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ABSTRACT 

The centromere is the locus that drives proper chromosome segregation at 

meiosis and mitosis, providing the platform for kinetochore assembly. While 

centromere/kinetochore proteins are conserved across all eukaryotes, the underlying 

DNA sequence differs among species both in size and in complexity. This paradox 

suggests that the centromere is an epigenetic structure, which does not depend 

strictly on the primary DNA sequence. 

In the recent years, we demonstrated that in the species belonging to the 

genus Equus, the centromere function and the position of satellite DNA are often 

uncoupled (Wade et al., 2009; Piras et al., 2009; Piras et al., 2010; Raimondi et al., 

2011; Nergadze et al., 2014, Purgato et al., 2015). Moreover, satellite-less 

centromeres, originated by evolutionary centromere repositioning, are unexpectedly 

frequent in Equus species. As a consequence, satellite based and satellite-less 

centromeres coexist in single karyotypes: one centromere in the horse (on 

chromosome 11), sixteen centromeres in the donkey, seventeen in the Grevyi’s zebra 

and seven in the Burchelli’s zebra. Thus, we used equid species as a model system 

especially suitable for the dissection of centromere function. 

In a synergical work between the Laboratory of Molecular Cytogenetics and 

the Laboratory of Cellular and Molecular Biology of the University of Pavia, we 

have analyzed the overall organization of the different classes of horse satellite DNA 

(37cen, 2PI and EC137) and the sequence associated with the centromere function. 

In the horse, the organization of the different satellite DNA families appears to be a 

mosaic where the three DNA families display an interspersed association of 

sequence blocks widely variable in size. The molecular organization of the horse 

centromeres is similar to that of others species and it is composed of CENP-A blocks 

of variable length immersed in long satellite DNA stretches (Blower et al., 2002) and 

the major horse satellite DNA family, 37cen, is related to the centromere function in 

the satellite-based centromeres. Moreover, it has been demonstrated that 37cen is 

transcriptionally competent. 

We also deeply analyzed the centromeric domain of the first natural satellite-

less centromere described in literature, the centromere of horse chromosome 11 

(ECA11). Analyzing 5 unrelated horses we demonstrated that the centromeric 

domain of ECA11 is characterized by positional variation, and that in a native 

mammalian centromere the centromere position can be flexible across a relatively 
wide (500kb) single-copy genomic region. Our results demonstrated that the 

positioning of CENP-A binding domains is unrelated to the underlying DNA 
sequence.  

A crucial issue in centromere biology concerns the contribution of satellite 

DNA to chromosome segregation fidelity. To our knowledge, systematic analyses of 

the mitotic stability of satellite-less centromeres do not exist. Data from the analysis 

of pathologic satellite-less centromeres indicate that these marker chromosomes are 

often present in the individual in mosaic form; this mosaicism may be due to some 
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intrinsic mitotic instability, but also the selective disadvantage of partial aneuploidy 

must be considered (Marshall et al., 2008). Human artificial chromosomes, with a 

conditional centromere, have been used to manipulate the epigenetic state of 

chromatin and to elucidate the requirements for proper centromere function; it was 

shown that a dynamic balance between centromeric euchromatin and 

heterochromatin is essential for kinetochore activity, alphoid satellite DNA stretches 

having a central role (Nakano et al., 2008; Ohzeki et al., 2015). We decided to 

analyze the in vitro mitotic stability of horse chromosome 11, whose centromere is 

completely satellite-free, and compare 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. Our results demonstrated that the 

segregation accuracy of these two chromosomes is similar, thus suggesting that 

satellite DNA is dispensable for transmission fidelity. 

In view of the absence of repetitive DNA arrays, the only elements that can 

specify the centromeric function are epigenetic factors. We studied the epigenetic 

landscape of horse and donkey centromeres through a molecular cytogenetic analysis 

of the main histone modifications characterizing the centrochromatin. We 

demonstrated that the satellite-less centromeres, as well as the satellite based-

centromeres, are immersed in a heterochromatic environment, even if they contain 

small amounts of constitutive heterochromatin. This constitutive hyper-condensed 

heterochromatin defines the borders of the functional centromere domain preventing 

centrochromatin diffusion. Satellite-less centromeres do also contain facultative 

heterochromatin since this heterochromatin is prone to be opened and is needed for 

CENP-A loading. Finally, satellite-less centromeres do contain transcriptionally 

competent heterochromatin, presumably to interact with trans acting lncRNAs 

transcribed from satellite based centromeres. 
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1. REVIEW OF THE LITERATURE 

1.1 - The centromere and its paradox 

The centromere is the locus that allows the proper chromosomes segregation at 

meiosis and mitosis, providing the platform for kinetochore assembly (Figure 1). 

The centromere is composed by a functional centromeric domain, named core, which 

is the site wherein spindle microtubules attach to the kinetochore multi-protein 

structure. The kinetochore is responsible for the movement of chromosomes to the 

opposite poles of the cell, ensuring the proper distribution of the genetic material. 

The centromere core is surrounded by pericentromeric regions, which are the site of 

sister chromatids cohesion. 

 

 

 
 

Figure 1 – Schematic representation of a centromere structure. Centromeric chromatin 

underlies the kinetochore, which contains inner and outer plates (in green and in blue, 

respectively) that form microtubule-attachment sites (in black). Pericentromeric 

heterochromatin (in grey) flanks centromeric chromatin (zebra-striped) and contains a high 

density of cohesins (in brown) which mediates sister-chromatid cohesion (adapted from 

Bailey et al., 2016). 

