in
an appropriate volume of water.

3.6.2 BAC DNA PURIFICATION
Bacterial clones were plated with 20 ml of LB medium (agar 1.8% and
chloramphenicol 12.5 μg/ml) and incubated at 37°C overnight. An isolated
colony was taken from each plate and placed in 100 ml of liquid culture (LB
medium and chloramphenicol 100 μg/ml). The extraction was carried out
with Qiagen Plasmid purification kit®, according to supplier instructions.

3.6.3 LABELLING AND PRECIPITATION OF THE PROBES
Probes were labelled by nick translation with Cy3-dUTP (Perkin
Elmer), Alexa488-dUTP (Invitrogen), digoxigenin-11-dUTP or biotin-16-dUTP
(Roche). The nick translation reaction, performed at 15°C, had two different
times depending on the d-UTP used (directly or indirect labelled). For nick
translation with Cy3-dUTP (Perkin Elmer), Alexa488-dUTP (Invitrogen) time
was 30 minutes (plasmid) and 60 minutes (BACs), instead for nick translation
with digoxigenin-11-dUTP or biotin-16-dUTP (Roche) time was 90 minutes
(plasmids) or for 180 minutes (BACs) and then, blocked with 0.5 mM EDTA.
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Precipitation of the probes was obtained by adding 7.5 M ammonium
acetate and absolute ethanol to the solution. Probes were then resuspended
in a hybridization solution (50 % formaldehyde, 10 % dextran sulphate, 1X
Denhart solution, 0.1 % SDS, 40 mM Na2HPO4 pH 6.8 in 2XSSC) to a final
concentration of 30 ng/μl when the probe was hybridized on chromatin
fibres or 20 ng/μl when the probe was hybridized on metaphase
chromosomes.

3.7 FISH – FLUORESCENCE IN SITU HYBRIDIZATION
3.7.1 SLIDE AGING
Slides were aged at 90°C for 1 hour and 30 minutes. Then they were
treated at 37°C for 30 minutes in a solution consisting of 0.005% pepsin/0.01
M HCl. Slides were washed for 3 times of 5 minutes at room temperature
using PBS, a buffer consisting of PBS, 1M MgCl2, and a buffer of PBS, 1M
MgCl2, 4% paraformaldehyde. Then slides were dehydrated for 5 minutes in
the ethanol series (70 % EtOH; 90 % EtOH; and 100 % EtOH).

3.7.2 IN SITU HYBRIDIZATION ON METAPHASE
CHROMOSOMES, INTERPHASE NUCLEI AND MICRONUCLEI
Slides were denaturated at 72°C for 4 minutes. Then the probes
previously denaturated for 8 minutes at 80°C, were put on the slides and the
slides were incubated at 37°C overnight in a moist chamber.

3.7.3 IN SITU HYBRIDIZATION ON EXTENDED CHROMATIN
FIBRES
The slides were dehydrated in 3 steps, each of 3 minutes, in the
ethanol series (EtOH 75%, 95%, 100%). The slides were then air-dried.
Subsequently, the chromatin fibres on the slides were denatured with a
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solution of 70% formamide in 2XSSC at 80°C for 4 minutes; the probes were
instead denatured at 80°C for 8 minutes. After this step, the slides were
immersed in a solution of 2XSSC at 4°C for 2 minutes and then subjected to
the ethanol series as described previously. The slides were treated with
denatured probe and the hybridization reaction was conducted at 37°C in a
moist chamber for 12 hours. After the hybridization, the slides were washed
3 times for 5 minutes in 50% formamide, 2XSSC at 42°C. In case of indirectly
probe labelling, slides were treated with blocking solution (3% BSA, 4XSSC,
0.1% Tween20), and incubated at 37°C for 30 minutes. Detection of the
probe were then performed (see paragraph 3.7.4) Finally, the slides were
mounted with 30μl of a solution of DAKO-DAPI (DAKO: 5 μl/ml).

3.7.4 POST HYBRIDIZATION WASHES AND PROBE DETECTION
Post-hybridization washes were performed in 50 % formamide,
2XSSC at 42°C. Then the slides were washed three times in 4XSSC, 0.1%
Tween20 at 42°C temperature for 5 minutes. Slides hybridized with probes
in which fluorescent dye molecules are directly bound to the dUTPs (Cy3dUTP, Alexa488-dUTP) are counterstained with DAPI (4 ', 6'-Diamidino-2phenylindole hydrochloride) (1 μg/ml) and then mounted with DAKO. Slides
hybridized with BIO and DIG-labelled probes were treated with 100 μl of
"blocking solution" (4XSSC, 0.1 % Tween20, 3 % BSA) and incubated at 37°C
for 30 minutes in a moist chamber. DIG and BIO -labelled probes were
detected with rhodamine and FITC respectively, using five successive layers
of antibodies as follows: (i) anti-DIG-Rhod (sheep) 1/200 (Roche) (ii) antisheep Rhod 1/100 (CHEMICON) (iii) ExtrAvidin-FITC 1/100 (Sigma-Aldrich)
(iv) biotinylated anti-avidin 1/200 (Sigma-Aldrich) (v) ExtrAvidin-FITC 1/100
(Sigma-Aldrich). All antibodies were incubated for 30 min at 37°C, then
washed for three times of 5 minutes using 4XSSC, 0.1 % Tween20 at 42°C
after each step of antibody detection. After the last antibody, the slides were
washed two times for 5 minutes using 4XSSC, 0.1% Tween20 at 42°C. An
additional wash in 4XSSC at room temperature were performed. Metaphase
and chromatin fibres were stained with DAPI (4 ', 6'-Diamidino-2phenylindole hydrochloride) (1 μg/ml) and then mounted with DAKO.
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3.8 IMMUNOFLUORESCENCE
The slides were treated with the primary antibody (anti-CENP-A
serum isolated in the lab of Professor Kevin Sullivan); anti-H3K9me3
antibody (abcam8898) and anti-H4K20me1 antibody (abcam 9051). The
slides were subsequently incubated at 4°C for 24 hours in moist chamber.
Slides were then washed for three times in KB- (0,01 TRIS-HC l pH 8, 0.15 M
NaCl, 0.5% BSA) of 5 minutes each. The slides were subsequently treated
with 35μl of secondary antibody (anti-sheep conjugated with rhodamine
(Jackson ImmunoResearch); anti-rabbit conjugated with Cy2 (Jackson
ImmunoResearch); anti-rabbit conjugated with Alexa Fluor 647 (abcam
150179)). The slides were incubated at 37°C for 1 hour in moist chamber and
then washed twice in KB- for 5 minutes. Slides were treated with 4%
paraformaldehyde in KCM for 7 minutes, followed by 2 washes in distilled
water of 3 minutes each. If after the immunofluorescence an In Situ
Fluorescence Hybridization was performed, the slides were immersed in
cold methanol-acetic acid (3:1) for 15 minutes and washed in 2XSSC at room
temperature for 2 minutes. Otherwise, the slides were stained with DAPI (4',
6'-Diamidino-2-phenylindole hydrochloride) (1 μg/ml) and then mounted
with DAKO.

3.9 IMMUNO-FISH
For the slide preparation see previous paragraphs 3.4 and 3.5. For
fixation, the slides were treated with a solution of 4% paraformaldehyde in
KCM (0,12 M KCl, 0,08 mM NaCl, 0,01 M Tris-HCl pH 8, 0.5 mM EDTA, 0.1%
Triton) for 10 minutes. Finally, the slides were treated with KCM for 5
minutes. Further steps are described in paragraphs 3.7.2 - 3.7.4.