 

 

Generally speaking, the centromere structure becomes more complex while 

moving along the evolutionary scale (Figure 2) (Kalitsis and Choo, 2012). 

In Saccharomyces cerevisiae (Figure 2a), the centromeric region is defined 

by a sequence of 125 bp, which contains three different DNA sequence elements: 

CDEI, CDEII and CDEIII. Two of them, CDEI and CDEIII, are extremely conserved 

at each chromosome and point mutations inhibit their activity. CDEI is involved in 
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maintaining the cohesion and allowing the separation of sister chromatids, while 

CDEII binds the CBF3 (Centromere Binding Factor 3 - a multisubunit protein 

complex that binds to centromeric DNA and initiates kinetochore assembly 

complex) and is responsible of a proper kinetochore assembly (Cleveland et al., 

2003). Unlike the previous ones, CDEII is not conserved in terms of sequence, but 

in terms of minimal sequence length (76 to 84 bp) and A+T rich content (90%). 

CDEII interacts with Cse4, a modified centromere-specific histone H3variant, which 

is highly conserved protein motif present at all eukaryotic centromeres (Cheeseman 

et al., 2002).  

The fission yeast Saccharomyces pombe (Figure 2c) has regional 

centromeres, which range in size from 40 to 100 kb, composed of an unconserved 

central core region (cnt) surrounded by centromere specific inner repeats (imr) and 

long inverted repeats (otr). Both the central core and the inner repeats are bound by 

Cnp1, the modified centromere-specific histone H3 variant (Cleveland et al., 2003). 

The same structural organization is presented in the centromeres of Candida albicans 

(Figure 2b), in which the core sequence is flanked by small inverted repeats 

(Henikoff et al., 2001). 

In higher eukaryotes, centromeres acquire greater complexity and they are 

usually localized within tandemly repeated DNA sequences that form long arrays 

(satellite DNA) in tightly packed heterochromatic regions (Plohl et al., 2014).  

A well characterized example is the centromere of Drosophila melanogaster 
(Figure 2d), which extends for about 420 kb and is composed of tandemly repeated 

arrays in which various transposons are interspersed (Sun et al., 1997). Human 

centromeres (Figure 2e) mainly consist of alpha-satellite DNA, composed of 

monomer units of 171 bp arranged in tandem head-to-tail arrays. Monomers are 

organized into chromosome-specific higher-order repeats (HORs) that are reiterated 

thousands of times (Schueler and Sullivan, 2006). In the mouse, centromeric and 

pericentromeric regions are composed of two highly conserved satellite DNA 

families named minor and major satellite. The minor satellite is composed of 120-

bp AT-rich monomers that occupy 300-600 kb and act as the site of kinetochore 

assembly and spindle microtubules attachment. The major satellite is more abundant 

and consists of 234 bp monomers flanking the minor satellite. The major satellite is 

implicated in heterochromatin formation and sister chromatids cohesion 

(Komissarov et al., 2011). 
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Figure 2 - Schematic depiction of centromeric DNA structure which becomes more 

complex while moving along the evolutionary scale (from bottom to the top). A 

schematic representation of the centromeric nucleosomal organization of C. albicans, S. 

pombe, Drosophila and. humans is also reported (Allshire and Karpen, 2008). 

 

 

The comparison between the various sequence motifs that make up fully 

functional centromeres in higher eukaryotes has revealed a total absence of sequence 

conservation. However, satellite DNA monomers share, among species, a common 

unit length which nearly corresponds to the nucleosomal DNA unit length (the alpha-

satellite unit in primates is 171 bp; in the fish Sparus aurata, the centromeric repeat 

is 186 bp; in the insect Chironomus pallidivittatus, it is 155 bp; in both Arabidopsis 

and maize, it is 180 bp; in rice it is 168 bp) (Dawe et al., 1996; Choo, 1997; Shelby 

et al., 1997; Dong et al., 1998). It can be speculated that the “selection” for 

nucleosomal unit DNA length would be a driving force in the evolution of the 

centromeric satellite DNA sequences, in respect of their structural (non-coding) role 
in the genome. Moreover, a minimal size of satellite DNA arrays seems to exist. For 

example, in Drosophila melanogaster, 420 kb of primary tandem repeats are 
required for a fully functional centromere, and length reduction leads to chromosome 

malsegregation (Murphy and Karpen, 1995). In man, the smallest natural 

supernumerary mini-chromosomes retain at least 100 kb of alpha-satellite DNA and 

human artificial chromosomes need megabases long stretches of alpha-satellite DNA 

to be mitotically stable (Ikeno et al., 1998; Yang et al., 2000). 
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All these evidences led to the idea that specific repeated sequence elements specify 

centromere location when they are present in a sufficient number of copies (Henikoff 

et al., 2001). However, this hypothesis was rejected in the light of discovery of 

neocentromeres and of pseudo-dicentric chromosomes. Neocentromeres are ectopic 

centromeres lacking any common repetitive element observed occasionally in 

humans (Depinet et al., 1997; Tyler-Smith et al., 1999; Warburton et al., 2000; Lo 

et al., 2001). Pseudo-dicentric chromosomes are structural dicentric chromosomes 

in which one centromere was functionally inactivated without changes in the 

underlying DNA sequence (McKinley and Cheeseman, 2016). 

The failure to detect a universal sequence or a common motif distinguishing 

centromere function prompted researchers to look at non-DNA sequence 

determinants able to maintain centromeres (Choo, 2000). 

A number of proteins were found only at centromeres. Many of them are present at 

centromeres only at mitosis and meiosis contributing to the assembly of kinetochore 

on centromeric chromatin and connecting the centromere to spindle microtubules 

(Perpelescu and Fukagawa, 2011). Among constitutive centromeric proteins the 

most important is the marker of centromere function: CENP-A (Earnshaw and 

Ruthfield, 1985). CENP-A is a centromere-specific histone H3 variant (Sullivan et 

al., 1994) which is present at constitutive centromeres as well as at neocentromeres 

(Saffery et al., 2000) but is absent from inactivated centromeres (Sullivan and 

Willard, 1998). Although histone H3 is evolutionarily conserved, the centromeric 

histone H3 variants diverge among species. Probably this is due to the need to 

interact with centromeric DNA (Malik and Henikoff, 2001) which is one of the most 

rapidly evolving components of eukaryotic genomes (Csink and Henikoff, 1998).  

In conclusion, even if the process of chromosome inheritance is highly 

conserved across all eukaryotes, the DNA and protein components specific to the 

centromeric locus differ among species (See paragraphs 1.2 and 1.3). The 

discrepancy between the need to preserve the function and the lack of conservation 

of the actors that are being actively involved in this process is known as “centromere 

paradox” (Henikoff et al., 2001). 

 

 

1.2 - The centromere from the DNA point of view 

The centromeric region of most eukaryotes is composed of two major repetitive 

DNA components: transposable elements and satellite DNA sequences.  

Transposable elements (TEs) are DNA sequences that can move to new genomic 

locations and form interspersed repeats if replicated during the process of movement 

(Kazazian, 2004; Tollis and Boissinot, 2012). They are classified, according to the 

mechanisms of transposition, as RNA-mediated transposable elements or DNA-

mediated transposable elements. Among TEs, LTR-retrotransposons (i.e. mobile 

genetic elements that can replicate themselves through reverse transcription of their 
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RNA and integrate the resulting cDNA into another locus) are highly abundant at 

centromeric and pericentromeric regions both in plants and in animals (Pimpinelli et 

al., 1995; Copenhaver et al., 1999; Schueler et al., 2001; Cheng et al., 2002).  

The other major class of centromeric repetitive elements, satellite DNA, is 

defined as a “class of diverse tandemly repeated DNA sequences that comprise long 

arrays localized in a tightly packed heterochromatin” (Plohl et al., 2014). These 

sequences undergo rapid evolution according to the principles of concerted evolution 

(Melters et al., 2013). Centromeric DNA evolution is driven by several mechanisms 

of nonreciprocal sequence transfer, such as unequal crossing-over, gene conversion, 

rolling circle replication and transposition-related mechanisms (Dover, 1986). In 

particular, unequal crossing-over and gene conversion are the elective mechanisms 

involved in satellite DNA dynamics (Talbert and Henikoff, 2010). It has been also 

demonstrated that segmental duplication is an important evolutionary force giving 

rise to the amplification of satellite DNA arrays (Horvath et al., 2005; Ma and 

Jackson, 2006). Satellite DNA evolution is linked to reproductive isolation and 

speciation since differences among individuals in the centromere region cause 

centromere drive, leading to incompatibility of homologous chromosomes in hybrids 

and ultimately to postzygotic isolation, thus triggering speciation (Bachmann et al., 

1989; Henikoff et al., 2001).  

Despite the extreme diversity of satellite DNA sequences at eukaryotic 

centromeres, some sequences seem to be shared. For example, in human alpha-

satellite DNA, as well as in various classes of repetitive elements in several 

mammalian species, a conserved 17 bp sequence has been found (Ohzeki et al., 

2002; Alkan et al., 2011). This motif, named CENP-B box, is a binding site for the 

protein CENP-B whose role is poorly understood (Masumoto et al., 2004). CENP-B 

box-like motifs were also found in unrelated satDNAs of some distant invertebrates 

and plants, suggesting a potential functional role of this protein (Canapa et al., 2000; 

Gindullis et al., 2001; Mravinac et al., 2005; Meštrović et al., 2013). 

The diversity of DNA sequences localized in functional centromeres and/or 

pericentromeres has been evidenced not only in terms of different satDNAs and their 

organization, but also in terms of other sequences contribution (Figure 3).  
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Figure 3 – Schematic representation of different DNA sequences in different 

centromere types (adapted from Plohl et al., 2014). 

 

 

A global sequence characterization of rice centromeric satellite DNA by 

sequencing and ChIP experiments, did not reveal any difference between monomers 

included in the functional centromere and pericentromeric arrays (Figure 3a) 

(Macas et al., 2010). It has been suggested that the absence of chromosome-specific 

satellite DNA families is related to a high sequence homogenization in the meiotic 

prophase stage (Durajlija Žinić et al., 2000; Mravinac and Plohl, 2010). 

Functional DNA sequences in different centromere types exist. For example, 

in human a defined number of monomers are organized into chromosome-specific 

higher-order repeats (HORs) that are reiterated thousands of times creating 

chromosome specific satellite DNA families (Figure 3b) (Schueler and Sullivan, 

2006).  

In rice, substantial portions of centromere-specific retrotransposons are 

present. These retrotransposons are intermingled with the satellite DNA and both 

types of repeated sequences can bind the centromere-specific histone H3 variant 

(CEN-H3), which confers the centromere identity (Figure 3c) (Ma et al., 2007).  
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In some chromosomes of maize (Wolfgruber et al., 2009) and wheat (Li et 
al., 2013) species-specific centromeric retrotransposons are the predominant DNA 

sequences associated with CEN-H3 (Figure 3d). 