3.10 MICROSCOPE ANALYSIS
The slides were analysed with a fluorescence microscope Axioplan
(Zeiss) equipped with a cooled charge-coupled device (CCD) camera
67

3. Materials and methods

(Photometrics). The CCD camera is characterized by a photo-sensor made of
a matrix of silicon crystals sensitive to light. The photons contact the sensor
and are converted into an electric charge proportional to the intensity of the
light. After the exposure to light, the electric charge is transferred to the
computer and converted into the binary system. The emission of each pixel
is converted into a grey scale value which depends on the intensity and
wavelength of the incident light. The tones in the scale vary from 256 to
4096. The images were acquired and pseudo-coloured with the IPLab
spectrum software (Digital Pixel Advanced Imaging System, Brighton) and
then processed using the software Photoshop®.
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4. RESULTS – PART 1
CENTROMERIC SATELLITE DNA IS DISPENSABLE FOR MITOTIC
TRANSMISSION FIDELITY
The coexistence of satellite-free and satellite-based centromere in
equid species allowed us to study the role of played by satellite DNA in
directing chromosome segregation fidelity. We analysed the mitotic stability
of horse chromosome 11 (ECA11), whose centromere is satellite-free, and
compared it with that of chromosome 13 (ECA13), which has similar size and
a centromere containing long stretches of the canonical horse centromeric
satellite DNA families (Piras et al., 2010; Nergadze et al., 2014; Cerutti et al.,
2016).
Two chromosome stability assays, the interphase aneuploidy analysis
and the Cytokinesis-Blocked MicroNucleus (CBMN) assay were performed.
In both assays FISH experiments with chromosome specific DNA probes
allowed us to unequivocally identify ECA11 and ECA 13.
The interphase aneuploidy analysis, together with the use of specific
probes for centromeric sequences, allows the detection of chromosome
specific aneuploidies, that is to say the gain or loss of single chromosomes in
interphase nuclei (Raimondi et al., 1989; Faas et al., 2011). Different
mechanisms can lead to aneuploidy: (i) nondisjunction, which can involve
single or multiple chromosomes; (ii) merotelic attachment, which occurs
when one kinetochore is attached to both mitotic spindle poles; and (iii)
formation of multipolar/monopolar spindles.
The CBMN assay represents a reliable test for the detection of the
gain, loss and breakage of chromosomes (Fenech, 2007). Centric and
acentric chromosome fragments, as well as whole chromosomes unable to
migrate to one pole during anaphase, can be included in telophase into
micronuclei, so called because of their reduced size when compared to that
of the cell nucleus. As micronuclei are expressed only in cells that have
completed at least one cell division, in the micronucleus assay the use of
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inhibitors of cell cycle progression (cytokinesis-block), such as cytochalasin,
is recommended. In the CBMN assay only bi-nucleated cells, which
underwent a cell division, are scored (Fenech and Morley, 1985; KirschVolders et al., 2011).
Both assays were performed under control conditions and after
exposure of the cells to mitotic stress induced by the spindle inhibitor
nocodazole. The use of this drug was aimed at amplifying the difference, if
any, in segregation fidelity between ECA11, with a satellite-free centromere
and ECA13, whose centromere is satellite-based, and at identifying possible
differences in their sensitivity to conditions perturbing cell division.

4.1 GROWTH CURVE
In order to assess the proper dose of Nocodazole to be used, two
different doses, 100 nM and 200 nM, were tested. After a pre-culture period
of 24h, cells were exposed to nocodazole for about two cell cycles (48 hours),
then harvested and counted. The trypan blue stain was used in order to
consider only viable cells.
In Figure 15 the results of these experiments are reported. The
highest dose (200nM) (grey line) induced a reduction in cell growth and a
significant cell death after 48-hour treatment. Meanwhile, the lower dose
(100 nM) impacted less negatively on the cell growth, causing growth
depression after 48 hours with respect to the control (blue line). Therefore,
as in this work the chemical is used in order to stress the cell and amplify
possible differences in the stability of chromosome 11 with respect to
chromosome 13, the best dose for our aims was 100 nM.
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Figure 15 – Growth curve. Blue control, orange nocodazole 100nM, grey
nocodazole 200nM.

4.2 INTERPHASE ANEUPLOIDY ANALYSIS
In order to compare the mitotic stability of horse chromosome 11
(ECA11) with that of horse chromosome 13 (ECA13), interphase FISH
experiments were carried out with two BAC probes derived from the horse
CHORI-241 BAC library (Leeb et al., 2006) and specific for ECA11 and ECA13,
respectively (CHORI241-21D14, chr11: 27,639,936–27,829,952 and
CHORI241-22C1, chr13: 7,346,775–7,544,907). In Figure 16 two horse
metaphase spreads, hybridized with the ECA11 and ECA13 specific probe
respectively, are shown.
The position of the FISH signal on ECA11 coincides with the primary
constriction (Fig. 16-A). As the centromere of ECA13 is satellite-based, a
probe mapping on the short arm close to the centromere was used, as
shown in Figure 16-B.
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Figure 16 – Chromosomal localization by FISH of the BAC probes used. (A) FISH
with the ECA11 specific BAC probe. (B) FISH with the ECA13 specific BAC probe.
Chromosome 11 and 13 are marked by the arrows. Probe localization is marked by
the red FISH signals in the images on the left. Chromosomes are counterstained
with DAPI. Reverse DAPI banding is shown in the images on the right.

Interphase nuclei were analysed both in control condition and after
exposure to nocodazole for a period of 48 hours (about two cell cycles).
Nuclei were screened for the presence of aneuploidy, monosomy, trisomy
and nullisomy. The frequency of aneuploid cells was evaluated by counting
the number of fluorescence spots, corresponding to each probe on
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interphase nuclei, numbers differing from two indicating an aneuploid
condition. At first, the two probes were labelled with two different
fluorochromes (CY3 and CY2) and interphase nuclei were hybridized with
both probes on the same slide. In particular, the probe for ECA11 was
labelled with a fluorochrome (CY2) which emits in green spectrum, while the
probe for ECA13 was labelled with a fluorochrome (CY3) which emits in red
spectrum. Figure 17 shows examples of the results of two-colour FISH
experiments.
A

B

C

Figure 17. – Two colour FISH on interphase nuclei. A) Nucleus, monosomic for
chromosome 11 and chromosome 13. B) Nucleus trisomic for chromosome 11 and
chromosome 13. C) Nucleus monosomic for chromosome 11 and disomic for
chromosome 13.

However, while performing the analysis, we observed that the two
fluorophores displayed a remarkable variability in their stability within the
same slide and among different slides, with the red fluorophore (CY3) being
more stable than the green one (CY2). The difference in fluorophore stability
could be done to the intrinsic batch-to-batch variability of the antibodies. both the production of the antibody and its labeling with fluorochromes.
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Indeed, since the frequency of chromosome specific aneuploidy and
micronuclei was expected to be low, even minor differences in the efficiency
or stability of different fluorophores would have impaired the results.
Therefore, for the next experiments we decided to label both probes with
the most stable fluorophore, which was the red one, CY3.
Figure 18 shows examples of the results of FISH experiments in which
the probe for ECA11 and the probe for ECA13 were both labelled with the
fluorophore CY3. The number of signals was then counted on interphase
nuclei hybridized with the chromosome 11 or with the chromosome 13
specific probe.

Figure 18 – FISH on interphase nuclei - (A) A nucleus, disomic for
chromosome 11 is flanked by a monosomic one. (B) Nucleus trisomic for
chromosome 13. (C) Nucleus monosomic for chromosome 13. D) Nucleus trisomic
for chromosome 11.