Even if the majority of eukaryotes display satellite-based centromeres, some 

exceptions exist. Satellite-less centromeres, discussed in detail in the next 

paragraphs, have been found occasionally in human pathology (neocentromeres) 

(Vouillaire et al., 1993; Marshall et al., 2008) and in extant species (evolutionary 

new centromeres) (Wade et al., 2009; Locke et al., 2011; Shang et al., 2010) (Figure 

3e-f).  

 

 

1.2.1 - The role of centromeric satellite DNA 

The functional role of centromeric satellite DNA has been long debated and a 

number of hypotheses have been proposed to explain the recruitment, by the 

majority of eukaryotic centromeres, of large stretches of satellite DNA. In the recent 

past several evidences assigned to centromeric satellites specific role even if, as a 

matter of fact, it is dispensable and completely satellite-free functional 

chromosomes exist (Plohl et al., 2012). 

Centromeric repetitive DNA is typically devoid of active genes, thus it may 

aid the formation of a heterochromatic environment which would favour the stability 

of the chromosome during mitosis and meiosis (Marshall et al., 2008; Plohl et al., 

2008; Plohl et al., 2014). Pericentromeric repetitive DNA might inhibit spreading of 

the centromere over neighboring genic regions (Sullivan, 2002). It has also been 

proposed that the satellite DNA may improve the cohesion and the separation of 

sister chromatids. For sure, it had been demonstrated that centromeric satellite DNA 

is transcribed and that the transcription of the centromeric regions is essential for 

centromere maintenance (Steiner and Henikoff, 2015). Transcripts from satellite 

DNA seem to be important for chromatin opening and CENP-A loading; these 

transcripts are believed to provide a flexible scaffold that allows assembly or 

stabilization of the kinetochore proteins and 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 and Erhardt, 2016). 

Transcripts homologous to centromeric and pericentromeric repetitive 
sequences have been identified in several organisms such as yeast (Ohkuni and 

Kitagawa, 2011; Choi et al., 2012), mouse (Ferri et al., 2009), and humans (Saffery 

et al., 2003; Wong et al., 2007). The transcription of satellite DNA seems to be 

strictly related to kinetochore assembly; indeed, defects in transcriptional 

competence lead to chromosome malsegregation (Ohkuni and Kitagawa, 2011; 

Chan et al., 2012). 

In S. pombe, transcripts derived from the pericentromeric repetitive elements 

have been proposed to be involved in heterochromatin formation and maintenance 
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by the RNA interference (RNAi) machinery (Volpe et al., 2002; Motamedi et al., 
2004; Verdel et al., 2004). RNA polymerase II (RNA Pol II) transcribes centromeric 

and pericentromeric satellite DNA sequences in long noncoding RNAs (lncRNAs). 

These lncRNAs are turned in double strand by an RNA-directed RNA polymerase 

(Rdp1). Subsequently, they are cleaved by Dicer in order to produce siRNAs which 

in turn recruit factors involved in heterochromatin assembly. At this stage, siRNAs 

are loaded first by the ARC (Activator Recruited Cofactor) complex and then by the 

RNA-induced initiation of transcriptional gene silencing complex (RITS). RITS 

complex uses single-stranded siRNAs to recognize and to target specific 

chromosome regions by a mechanism that involves either siRNA-DNA or siRNA-

nascent transcript base pairing interactions. The localization of RITS at centromeric 

DNA repeats and its association to centromeric transcripts is Clr4 methyltransferase 

dependent. Clr4 methylates the histone H3 at lysine 9, providing a binding site for 

Chp1, a protein belonging to the RITS complex, and stabilizing the tethering of RITS 

itself. Moreover, Clr4 modifies adjacent histones promoting heterochromatin 

spreading (Biscotti et al., 2015). 

The involvement of RNAi in heterochromatin formation in other eukaryotic 

organisms is still debated. In chicken, the accumulation of pericentromeric 

transcripts after downregulation of Dicer seems to indicate a similar mechanism 

(Fukagawa et al., 2004). 

In human, another RNAi-dependent mechanism, leading to the 

establishment of the heterochromatic state at centromere, has been recently proposed 

(Maida et al., 2014). It has been hypothesized the involvement of a telomerase 

reverse transcriptase (TERT) that might act in non-telomeric regions. However, 

evidence of defective heterochromatin in Dicer-deficient human and murine cells 

was found (Fukagawa et al., 2004; Kanellopoulou et al., 2005). This suggests that in 

man there might be two independent mechanisms regulating heterochromatin 

maintenance at the centromere. 

The transcripts of satellite DNA seem to have a role also in maintaining 

centromere identity. The transcription of centromeric tandemly repeated sequences 

with a specific size is related to CENP-A loading (Okada et al., 2009). At human 

centromeres, 1.3 kb lncRNAs act as for the targeting and the loading of CENP-A 

onto the centromeric DNA (Quénet and Dalal, 2014). 

The juxtaposition of other important kinetochore proteins, as CENP-C or the 
kinase Aurora B, depends on transcripts originated from the centromere (Wong et 

al., 2007; Ferri et al., 2009). It has been demonstrated that, in the mouse, 

transcription of centromeric minor satellite and Aurora B kinase activity are mutually 

dependent (Ferri et al., 2009). It has recently been shown that also in HeLa cells 

satellite I transcripts are associated with Aurora B and INCENP activity (INner 

CENtromeric Protein) (Ideue et al., 2014). Moreover, the absence of SATIII 

pericentromeric transcripts determines defects in chromosome segregation and 

partial loss of kinetochore components in Drosophila.  
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The expression levels of centromeric satellite DNA is influenced by various 

cellular stresses, such as heat shock, exposure to hazardous chemicals and ultraviolet 

radiation, as well as hyperosmotic and oxidative conditions (Jolly et al., 2004; 

Bouzinba-Segard et al., 2006; Valgardsdottir et al., 2008; Eymery et al., 2009; Hsieh 

et al., 2011; Hall et al., 2012; Enukashvily and Ponomartsev, 2013). For example, in 

response to heat shock, nuclear stress bodies originate at pericentromeric regions in 

human cells (Denegri et al., 2002; Jolly et al., 2002). Under this condition, the 

epigenetic status of pericentromeric DNA changes and specific euchromatic histone 

modifications occur. In addition, the transcripts of specific pericentromeric satellites 

become highly polyadenylated and the transcription of these satellite DNAs is 

necessary for the recruitment of heat shock factor 1 (HSF1) and RNA Pol II (Jolly et 

al., 2004; Rizzi et al., 2004). 

In mouse, the transcription of the centromeric minor satellite is induced by 

chemical exposure. The high levels of transcripts impair centromere function, 

affecting centromere chromatin condensation and sister chromatids cohesion leading 

to aneuploidy (Bouzinba- Segard et al., 2006). 

Also in several types of cancer differences in the expression level of satellite 

repeats, correlated with the decondensation of pericentromeric heterochromatin, 

have been reported. (Shumaker et al., 2006; Alexiadis et al., 2007; Enukashvily et 
al., 2007; Ehrlich et al., 2008; Eymery et al., 2009; Ting et al., 2011; Zhu et al., 

2011). The absence of tumor suppressor proteins which have the centromeric domain 

as target, leads to a considerable increase in pericentromeric satellite transcripts, and 

consequently, cells undergo segregation defects and an overall genomic instability 

(Frescas et al., 2008; Zhu et al., 2011).  

Even if the precise function of the centromeric satellite transcription process 

remains unclear, the abnormal variation of centromeric satellite DNA transcription 

in stress conditions and in cancer suggests that these transcripts may play a crucial 

role in genome stability. Finally, since regional centromere position is not strictly 

specified by the DNA sequence, it is possible that the kinetochore position on the 

underlying DNA might drift slightly. In this case, repetitive arrays could provide a 

safety buffer within which such drift would be harmless (Fukagawa and Earnshaw, 

2014). 

 

 

1.3 - The centromere from the kinetochore point of view 

The chromatin organization consists of individual DNA molecules wrapped around 

histone proteins (Kornberg, 1974; Olins and Olins, 1974). Together, they form the 

nucleosome particle, whose core contains one (H3-H4)2 tetramer and two H2A-H2B 

dimers (Luger et al., 1997).  

One exception is represented by centromeric chromatin, in which domains of 

nucleosomes containing the canonical histone H3 are intermingled with domains of 
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nucleosomes that contain the histone H3 variant CEN-H3 (also known as CENP-A) 

(Earnshaw and Rothfield, 1985; Talbert and Henikoff, 2013). This arrangement 

contributes to the three-dimensional organization of centromeric chromatin (Blower 

et al., 2002; Ribeiro et al., 2010) and the presence of this centromere-specific histone 

variant is necessary and sufficient to confer the centromere function to any genomic 

region (Saffery et al., 2000; Heun et al., 2006; Mendiburo et al., 2011).  

CENP-A mediates the specific recruitment of centromere and kinetochore 

proteins. Furthermore, the properties of CENP-A nucleosomes are critical for the 

exclusive deposition of CENP-A at the centromere and to prevent its aberrant 

assembly at non-centromeric locations. 

 

 

1.3.1 - CENP-A 

The discovery of antibodies against the centromere region in the serum from patients 

affected by the autoimmune CREST syndrome (calcinosis, Raynaud’s syndrome, 

esophageal dysmotility, Sclerodactyly and Telangiectasia), led to the identification 

of the first set of three canonical human centromeric proteins: CENP-A, CENP-B, 

and CENP-C (Moroi et al., 1980; Earnshaw and Rothfield, 1985).  

As already mentioned before, CENP-A is the centromere-specific histone 

H3 variant, as well as the epigenetic mark of centromere identity (Warburton et al., 
1997; Vafa and Sullivan, 1997). Its recruitment at the centromere is necessary for 

centromere function and is also essential for the assembly of all known kinetochore 

components (Regnier et al., 2005; Liu et al., 2006; Fachinetti et al., 2013). CENP-A 

was found at the active centromeres of dicentric chromosomes as well as at the all 

identified satellite-less neocentromeres (See paragraph 1.5) (Earnshaw and Migeon, 

1985; Marshall et al., 2008). Moreover, the artificial targeting of CENP-A to an 

ectopic chromosomal locus is sufficient to establish a structure able to mediate the 

microtubules attachment and to ensure chromosome segregation (Heun et al., 2006; 

Barnhart et al., 2011; Logsdon et al., 2015). 

Specific aminoacidic sequences within CENPA nucleosomes also confer 

centromere specific functions through the direct binding of the core kinetochore 

proteins CENPN and CENPC. CENP-N binds directly to the CATD (CENP-A 

targeting domain) of CENPA (Carroll et al., 2009; Carroll et al., 2010). CENPC 

engages extensive contacts with the CENPA nucleosome and with other histones 
within the CENPA nucleosome (Kato et al., 2013). The structural properties of 

CATD make the tetramers that contain CENP-A more rigid than the tetramers which 

contain the canonical histone H3 (Sekulic et al., 2010). 