Samples of 4.000 interphase nuclei, from three replicate experiments
for chromosome 11 and 13, respectively, were analysed under control
conditions. The results of the analysis are reported in Table 1. The 2 test
was employed for the statistical analysis of the difference in the number of
nuclei aneuploid for ECA11 or ECA13. The standard error calculated in the
three replicates is reported in the table. Table 1 also shows that the
percentages of nullisomic, monosomic and trisomic nuclei. Since this assay
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does not allow to determine whether nuclei with four hybridization signals
are tetrasomic or tetraploid, these nuclei were not included in the analysis.
Table 1. Interphase FISH under control conditions

The 2 test demonstrated that there was no difference in the number
of nuclei aneuploid for ECA11 or for ECA13.
In order to compare the stability of the two chromosomes under
stress condition, cells were exposed to 100 nM nocodazole for 48 hours and
the number of aneuploid nuclei was counted in samples of about 1.000
nuclei from two replicates for ECA11 and ECA13, respectively, under control
and stress conditions (Table 2), the standard error calculated in the two
replicates is reported in the table. Nocodazole is a well described antimitotic
agent which interferes with the function of spindle and cytoplasmic
microtubules by binding to tubulin. The use of this drug was aimed at
amplifying the difference, if any, in segregation fidelity between ECA11,
whose centromere is satellite-free, and ECA13, with a satellite-based
centromere. Moreover, the test was aimed at identifying possible
differences in the sensitivity of the two centromeres to conditions
perturbing cell division.
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Table 2. Interphase FISH under mitotic stress

Again, the statistical analysis of the results, performed by the 2 test,
did not show any difference in the number of nuclei aneuploid for ECA11 or
for ECA13 under control conditions and after drug treatment.

4.3 MICRONUCLEUS ASSAY
To test whether the formation of micronuclei is influenced by the
presence/absence of centromeric satellite DNA, micronuclei containing
ECA11 or ECA13 were identified by FISH with specific probes, the probes
used were the same described for the interphase aneuploidy assay.
Also, in this assay, to minimize the experimental error, micronuclei
containing chromosome 11 or chromosome 13 were counted in
independent experiments, in which both probes were red labelled with Cy3.
In a first set of experiments the frequency of spontaneously occurring
micronuclei was counted in the same samples of 4.000 nuclei previously
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analysed for aneuploidy. Since the observed frequencies of micronuclei
were low, the statistical analysis of the results was performed using the
Fisher’s exact test. The results are reported in Table 3. The standard error
calculated in the three replicates is reported in the table.
Table 3. Spontaneously occurring micronuclei under control conditions
without cytokinesis-block

No statistical difference was observed between the frequency of
ECA11 and ECA 13 containing micronuclei.
Thereafter, the analysis was performed under control conditions and
after exposure to 100 nM nocodazole. In order to score only cells which have
completed mitosis during nocodazole treatment the Cytokinesis-Block
MicroNucleus (CBMN) assay was applied. In this assay, the analysis is
restricted only to micronuclei in binucleated cells, that is to say cells which
underwent one cell duplication after drug treatment. To inhibit cytokinesis,
thus allowing the formation of binucleated cells, cytochalasin was added to
the cell cultures for the last 24 hours of nocodazole treatment (total
treatment with nocodazole 48 hours) (Kirsch-Volders M. et al., 2002; Fenech
M., 2007). Samples of control and treated cells were Giemsa stained to verify
the presence of a high rate of binucleated cells with micronuclei, if present,
being part of their cytoplasm (Fig. 19).
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Figure 19. Binucleated cells containing micronuclei after treatment with
cytochalasin - Giemsa staining. Micronuclei are indicated by the black arrows.

The results of the CBMN assay are reported in Table 4, the standard
error, calculated in two replicates, is reported in the table. Nocodazole
treatment caused a significant increase in the total number of micronuclei
with respect to control both for chromosome 11 and 13, as demonstrated
by the 2 test (p-value= 3 × 10−5 and 9 × 10−4, respectively.). However, control
as well as treated cells showed a comparable percentage of micronuclei
containing each chromosome (Fisher’s exact test). Examples of bi-nucleated
cells with micronuclei are shown in Figure 20.
The BAC signals specific for ECA 11 and ECA 13 centromeres, are red labelled
in the figure.