The deposition of new CENP‑A is uncoupled to DNA replication and the 

new CENP‑A molecules are deposited only during the subsequent G1 phase (Black 

et al., 2007). This different timing between replication and new CENP-A molecules 

deposition, opens to the question of CENP-A dilution during the S phase. During the 
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G1 phase, CENP-A deposition is strictly coordinated by the activity of several 

assembly factors that ensure the faithful deposition of new CENP-A containing 

nucleosomes exclusively at centromeres (Dunleavy et al., 2009; Foltz et al., 2009; 

Bassett et al., 2012). This regulated deposition of CENP-A ensures the epigenetic 

propagation of the centromere at a preexisting location on each chromosome. Many 

organisms have strategies to prevent the ectopic deposition of CENP-A which could 

determine an inappropriate attachment to the spindle. However, a proofreading 

mechanism to remove ectopic CENP-A has not yet been identified in vertebrates 

(Bodor et al., 2014).  

Although CENP-A is an essential component of most centromeres, it is not 

the only driver of centromere specification. Additional molecular features contribute 

to defining an active centromere, including the properties of the underlying DNA 

sequence (see previous paragraph 1.2), the composition of the surrounding 

chromatin and post-translational modifications of CENP-A itself (see paragraph 

1.4).  

 

 

1.3.2 - CENP-B 

Another important protein found at the centromere domain is CENP-B. It is a DNA-

binding protein that recognizes a 17 bp sequence, named “CENP-B box”, through 

its amino-terminal region and dimerizes through its carboxy-terminal region 

(Earnshaw et al., 1987). The CENP-box sequence motif, firstly identified in the 

human alpha-satellite by Masumoto and colleagues in 1989 (Masumoto et al., 1989), 

is also conserved in the mouse minor satellite DNA (Okada et al., 2007). 

CENP-B derives from transposases mobilizing DNA transposons of the 

pogo family (Smit and Riggs, 1996). In the CENP-B aminoacidic sequence, three 

domains involved in the exonuclease activity were substituted, inhibiting CENP-B 

ability to promote transposition (Marshall and Choo, 2012). 

The exact role of this protein is controversial. De novo centromere formation 

in human/mammalian artificial chromosomes requires the presence of alpha-satellite 

DNA containing the binding motifs for centromeric CENP-B protein (Okada et al., 

2007). On the other hand, CENP-B knockout mice are viable (Hudson et al., 1998). 

The nonlethal CENP-B knockout mouse phenotype could be explained by the 

functional redundancy of this protein (i.e. different proteins exert the same function), 

whatever its function (Toth et al., 1995; Smit and Riggs, 1996; Kipling and 

Warburton, 1997; Hudson et al., 1998; Kapoor et al., 1998; Casola et al., 2008). 

However, recent studies have highlighted that the CENP-B protein works alone 

without functionally redundant partners. This means that CENP-B is not involved in 

the formation of an active kinetochore during mitosis (Hudson et al., 1998; Kapoor 

et al., 1998; Perez-Castro et al., 1998).  
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In addition, functional human neocentromeres and the human Y 

chromosome lack the CENP-B box, thus the bound protein (Choo, 2000; Amor and 

Choo, 2002; Okada et al., 2007). Interestingly, both types of centromeres shown a 

lower ability to bind CENP- A if compared with the other centromeres (less than 

50% of the amount of CENP-A) (Irvine et al., 2004). 

 

1.3.3 - CCAN complex 

The purification of the proteins of the centromere/kinetochore interface, collectively 

referred to as the constitutive centromere-associated network (CCAN; also known 

as the interphase centromere complex - ICEN) was obtained by immunoprecipitation 

of the centromeric domain with monoclonal anti-human CENP-A antibodies. CCAN 

is formed of 39 proteins associated with CENP-A nucleosomes including canonical 

centromeric proteins, chromatin remodeling complexes, heterochromatin-related 

proteins, polycomb group proteins, motor proteins, and proteins with unknown 

functions. However, the number of proteins that are constitutively localized to 

kinetochores throughout the cell cycle is 16, since some of the CCAN proteins are 

recruited only during cell division (Sugata et al., 1999; Nishihashi et al., 2002; Foltz 

et al., 2006; Izuta et al., 2006; Okada et al., 2006; Hori et al., 2008; Amano et al., 
2009). CCAN purification gave the most comprehensive view of the composition of 

centromere/kinetochore, but did not yield any clues concerning the hierarchy of 

interactions among CCAN components (Peperlescu and Fukagawa, 2011).  

CENP-A and all CCAN proteins are in the inner kinetochore plate (Kingwell 

and Rattner, 1987; Cooke et al., 1990; Saitoh et al., 1992; Warburton et al., 1997; 

Wan et al., 2009; Suzuki et al., 2011). Based on genetic and biochemical analyses, 

the CCAN proteins were classified into different subgroups: the CENP-C group, the 

CENP-T/W group, the CENP-H/I/K(/L/M/N) group, the CENP-O/P/Q/R/U group, 

and the CENP-S/X group. 

CENP-C is a constitutive centromere protein which interacts with CENP-A 

nucleosomes (Carroll et al., 2010). Deletions and point mutations in the N-terminal 

region of CENP-C revealed that this protein is important for the localization of other 

centromeric proteins including the Mis12 complex which is required for normal 

chromosome alignment and segregation and for kinetochore formation during 

mitosis (Liu et al., 2006; Kwon et al., 2007; Milks et al., 2009). 
Like CENP-C, the CENP-T/W complex bridges interactions between the 

centromeric chromatin platform and outer kinetochore components and recent 

studies demonstrated that CENP-T molecule has a motile structure that can stretch 

between the inner and outer kinetochore when tension is applied (Suzuki et al., 

2011). 

The CENP-H/I/K group connects CENP-A nucleosomes and microtubules. 