Table 4. CBMN under mitotic stress
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Figure 20 – FISH on micronuclei. A) Bi-nucleated Cyt-B treated cell with a disomic
nucleus, a monosomic nucleus, and a chromosome 11 positive micronucleus. B) Binucleated Cyt-B treated cell with a disomic nucleus, a monosomic nucleus, and a
chromosome 13 positive micronucleus.
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5. DISCUSSION – PART 1
The interphase nuclei aneuploidy assay and the micronucleus assay
applied in this work were aimed at investigating the role played by satellite
DNA at the centromere in directing proper chromosome segregation during
mitosis. Equid species with their karyotypes characterized by the
coexistence of satellite-based and satellite-free centromeres, represent an
ideal model for the analysis of the differences in the behaviour of these two
kinds of centromeres. I applied the assays cited above to detect possible
differences in segregation fidelity between a horse chromosome with a
satellite-less centromere (ECA11) and a horse chromosome with a satellitebased one (ECA 13).
Interphase analysis, coupled with FISH with chromosome specific
probes, demonstrated that the two chromosomes segregate correctly
during cell division and no difference exists in their segregation fidelity.
Furthermore, the percentages of nullisomic, monosomic and trisomic nuclei
for the two chromosomes were similar (Table 1). The assay was performed
by analysing independently the segregation of ECA11 and that of ECA13 in
one colour FISH experiments. This choice was determined by our previous
observation that different fluorophores can give surprisingly different
results due to their emission efficiency and stability after exposure to UV
light. The expected frequency of single chromosome aneuploidy is very low,
therefore, also slight differences in fluorophore stability and emission
efficiency could impair the results. For this reason, our assay did not allow
to determine whether nuclei containing four signals corresponded to
tetrasomic or tetraploid conditions and therefore they were not included in
the analysis of aneuploid cells. The percentage of nuclei containing four
signals was 0,40% and 0,36% for ECA11 and for ECA13, respectively. The
treatment with nocodazole induced, as expected, a statistically significant
increase in the number of aneuploid nuclei for both chromosomes (χ2 test,
p-value 3x10-3 and 1x10-4), confirming that nocodazole treatment was
effective. However, the difference in the number of aneuploidy nuclei
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containing each chromosome was comparable under mitotic stress as well
as in controls (Table 2).
These results demonstrate that the satellite-free horse centromere,
as well as the satellite-based ones, directs correctly chromosome
segregation, moreover, the two types of centromeres are equally sensitive
to cell division disturbance by nocodazole.
The micronucleus assay gave results comparable to those obtained
by the previous test. Also, in this case, no difference in the frequency of
micronuclei formation was observed both in control condition, with and
without cytokinesis-block, and in stress conditions after exposure to 100 nM
nocodazole. The results of the micronucleus assay therefore confirmed that
the mitotic behaviour of the two chromosomes was comparable and that
the absence of satellite DNA at the centromere does not affect its sensitivity
to the spindle inhibitor nocodazole (see Table 3 and 4).
Thus, two independent molecular-cytogenetic approaches
demonstrated that, in the horse fibroblast system, the segregation fidelity
of a chromosome is not influenced by the presence of highly repetitive DNA
sequences at its centromere.
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6. CONCLUSION AND PERSPECTIVES – PART 1
Equid species have karyotypes which are characterized by the
coexistence of chromosomes with canonical satellite-based centromeres
with chromosomes whose centromeres are satellite-free (Wade et al., 2009;
Piras et al., 2010; Raimondi et al., 2011; Nergadze et al., 2014; Purgato et al.,
2015; Cerutti et al., 2016; Nergadze et al., 2018). This exceptional biological
model offers the opportunity to directly investigate, in a natural
environment, the behaviour of these differently organized centromeres. The
two chromosome stability assays performed to understand the role of
satellite DNA in driving proper chromosome segregation unequivocally
demonstrated that there is no difference in the segregation fidelity of
chromosome 11 (ECA 11), with a satellite-free centromere and that of
chromosome 13 (ECA 13) with a canonical satellite-based centromere.
Interestingly, sequence analysis of the centromere of horse
chromosome 11 showed that no motif resembling a CENP-B box is present
(unpublished results), suggesting that this protein at the equid centromeres
is not fundamental for centromere function. The role of the CENP-B protein
at the centromere is a matter of debate. (Masumoto et al., 1989; Miga et al.,
2014; Fachinetti et al., 2015; Drinnenberg et al., 2016; Logsdon et al., 2019).
Recently, Logsdon and co-workers (Logsdon et al., 2019) demonstrated that
artificial human neocentromeres don’t require for their formation neither
alphoid-DNA, nor CENP-B binding sequences, being originated only by an
initial CENP-A nucleosome seeding.
The fact that the absence of satellite DNA at a horse centromere does
not influence chromosome segregation fidelity confirms that factors, other
than the DNA sequence, are important for correct centromere function.
These factors are mostly epigenetic. Indeed, literature data demonstrate
that a fine balance among post-translation histone modifications is needed
at the centromere (Blower et al., 2002; Peters et al., 2003; Sullivan et al.,
2004; Bergmann et al., 2011). Transcription competence is another
important characteristic of the centromere core (Denegri et al., 2002; Volpe
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et al., 2002; Hall et al., 2003; Ugarkovic, 2005; Carone et al., 2009; Eymery
et al., 2009; Brown et al., 2012; Gent and Dawe, 2012; Koo et al., 2016; Rosic
and Erhardt, 2016) (as it was discussed in paragraph 1.4.4).
The results of the first part of my Ph.D. work strongly suggests that satellite
DNA at the centromere plays roles other than the maintenance of
chromosome segregation fidelity. One possible function, based on our
previous results on centromere sliding (Purgato et al., 2015; Nergadze et al.,
2018) is that satellite DNA may contribute to constrain the borders of the
functional centromere domain within non-coding genomic regions.
Moreover, it may be hypothesized that, despite the absence of the canonical
centromeric satellite DNA sequences, horse chromosome 11 is stabilized by
the chromatin context in which it is located. It is also tempting to speculate
that transcripts derived from the satellite DNA of the other canonical horse
centromeres may act in trans thus complementing satellite DNA deficiency
at ECA11 (Cerutti et al., 2016).
In the next future, it will be interesting to study in depth the role of
centromeric transcripts in the horse and in other equid species. An intriguing
possibility will be to analyse, by means RNA-FISH coupled with
immunofluorescence, the association of centromeric transcripts with
satellite-less centromeres and to assess whether their localization changes
during the cell-cycle.
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7. RESULTS – PART2
HISTONE MODIFICATIONS AT EQUID SATELLITE-BASED AND
SATELLITE-FREE CENTROMERES
The presence of satellite DNA at most of eukaryotic centromeres has
been hypothesized to provide a suitable chromatin environment for
centromere maintenance and for the cohesion and separation of sister
chromatids (Henikoff and Dalal, 2005). However, the lack of a universal
centromere sequence and the existence of centromeres completely void of
repetitive DNA (neocentromeres) suggest that the centromere identity is
defined epigenetically (Sullivan and Karpen, 2004; Hall et al., 2012).
The centromere specific histone H3-like protein CENP-A is a
conserved marker of centromere function (Blower et al., 2002). Additional
molecular features contribute to define centromere activity, including the
composition of centromeric and pericentromeric chromatin and posttranslational modifications of CENP-A itself. Indeed, a centromere specific
ratio between typical euchromatic and typical heterochromatic histone
modifications is crucial for centromere identity, creating a ‘permissive’
chromatin structure needed for CENP-A recruitment (McKinley and
Cheeseman, 2016; Mellone and Allshire, 2003; Quenet and Dalal, 2014).
The genus Equus is a powerful model system to study the structure,
identity and function of mammalian centromeres, since satellite-based and
satellite-free centromeres coexist in single karyotypes (Wade et al., 2009;
Piras et al., 2010; Nergadze et al., 2018). The second part of this work was
focused on the study of the epigenetic environment of horse and donkey
satellite-free and satellite-based centromeres. Several post-translational
histone modifications were analysed: H3K9me3 (constitutive
heterochromatin marker), H3K27me3 and H3K9me2 (facultative
heterochromatin markers), H3K4me2 (transcriptionally competent
chromatic marker) and H4K20me1 (CENP-A containing nucleosomes
marker).
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Double immunofluorescence was performed on horse and donkey
metaphase chromosomes and chromatin fibres to analyse the arrangement
of the histone modifications mentioned above. Moreover, immuno-FISH on
horse and donkey metaphases chromosomes and on horse and donkey
chromatin fibres was performed in order to deeply analyse the
heterochromatin centrochromatin environment as identified by the
H3K9me3 histone modification.

7.1 CONSTITUTIVE HETEROCHROMATIC MARKER H3K9me3
The trimethylation of lysine 9 of histone H3 (H3K9me3) is the bestknown constitutive heterochromatin marker. It was demonstrated to be
present in the pericentromeric regions of Drosophila, mouse and human
chromosomes (Peters et al., 2003; Rice et al., 2003) and absent at the
centromere functional core. On human chromosomes, H3K9me3 is
concentrated in the pericentromeric regions of chromosomes that contain
large blocks of satellite DNA and is also located in regions far away from
CENP-A-containing domains (Sullivan and Karpen, 2004).

7.1.1 Double immunofluorescence on metaphase chromosomes
In order to analyse the architectural organization of the H3K9me3
histone modification, I performed double immunofluorescence experiments
on horse and donkey metaphase chromosomes with antibodies against
CENP-A, to mark centromere function, and antibodies against H3K9me3 to
mark constitutive heterochromatin. In Figure 21, examples of the results of
double immune-fluorescence analysis of horse and donkey metaphase
chromosomes is shown. The H3K9me3 signal is pseudo-coloured in green
while CENP-A is pseudo-coloured in red.
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In the horse (Fig. 21-A), two spots corresponding to CENP-A were
clearly observed at all the centromeres. The H3K9me3 fluorescence signal
was very bright at all centromeres with the exception of one couple of
centromeres (white arrows in Fig. 20-A) which showed a very weak signal. A
sample of 20 metaphase spreads was analysed and they all displayed the
same picture.
Sequence analysis and the analysis of the distribution of satellite DNA
in the horse (Wade et al., 2009; Piras et al., 2010) demonstrated that the
centromere of chromosome 11 is void of satellite DNA, therefore we
suppose that the centromeres showing a faint H3K9me3 signal are those of
chromosomes 11.
In the donkey (Fig. 21-B), as observed in the horse, double spotted
CENP-A signals were present at all centromeres. Conversely, the distribution
of H3K9me3 signals was different. Heterochromatic signals were highly
variable in intensity among chromosomes. The analysis of 20 metaphases
showed that 32 centromeres always displayed a faint (white arrows) or
barely perceptible (red arrows) fluorescence signal. Notably, most of the
chromosomes which showed a weak centromeric heterochromatic signal
exhibited a large H3K9me3 positive region at one telomere.
These results are in agreement with previous data concerning the
distribution of satellite DNA families in the donkey (Piras et al., 2010) and
with the results of sequence analysis (Nergadze et al., 2018). We
hypothesize that the donkey centromeres showing a faint H3K9me3 signal
are indeed those with satellite less centromeres, some of which conserve
residual satellite DNA sequence at one non centromeric terminus (Piras et
al., 2010).

86

7. Results

Figure 21 – Two colour immunofluorescence on horse (A) and donkey (B)
metaphase chromosomes. CENP-A protein is red labelled while the trimethylated
histone 3 (H3K9me3) is green labelled. The arrows indicate centromeres with a faint
(white arrows) or barely perceptible (red arrows) heterochromatic signal.