The depletion of any component of this group induces defects in the chromosome 

http://link.springer.com/article/10.1007%2Fs00412-011-0348-3#CR14
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alignment and in kinetochore assembly, determining chromosome mal-segregation 

(Fukagawa et al., 2001; Nishihashi et al., 2002; Okada et al., 2006).  

Knockout cells for CENP-L, CENP-M, and CENP-N show strong mitotic 

defects (Okada et al., 2006). CENP-L depletion induces monopolar spindles in most 

mitotic cells (McClelland et al., 2007). CENP-M-deficient cells exhibit mitotic 

aberrations and aneuploidy (Foltz et al., 2006; Izuta et al., 2006; Okada et al., 2006). 

Depletion of CENP-N reduces deposition of newly synthesized CENP-A into 

centromere, leading to a decrease of levels of the CENPs at kinetochores. (Carroll et 

al., 2009). For this reason, it has been proposed that CENP-N works as a decoder of 

information carried by CENP-A nucleosomes, which is necessary to recruit the 

CCAN.  

The depletion of CENP-S/X group induces mitotic abnormalities in human 

and chicken cells and its presence is required for the assembly of outer kinetochore 

proteins (Amano et al., 2009).  

The CENP-O/P/Q/R/U group forms a heterogeneous complex with an 

important role in the recovery from spindle damage (Hori et al., 2008). 

Cells depleted of any centromeric protein from this group are viable, but in 

conditions needing recovery from spindle damage, this protein is required for 

adhesion and prevention of premature sister chromatid separation (Foltz et al., 2006; 

Hori et al., 2008).  

 

 

1.4 - Centromere specific histone modifications 

Post-translational histone modifications regulate functional interchanges between 

different chromatin environments; specific patterns of histone modifications are 

involved in assembly, maintenance, and modification of chromatin three-

dimensional structure (Jenuwein and Allis, 2001). 

A wide range of post-translational modifications, including methylation, 

acetylation, phosphorylation and ubiquitination can occur at the N-terminal tails of 

all histones (Jenuwein and Allis, 2001; Fischle et al., 2003). Centromeric chromatin 

(or centrochromatin) consists of a mixture of both CENP-A-containing and H3-

containing nucleosomes, immerses in a heterochromatic environment and is peculiar 

since shows both euchromatic and heterochromatic features (Bergmann et al., 2012). 

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 (Mellone and Allshire, 2003; 

Quénet and Dalal, 2014).  

The pericentric regions contain histone modifications that typically mark 

the heterochromatin, such as the di- and tri-methylation of lysine 9 of histone H3 

(H3K9me2 and H3K9me3) (Peters et al., 2003; Rice et al., 2003).  
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H3K9me2 is a marker of facultative heterochromatin and is involved in 

gene silencing. This kind of modification is present in the regions flanking the 

centromere core both in man and in Drosophila. A semi quantitative analysis carried 

out on extended chromatin fibers revealed that H3K9me2 does not overlap, or 

overlaps minimally, with the edges of the CENP-A-containing domain. However, 

this is not a rule since ChIP analysis of rice centromeric regions indicated that 

H3K9me2 is present within the core of the centromere (Nagaki et al., 2004; Sullivan 

and Karpen, 2004; Bailey et al., 2016). 

H3K9me3 is a constitutive heterochromatin marker which was found in the 

pericentromeric region of Drosophila, mouse and human chromosomes (Peters et 

al., 2003; Rice et al., 2003) while was completely absent in the centromere core. In 

man, H3K9me3 is concentrated in the pericentromeric region of chromosomes 

containing large blocks of satellite DNA and is also located in sequences which are 

far away from CENP-A domains (Sullivan and Karpen, 2004).  

This distinctive centromeric chromatin state contributes to maintain the 

centromeric size, counteracting the spreading of the functional centromeric 

chromatin and defining the borders of CENP-A binding domains (Martins et al., 

2016). At metaphase, when chromosomes are condensed, this centromeric 

chromatin environment drives the arrangement of CENP-A and H3 containing 

nucleosomes. Blocks of CENP-A nucleosomes are pushed to the external face of 

the centrochromatin, to interact with the kinetochore proteins, while H3-containing 

nucleosomes lie between the sister chromatids (Blower et al., 2002).   

As expected, the heterochromatic modifications are absent from the 

centromere core as well as in the pericentromeric regions (Taddei et al., 2001; 

Sullivan and Karpen, 2004) but, surprisingly, at the centromere is present a marker 

of transcriptionally competent heterochromatin, such as the dimethylation of histone 

H3 at lysine 4 (H3K4me2) (Lehnertz et al., 2003; Guenatri et al., 2004; Smith et al., 

2011). Obviously, the amount of H3K4me2 at the centromere is less than the other 

euchromatic regions on chromosome arms since in centromere locus, this histone 

H3 modification is closely associated to CENP-A-containing region (Martins et al., 

2016).  

 

 

1.5 - Human neocentromeres 

Discovered for the first time in 1993 (Voullaire et al., 1993), human neocentromeres 

are usually formed in regions devoid of satellite DNA, after chromosomal 

rearrangements which remove or disrupt the constitutive centromere. 

So far, only about 100 pathological neocentromeres have been described. 

These neocentromeres show a high degree of heterogeneity both in terms of the 

sequences which they are associated with, both in terms of the chromosomal position 

in which they are formed. Nevertheless, some chromosomal regions seem to be 
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“hotspots” (Figure 4) of neocentromere seeding, such as the long arm of 

chromosomes 3, 13, 15 and Y (Marshall et al., 2008). It must be underlined that 

neocentromeres arising in the same chromosome region, indeed involve different 

loci at the DNA sequence level (Hasson et al., 2011). 