7.1.2 Immuno-FISH on metaphase chromosomes
The results obtained from the double immunofluorescence
experiments, raised the question if those centromeres showing a faint
heterochromatic signal were the satellite-less ones. In order to answer this
question, we compared the intensity of the heterochromatic fluorescence
signal observed in satellite-based centromeres with that observed in the
satellite-less ones in the horse and in the donkey. To this purpose, we set up
immuno-FISH analyses using an antibody directed against the H3K9me3
epigenetic modification and chromosome specific BAC probes for the
identification of satellite-less centromere and satellite-based ones.
We first compared the satellite-less centromere of horse
chromosome 11 (ECA11) with the satellite-based one of chromosome 13
(ECA13). The BACs used as probes (CH241-21D14 for ECA11 and CH241-22C1
for ECA 13) were previously described (see chapter 3, paragraph 3.6 of this
thesis).
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Figure 22 – Immuno-FISH analysis on ECA11. A) Merged image. Metaphase
chromosomes are blue coloured. In red the FISH signal identifies ECA11 centromere
while the green signal identifies the H3K9me3 histone modification B) Only the FISH
signal is shown. C) Only the H3K9me3 immuno-signal is shown.

Figure 22-A shows a merged image of immuno-FISH on horse
metaphase chromosomes. It can be observed that the FISH signal and the
immuno-signal colocalize on the chromosome. In panel B) only the red
channel is shown. An intense FISH signal is clearly visible at ECA11
centromere (indicated by the white arrows in panel B). The white arrows in
panel C indicate the H3K9me3 signal which is very weak. The analysis of 20
images gave comparable results
A

B

C

Figure 23 – Immuno-FISH analysis on ECA13. A) Merged image. Metaphase
chromosomes are blue coloured. In red the FISH signal identifies ECA13 and the
green signal identifies the H3K9me3 histone modification. B) Only the 22C1 FISH
signal is shown. C) Only the H3K9me3 immuno-signal is shown.
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Figure 23-A shows the results of the immune-FISH experiment
performed to analyse the satellite-based centromere of ECA13. As in the
previous experiment, 20 metaphases were analysed. The H3K9me3 signal
was always very intense if compared with that observed on the centromere
of ECA11 (Fig. 22).
I then analysed by immuno-FISH a satellite-based and a satellite-less
centromere in the donkey. The satellite–less centromere of EAS7 was
compared with the satellite-based centromere of EAS3. The BAC used to
identify EAS7 was selected from the horse CHORI BAC library. It was localized
on ECA8, which is homologous to EAS7, in a region corresponding to EAS7
centromere (coordinates: ECA8: 41,985,542 - 42,131,402). To identify EAS3
the BAC CH241-150D4 was used. This BAC localizes on ECA3, which is
homologous to EAS3, in a region proximal to EAS3 centromere (coordinates
ECA3: 41,487,711-41,273,927).
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Figure 24 – Immuno-FISH analysis on EAS7. A-D) Merged images. Metaphase
chromosomes are blue coloured. In red the FISH signal identifies the centromere of
donkey chromosome 7, the green signal identifies the H3K9me3 histone
modification B-E) Only the FISH signal is shown C-F) Only the H3K9me3 immunosignal is shown.

The results of immuno-FISH on EAS7 are shown in Figure 24. The analysis of
20 metaphases always showed a very faint heterochromatic signal on the
centromere of EAS7 (panel C, F in Figure 24). The heterochromatic signal was
A
B
then analysed
at the satellite-based centromere
of donkey chromosome 3
(Fig. 25).
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Figure 25 – Immuno-FISH analysis on EAS3. A) Merged image. Metaphase
chromosomes are blue coloured. In red the FISH signal identifies EAS3 chromosome
and the green signal identifies the H3K9me3 histone modification. B) Only the
150D4 FISH signal is shown. C) Only the H3K9me3 immuno-signal is shown.

The fluorescence signal identifying H3K9me3 was always very strong in 20
metaphase spreads (Fig. 25, panel C), if compared with that observed at the
centromere of EAS7 (Fig. 24).
To further confirm the data obtained by the double immunofluorescence and immuno-FISH experiments described above and as a
positive control, I performed three colour immuno-FISH experiments on
horse metaphase chromosomes. The purpose of this experiment was to
identify centromere function using the anti CENP-A antibody,
heterochromatin using the anti H3K9me3 antibody and satellite DNA using
a plasmid probe complementary to the main horse satellite DNA family
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37cen. The experiment was aimed at having a positive control of the
presence of strong heterochromatic signals at all satellite-based
centromeres. The results are shown in Figure 26. The intensity of the
heterochromatic signals (panel D) was very variable among centromeres.
Actually, in the previous two-colour immuno-FISH experiment the
heterochromatic signals were stronger (see Fig. 23). However, for three
colour immuno-FISH, a different, infrared emitting, secondary antibody had
to be used to identify the H3K9me3 histone modification. The different
signal intensity observed in the two experiment may therefore be due to the
different emission efficiency of the secondary antibodies.
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Figure 26 – Three colour immuno-FISH on horse metaphase chromosomes. A)
Merged image. Metaphase chromosomes are blue coloured. In red the FISH signal
identifies the functional centromeric satellite DNA (37cen), the green signal
identifies the CENP-A protein and the grey signal identifies the H3K9me3 histone
modification. B) Only the 37cen FISH signal is shown. C) Only the CENP-A immunosignal is shown D) Only the H3K9me3 immuno-signal is shown.

As expected, four horse centromeres were negative to the 37cen
FISH signal (panel B in fig. 26). Indeed, the centromere of ECA11 is
completely satellite-free and the centromere of ECA2 is satellite DNA based
positive, but contains only the 2PI satellite DNA family, while is 37cen
negative (see Piras et al., 2010). Two of the FISH negative centromeres,
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seemingly those of ECA11 which is satellite DNA free (white arrows in all the
panels), showed a not perceptible histone modification signal (panel D). The
other two FISH negative centromeres, presumably corresponding to ECA2,
which contains the 2PI satellite DNA family (yellow arrows in all the panels),
showed a heterochromatin signal comparable to that observed on other
centromeres. The analysis of 10 metaphase spreads gave similar results.

7.1.3 Double immunofluorescence and immuno-FISH on chromatin
fibres
In order to analyse the architectural organisation of the H3K9me3
post-translational histone modification at the functional centromere core,
high resolution double immuno-fluorescence and immuno-FISH
experiments were performed on horse and donkey extended chromatin
fibres. A quantitative analysis of the intensity of the fluorescence signals on
chromatin fibres was performed using the ImageJ and Plot2 software. In
each experiment a total number of 15 chromatin fibres was analysed.
For double immunofluorescence, an anti CENP-A and an anti
H3K9me3 antibody were used. Figure 27 shows the results obtained from
the analysis of horse chromatin fibres (Fig. 27-A) and those obtained from
the analysis of donkey chromatin fibres (Fig. 27-B). It can be observed that
in both images, constitutive heterochromatin is dispersed all along the
CENP-A positive region, the fluoresce intensity profiles of CENP-A and
H3K9me3 showing a comparable distribution.
In the horse, in which only the centromeres of chromosome 11 are
satellite-free, all the fibres analysed displayed a fluorescence profile similar
to that shown in Figure 26-A. On the contrary, in the donkey, whose
karyotype is composed of 16 couples of chromosomes with satellite-free
centromeres and 15 couples of chromosomes with satellite-based
centromeres, 8 out of 15 fibres, that is about half, showed the profile

94

7. Results

displayed in Figure 26-C, which is characterized by a much less intense
heterochromatic fluorescence profile. Therefore, we supposed that the two
kinds of profiles corresponded to satellite-based (Fig. 26-B) and satellite-less
(Fig. 26-C) centromeres, respectively.
.To confirm this prediction, we performed immuno-FISH
experiments, using an antibody against CENP-A and a probe complementary
to the functional centromere sequence of a satellite-free centromere on
chromatin fibres from the horse and from the donkey.
A

B

C

Figure 27 – Two colour immunofluorescence on horse (A) and donkey (B, C)
chromatin fibres. The graph over the image of the fibre in A, B and C, reports the
quantitative analysis (ImageJ software) of the intensity of the fluorescence signals.
The CENP-A protein is red labelled while H3K9me3 is green labelled.
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The BAC probes used were the same used for the immuno-FISH experiments
on metaphase chromosomes (Paragraph 7.1.2).
Figure 28 shows that both the horse (Fig. 28-A) and the donkey
satellite-free centromeres (Fig. 28-B) identified by the FISH signal are
integrated in a heterochromatic environment identified by the H3K9me3
histone mark. However, the fluoresce intensity profile clearly demonstrates
that H3K9me3 fluorescence intensity at these satellite-less centromeric
domains is much lower than that shown in Fig. 26-A and B and comparable
to that shown in Fig. 26-C. These results confirm that both donkey and horse
satellite-free centromeres, while being embedded in a heterochromatic
environment, however, contain a much lower amount of heterochromatin
marks with respect to the satellite-based ones.
A

B

Figure 28 – Immuno-FISH on horse (A) and donkey (B) chromatin fibres. The graph
over the image of the fibre in A and B, reports the quantitative analysis (ImageJ
software) of the intensity of the fluorescence signals. In A and B, the BAC signal is
red labelled while H3K9me3 is green labelled.
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In order to have a further positive and negative control of the double
immuno-fluorescence and immuno-FISH experiments described above, I
analysed the H3K9me3 histone modification in a donkey non centromeric
heterochromatic region and in a donkey non centromeric euchromatic
region.
I first analysed a genomic heterochromatic region by immuno-FISH
using an antibody against the H3K9me3 histone modification and a BAC
probe specific for a non centromeric region which was shown to be
heterochromatic by ChIP-sequencing. The BAC probe used was CH24121D14, mapping on horse chr11: 27,639,936 – 27,829,952 which detects an
orthologous heterochromatin region on donkey chromosome 13. A sample
image of the results obtained is shown in Figure 29. As expected, the region
identified by the BAC is associated to a very strong H3K9me3 fluorescence
profile.

Figure 29 – Immuno-FISH on donkey chromatin fibres. The graph over the
image reports the quantitative analysis (ImageJ software) of the intensity of the
fluorescence signals. The 21D14 FISH signal is red labelled while H3K9me3 is green
labelled.

Then I analysed a donkey euchromatic region identified by the BAC
CH241-25H7, mapping on horse chromosome 5 (coordinates 95,112,60497
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95,305,354) which detects an orthologous euchromatic region on donkey
chromosome 16 (EAS16), as confirmed by ChIP-sequencing. The results
shown in Figure 30, demonstrate that, as expected, in the euchromatic
region identified by the BAC, no fluorescence signal corresponding to the
heterochromatic marker H3K9me3 was visible.

Figure 30 – Immuno-FISH on donkey chromatin fibres. The graph over the image
reports the quantitative analysis (ImageJ software) of the intensity of the
fluorescence signals. The 25H7 FISH signal is red labelled while H3K9me3 is green
labelled.

Finally, to analyse satellite-based functional centromeric regions, I
performed three-colour immuno-FISH experiments on horse chromatin
fibres. This experiment was aimed at having a positive control of the
presence of strong heterochromatic signals at all satellite-based
centromeres. The centromere function was marked with an anti CENP-A
antibody, heterochromatin by anti H3K9me3 antibody and the centromeric
satellite DNA by a plasmid probe complementary to the main horse satellite
DNA family 37cen. Figure 31 demonstrates that at satellite-based
centromeres a strong heterochromatic signal (green) is present both at the
centromere core identified by CENP-A (grey) and in the pericentromeric
region. As expected, the 37cen signal (red) is present at the functional
centromere core and extends in the flanking regions.
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Figure 31 – Three colour immuno-FISH on horse chromatin fibres. In red the FISH
signal identifies the functional centromeric satellite DNA (37cen), the grey colour
identifies the CENP-A protein and the green colour identifies the H3K9me3 histone
modification.

7.2 H3K9me2, H3K27me3 AND H3K4me2 MARKERS
The dimethylation of lysine 9 of histone H3 (H3K9me2) is a marker of
facultative heterochromatin; this type of histone modification is present in
silenced regions that can be activated when necessary (Mravinac et al.,
2005). This modification is present in the pericentromeric regions both in
man and in Drosophila. (Sullivan and Karpen, 2004; Bailey et al., 2016).
H3K27me3 can be found both in chromatin regions containing satellite DNA
and in regions containing single copy DNA (Aldrup-Macdonald and Sullivan,
2014; Miga, 2015).
The dimethylation of histone H3 at lysine 4 (H3K4me2) is involved in
the transition from an inactive to an active chromatin state. This
modification has been found at promoters and transcribed genomic regions,
and it is related to a not necessarily active euchromatin (Schneider et al.,
2004; Lam et al., 2006). At the centromere this histone modification was
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found in the functional core where correlates with transcriptionally
competent chromatin (Bergmann et al., 2011; Sullivan and Karpen, 2004).
7.2.1 Double immunofluorescence on metaphase chromosomes and
chromatin fibres
The distribution of H3K9me2 was analysed in horse (Fig. 32-A) and in
donkey (Fig. 32-B) metaphase chromosomes by immunofluorescence using
antibodies against H3K9me2 and antibodies against CENP-A. No difference
in the intensity and distribution of the fluorescence signals was observed in
the two species, the two markers co-localising at all the centromeres. These
results indicate that satellite-free and satellite-based centromeres both
contain heterochromatin prone to be opened, but not necessarily
transcribed.
A

B

Figure 32 – Two colour immunofluorescence on horse (A) and donkey (B)
metaphase chromosomes. Chromosomes are stained with DAPI, blue, the CENP-A
protein is red labelled and H3K9me2 is green labelled.

The analysis of the same histone modification oh horse and donkey
extended chromatin fibres confirmed the data. Again, no difference was
observed between horse and donkey and all the analysed fibres (15) showed
the same pattern were CENPA and H3K9me2 signals co-localized. Examples
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of a horse chromatin fibre (Fig. 33-A) and of a donkey chromatin fibre (Fig.
33-B) are reported in Figure 33.
A

B

Figure 33 – Two colour immunofluorescence on horse (A) and donkey (B)
chromatin fibres. The graph over the images reports the quantitative analysis
(ImageJ software) of the intensity of the fluorescence signals. In A and B, the CENPA protein is red labelled and H3K9me2 is green labelled.

The second facultative heterochromatin marker studied was H3K27me3.
Double immuno-fluorescence on horse (Fig. 34-A) and donkey (Fig. 34-B)
metaphase chromosomes did not show any significant difference in the
intensity and distribution of fluorescence signals between the two species
and all the centromeres were positive to both CENP-A and H3K27me3.
Interestingly, the pattern of distribution of the H3K27me3 marker somehow
recalled a G banding pattern. This result is not surprising since G banding
identifies late replicating chromosome regions, which are typically
heterochromatic and gene-poor.
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A

B

Figure 34 – Two colour immunofluorescence on horse (A) and donkey (B)
metaphase chromosomes. Metaphase chromosomes are stained with DAPI, blue,
CENP-A is red labelled and H3K27me3 is green labelled.

The analysis of extended chromatin fibres confirmed that, in the
horse and in the donkey, the histone modification H3K27me3 was present
at the centromere core, identified by the CENP-A protein. In Figure 35
examples of a horse chromatin fibre (Fig. 34-A) and of a donkey chromatin
fibre (Fig. 34-B) are shown.
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A

B

Figure 35 – Two colour immunofluorescence on horse (A) and donkey (B)
chromatin fibres. The graph over the images of the fibres in A and B, represents
the quantitative analysis (ImageJ software) of the intensity of the fluorescence
signals. In A and B, the CENP-A protein is red labelled while H3K27me3 is green
labelled.

Thereafter, I analysed the distribution of H3K4me2 on horse (Fig. 36-A) and
donkey (Fig. 36-B) metaphase chromosomes. No significant difference was
observed between horse and donkey. The signal was variable among
centromeres; however, most of centromeres showed a very faint (absent, in
some cases) signal, apart from some centromeres showing a stronger
H3K4me2 signal.
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A

B

Figure 36 – Two colour immunofluorescence on horse (A) and donkey (B)
metaphase chromosomes. Metaphase chromosomes are stained with DAPI, blue,
CENP-A is red labelled and H3K4me2 is green labelled.

Two colour-immunofluorescence oh horse and donkey chromatin fibres
showed that most of centromeres (8 out of 10 fibres in the horse and 7 out
of 10 fibres in the donkey) had a very faint H3K4me2 signal (Fig. 37), in both
horse (Fig. 37-A) and donkey (Fig. 37-B).
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A

B

Figure 37 – Two colour immunofluorescence on horse (A) and donkey (B)
chromatin fibres. The graph over the image of the fibre in A and B, represents the
quantitative analysis (ImageJ software) of the intensity of the fluorescence signals.

In A and B, the CENP-A protein is red labelled while H3K4me2 is green
labelled. The minority of fibres (2 out 10 of fibres in the horse and 3 out of
10 fibres in the donkey) showed a stronger H3K4me2 signal. In Figure 38
examples of horse (Fig. 38-A) and donkey chromatin fibres (Fig. 38-B) with a
strong H3K4me2 green fluorescence are reported.

105

7. Results

A

B

Figure 38 – Two colour immunofluorescence on horse (A) and donkey (B)
chromatin fibres. The graph over the image of the fibre in A and B, reports the
quantitative analysis (ImageJ software) of the intensity of the fluorescence signals.
In A and B, the CENP-A protein is red labelled while H3K4me2 is green labelled.
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7.3 H4K20me1 MARKER
The last histone modification analysed was the mono-methylation
of lysine 20 of histone H4 (H4K20me1), which has been reported to be
associated to CENP-A nucleosomes at the centromere functional core (Hori
et al., 2014). This modification is supposed to be important for the
maturation of CENP-A nucleosomes. In addition, in regions other than the
centromere, it is associated with transcription (Beck et al., 2012).
7.3.1 Double immunofluorescence on metaphase chromosomes and
chromatin fibres
Double-immunofluorescence experiments were performed on horse
(Fig. 39-A) and donkey (Fig. 39-B) metaphase chromosomes using an
antibody against H4K20me1 and an antibody against CENP-A to detect the
centromere. The data demonstrated that both horse and donkey
centromeres are enriched in this histone modification. No difference was
noted between satellite-based and satellite-free centromeres, all the
centromeric immuno-fluorescence signals having the same intensity.
A

B

Figure 39 – Two colour immunofluorescence on horse (A) and donkey (B)
metaphase chromosomes. Metaphase chromosomes are stained with DAPI, blue,
CENP-A is red labelled and H4K20me1 is green labelled.
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Double immunofluorescence on chromatin fibres confirmed the data
obtained on metaphases. In addition, this experiment showed, as expected
for a histone modification associated with CENP-A containing nucleosomes,
a perfect co-localisation between CENP-A and H4K20me1 both in horse (Fig.
40-A) and in donkey chromatin fibres (Fig. 40-B). Moreover, as this marker
is associated with transcriptionally competent chromatin, its presence at
both satellite-free and satellite-based centromeres prompts to hypothesize
that a partially opened, transcriptionally competent chromatin state is
needed for centromere function
A

B

Figure 40 – Two colour immunofluorescence on horse (A) and donkey (B)
chromatin fibres. The graph over the image of the fibre in A and B, reports the
quantitative analysis (ImageJ software) of the intensity of the fluorescence signals.
In A and B, the CENP-A protein is red labelled while H4K20me1 is green labelled.
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8. DISCUSSION – PART 2
The lack of a universal centromere sequence and the existence of
centromeres completely void of repetitive DNA (neocentromeres) suggest
that the centromere identity is defined epigenetically (Sullivan and Karpen,
2004; Hall et al., 2012). The genus Equus is a powerful model for the study
of the centromere because of the presence of a high number of
evolutionarily new centromeres. These are satellite-DNA-free novel
centromeres originated by centromere repositioning events that occurred
during evolution in the absence of structural chromosome rearrangements
(Carbone et al., 2006; Wade et al., 2009; Piras et al., 2010; Purgato et al.,
2015; Nergadze et al., 2018). Interestingly, these satellite-free centromeres
coexist in the same karyotype with the canonical satellite-based ones. This
characteristic makes this an ideal model for the direct comparison of the
molecular and epigenetic organization of satellite-free and satellite–based
mammalian centromeres. However, the presence of highly repeated DNA
sequences at satellite-based centromeres hampers their analysis using
molecular and next generation sequencing approaches. Our analysis, based
on the direct investigation of chromatin fibres on microscope slides by
means of high-resolution cytogenetic approaches, is the method of election
to make direct comparisons between satellite containing and satellite void
centromeres present in the same karyotype. In addition, semi-quantitative
estimates of the relative amount of specific chromatin markers can be
performed.
I analysed, by double-immunofluorescence and immuno-FISH on
horse and donkey metaphase chromosomes and chromatin fibres, five posttranslational histone modifications: H3K9me3, H3K27me3, H3K9me2,
H3K4me2 and H4K20me1.
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H3K9me3
H3K9me3 is a marker of constitutive heterochromatin (Peters et al.,
2003; Rice et al., 2003) and it was present both at horse and at donkey
centromeres. Although all horse and donkey centromeres were immersed
into a heterochromatic environment, one couple of horse chromosomes and
16 couples of donkey chromosomes displayed a very weak fluorescence
signal. Since we previously demonstrated that the centromere of horse
chromosome11 and 16 donkey centromere are satellite-less (Wade et al.,
2009; Piras et al., 2010; Purgato et al., 2015; Nergadze et al., 2018), this
result clearly suggested that the centromeres associated to a faint H3K9me3
fluorescence signal were the satellite-free ones.
The hypothesis that those centromeres showing a faint
heterochromatic signal were the satellite-free ones was then confirmed by
immuno-FISH experiments both on horse and donkey metaphases, using
BAC probes specific for a satellite-free and a satellite-based centromere. The
results showed a striking difference in the amount of the H3K9me3
modification, with the satellite-based centromeres showing a stronger
heterochromatic signal with respect to the satellite-free ones.
To validate these results, I set up immuno-FISH on horse and donkey
chromatin fibres; the results, while confirming the data obtained by
immuno-FISH on metaphase chromosomes, added information about the
architectural distribution of the H3K9me3 histone modification which was
demonstrated to be present all along the CENP-A domain.
Interestingly, double immunofluorescence on metaphase
chromosomes showed a peculiar centromere organization (Chapter 7.
Paragraph 7.1.1, Fig. 21). In the horse and in the donkey, sister CENP-A spots
faced the outside of the primary constriction, while the heterochromatic
core, as identified by the presence of the H3K9me3 modification, was
confined in the middle, just between the two CENP-A spots. This result
perfectly reflects the hypothetical three-dimensional
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arrangement of super-coiled centrochromatin. It has been hypothesized
that centromeric chromatin supercoils to form a cylindrical structure, thus
forcing the alignment of nucleosomes with the same composition: to
promote proper kinetochore assembly during cell division, CENP-A
nucleosomes must be exposed towards the outer face of the cylinder to be
able to interact with spindle fibres (Fig. 41) (Blower et al., 2002).

Figure 41 – Three-dimensional arrangement of super coiled
centrochromatin. Blocks of CENP-A nucleosomes are pushed to the external
face of the centrochromatin, to interact with the kinetochore inner plate,
while H3-containing nucleosomes lie between the sister chromatids (Blower
et al., 2002).

H3K9me2 and H3K27me3
The analysis of two markers of facultative heterochromatin
(H3K9me2 and H3K27me3) (Nagaki et al., 2004; Sullivan and Karpen, 2004;
Mravinac et al., 2005; Beiley et al., 2016) demonstrated that all centromeres
were positive to the immunostaining, indicating that both satellite-less and
satellite-based centromeres contain facultative heterochromatin. Contrary
to constitutive heterochromatin, this kind of heterochromatin is prone to be
decondensed and transcribed at occurrence.
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H3K4me2
The results obtained by the analysis of the H3K4me2 histone
modification, which is a marker of transcriptional competent chromatin
(Schneider et al., 2004; Lam et al., 2006) on metaphase chromosomes
demonstrated that this modification is absent or present in a small amount
at horse and donkey centromeres. There was no evidence of any difference
in the amount of this modification between satellite-based and satellite-free
centromeres.
High resolution analysis of horse and donkey chromatin fibres
showed variability in the H3K4me2 signal intensity among different fibres in
both species, with about half of the fibres showing a strong histone
modification signal and half showing a very low signal intensity. This
variability could reflect a change in the centrochromatin epigenetic
environment in different phases of the cell cycle. However, since a great
variability in the intensity of fluorescence signals was evident also at
metaphase, we speculate that the epigenetic state of single centromeres
may vary among chromosomes and among cells. Indeed, it is plausible to
hypothesize that a steady state amount of centromere transcripts is needed
for proper centromere function and that this steady level can be maintained
even if the transcriptional activity at single centromeres varies (Quénet et
al., 2017). Literature data demonstrate that H3K4me2 and transcription are
important for CENP-A recruitment and for the maintenance of centromere
structure in mammals (Sullivan and Karpen, 2004). Centromere chromatin
exhibits a histone modification pattern that is distinct from both
euchromatin and heterochromatin (Bergmann et al., 2011). In view of its
importance for centromere function, we plan to apply immuno-FISH to
deepen the study of this chromatin modification, similarly to what we
previously made for the analysis of constitutive heterochromatin.
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H4K20me1
Finally, the analysis of the H4K20me1 histone modification on horse
and donkey metaphase chromosomes demonstrated the presence of this
histone modification at all centromeres in both species, this means that the
presence of satellite DNA sequence at the centromere is not necessary for
the recruitment of this histone modification. The analysis of chromatin
fibres demonstrated that there is a perfect co-localization between the
H4K20me1 and the CENP-A fluorescence signals. This result was expected
since it has been demonstrated that this histone modification is present at
CENP-A containing nucleosomes where it seems to be important for
kinetochore assembly (Hori et al., 2014; Nishino et al., 2013).
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9. CONCLUSION AND PERSPECTIVES – PART 2
The results obtained by the cytogenetic approach were compared
with the results of ChIP-seq obtained by our collaborators in the Laboratory
of Molecular Biology (Elena Giulotto, personal communication). The ChIPseq approach allows to study, at the DNA sequence level, the organization
of satellite–free centromeres, but is not suitable to analyse the organisation
of centromeres containing highly repeated DNA sequences. On the contrary,
the cytogenetic approach is less sensitive, but allows to characterize both
satellite-free and satellite-based centromeres.
Table 1 summarises the results concerning those histone
modifications that have been analysed by ChIP-seq and by molecular
cytogenetics.
The cytogenetic approach allowed to demonstrate that there is a
striking difference in the amount of constitutive heterochromatin, as
marked by the H3K9me3 histone modification, between satellite-based
centromeres and satellite-free centromeres. This result is relevant since
suggests that centromeric single copy DNA, as well as the highly repetitive
sequences, is able to condense in heterochromatin. However, the efficiency
of this process is lower at satellite-free with respect to satellite-based
centromeres. To our knowledge, presumably due to the absence of a
suitable model system and to the use of molecular and next generation
sequencing approaches, similar data have never been published before.
In addition, the cytogenetic approach showed that most of the
centromeres in both horse and donkey metaphase chromosomes were
slightly positive or negative for the H3K4me2 signal. However, a great
variability was observed among chromosomes and this variation was
apparently unrelated to the presence of satellite DNA. ChIP-seq results
demonstrated that satellite–free centromeres do not contain this
modification. On the other hand, high resolution analysis of chromatin fibres
showed that, both in the horse and in the donkey, there are two kinds of
organization: about half of the centromeres have a very low amount of this
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histone modification, while the others have a much higher amount. The
observed variability could be explained by considering that different fibres
could represent centromeres in different phases of the cell cycle suggesting
that the epigenetic environment at the centromeres can vary throughout
cell cycle. However, since this modification is a marker of transcriptional
competence, it can be supposed that the transcriptional activity of different
centromere varies among cells and in different phases of the cell cycle, but
the total amount of centromeric transcripts is maintained stable in the cell.
It will be important to perform immuno-FISH experiments in order to
evaluate the amount of this modification and its variability at single
centromeres.
Finally, cytogenetics demonstrated that the H4K20me1 modification
is present at all centromere. Consistently, ChIP-seq demonstrated the
presence of this modification at satellite-free centromeres
Table 1 – Summary of the results obtained by Immunofluorescence,
Immuno-FISH and ChIP-seq.

Altogether, the results of the second part of my PhD work
demonstrated that, in the horse and in the donkey, the heterochromatic
environment defined by the H3K9me3 histone mark is maintained both at
satellite-free and at satellite-based centromeres, even though, as
demonstrated by high resolution immuno-FISH experiments, in a lower
amount at the satellite-free centromeres. It can be hypothesized that
heterochromatic marks are a prerequisite for the recruitment of CENP-A in
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ectopic sites, thus triggering neocentromere seeding. Literature data (Lam
et al., 2006; Olszak et al., 2011) suggest a functional role of heterochromatin
which could define the borders of the centromeric functional domain and
prevent CENP-A chromatin spreading in adjacent regions (Maggert and
Karpen, 2000; Maggert and Karpen 2001). Previous works (Purgato et al.,
2015; Nergadze et al., 2018), revealed that the satellite-free centromeres in
horse and donkey are not fixed, but they can slide inside a region of about
500 kb. This evidence supports the hypothesis that the recruitment of
satellite DNA during the process of centromere maturation, may reduce the
flexibility of centromere position, stabilizing it. Therefore, the low amount
of the constitutive heterochromatic marker H3K9me3 at the satellite-free
centromeres, not being enough to limit the CENP-A chromatin spreading,
could explain the flexibility in the position of the CENP-A domain.
While a transcriptionally competent heterochromatic environment
(H3K4me2) seems to be little represented at horse and donkey metaphase
chromosomes, a high variability in the amount of this histone modification
characterises different horse and donkey fibres, suggesting that the
epigenetic environment at the centromeres can vary during the cell cycle. In
addition, all centromeres contain facultative heterochromatin prone to be
opened, as confirmed by the presence of the H3K9me2 and H3K27me3
histone modifications. This result is not surprising since a relaxed chromatin
environment is known to be essential for CENP-A loading (Bergmann et al.,
2012).
Finally, the presence at satellite-free and at satellite-based
centromeres of the H4K20me1 marker, as confirmed by both approaches, is
in agreement with literature data which demonstrated that this histone
modification, ensuring CENP-A containing nucleosome maturation,
promotes kinetochore assembly.
Our data combined with ChIP-seq results demonstrate the presence
of a relaxed chromatin environment at satellite-free centromeres. We
previously demonstrated that satellite DNA is transcribed at horse
centromeres (Cerutti et al., 2016), but we have no evidence of the existence
of transcripts derived from satellite-free centromeric sequences (Elena
116

9. Conclusion

Giulotto, personal communication). It is tempting to speculate that the
permissive state of satellite-free centrochromatin makes it able to interact
with trans-acting RNAs which derive from satellite-based centromeres. In
the next future, we are planning to characterize centromere transcripts and
to set up RNA-FISH experiments in order to directly determine their ability
to interact with satellite-free centromeres.
Finally, it will be worth investigating, by means of cell
synchronization, the variability in the amount of transcriptional competent
chromatin markers in different phases of the cell cycle.
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