 

 

 
 

Figure 4 – Graphics representation of pathological neocentromeres. Clinical 

neocentromeres are indicated with black bars to the right of chromosomes ideograms (Rocchi 

et al., 2009). 

 

 

The common causes of pathological neocentromeres formation are 

chromosome rearrangements after chromatid breaks (Figure 5). The resulting 

acentric fragments can be stabilized by the formation of neocentric supernumerary 

linear or ring chromosomes, and this situation is often associated to a pathological 

phenotype (Alonso et al., 2003; Burnside et al., 2011).  

After chromatid breakage (Figure 5I), the acentric fragment can segregate 

in two possible ways (Figure 5II). After subsequent replication, the broken ends of 

the acentric fragment rejoin to create an inverted duplication (Figure 5III). 

Neocentromere formation occurs at this stage. If the neocentric fragment segregates 

with its sister chromatid, the result is partial tetrasomy for the duplicated fragment 

(Figure 5IV, left panel). If the centric fragment segregates with the neocentric 

fragment, the broken ends of the centric fragment can be stabilized by telomere 

restitution, and the result is partial trisomy for the duplicated fragment (Figure 5IV, 
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right panel). Neocentric chromosomes are often present in the individuals in mosaic 

form. This mosaicism maybe due to the mechanisms of marker chromosome 

formation or to some intrinsic mitotic instability of the neocentromere, but the 

selective disadvantage of partial aneuploidy is likely to be a contributing factor. 

 

 

 

 
 

Figure 5 – Mechanism of pathological neocentromere formation at mitosis. The 

neocentromeres colored red. The resulting effect on the karyotype is listed underneath each 

alternative rearrangement (Marshall et al., 2008). 

 

 

Neocentromeres can arise also on chromosomes in which the constitutive 

centromere appears unchanged at the DNA sequence level but functionally inactive 

as demonstrated by the absence of CENP-A that is, conversely, bound to the new 

centromeric site (Warburton et al., 1997; Voullaire et al., 1999). Since no clinical 

symptoms are related to this type of neocentromeres, they were discovered by chance 
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through amniocentesis. So far, only eight cases have been described. These human 

repositioned centromeres do not show mosaicism and are stably transmitted through 

the generations when the repositioning event occurs in gametes.  

Due to genomic instability, also in tumors the presence of neocentromeres 

has been documented. However, there are few clinical records due to a limit of 

routine diagnostic analysis rather than to an exceptional nature of the phenomenon 

(Blom et al., 2010). Among the tumors analyzed, well-differentiated liposarcomas 

(WDLPS) show the recurrence of neocentromeres formation, which are a 

pathognomonic characteristic of these tumors. These neocentromeres appear in the 

form of supernumerary ring or giant chromosomes containing amplified genetic 

material (Italiano et al., 2009).  

Concerning the region on which neocentromeres can arise, it has been 

observed that neocentromeres are assembled near the break points of chromosome 

rearrangements. It has been shown that CENP-A transiently binds regions with 

double-strand breaks and this suggests that these damaged sites may start the 

neocentromerization (Zeitlin et al., 2009). Human neocentromeres are found both in 

gene-desert regions and in areas that contain actively transcribed genes. Moreover, 

they can form in regions containing repeated DNA, although most of them are not 

associated with such sequences (Alonso et al., 2010; Burrak and Berman, 2012). 

Furthermore, it seems that LINE-like retrotransposable sequences are important to 

stabilize these ectopic centromeres: a decrease in their transcription levels 

compromises the correct functionality during mitosis (Chueh et al., 2009). All the 

neocentromeric sequences analyzed so far show a high presence of retrotransposable 

sequences and a significant enrichment in A+T (> 60%); it can be hypothesized that 

the presence of interspersed repetitive sequences and a high AT content can 

somehow favor the acquisition of centromeric function and the subsequent assembly 

of the kinetochore (Mehta et al., 2010). 

 

 

1.6 - Evolutionary neocentromeres 

Evolutionary neocentromeres (ENC) are centromeres that move along the 

chromosome without structural chromosome rearrangements. Montefalcone and 

colleagues in 1999 (Montefalcone et al., 1999), unequivocally demonstrated, for the 

first time, the existence of the centromere repositioning phenomenon. While tracing 

the phylogeny of chromosome 9 in primates, the authors observed that the position 

of the centromere changed while the order of molecular markers was conserved. It 

was therefore hypothesized that the centromere function was shifted along the 

chromosome without any structural rearrangement (Figure 6). In the last decade, a 

number of ENC were described in primates and other mammals (Ventura et al., 
2004; Cardone et al., 2006; Piras et al., 2010). Human pathological neocentromeres 

have been used as models to study the centromere repositioning phenomenon. These 
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centromere repositioning events "in real time" mimic the events that lead to the 

formation of evolutionary neocentromeres; for this reason, many of the assumptions 

formulated on ENC derived from the study of human neocentromeres.  

 

 

 

 
 

Figure 6 - Schematic representation of evolutionary history of chromosome 9 in 

primates. Regions orthologous corresponded to the human 9p (red) and 9q (green) are shown 

on the left of each ideogram (right). The hypothesized pericentric or paracentric inversions 

are indicated by square parentheses spanning the inverted cytogenetic segment 

(Montefalcone et al., 1999). 

 

 

For example, a relationship between ENC and human neocentromeres 

emerged during the study of chromosome 13. Chromosome 13 is, from an 

evolutionarily point of view, highly conserved and probably corresponds to the 

ancestral primate one, which in turn differs from the ancestor of mammals only for 

a small inversion (Cardone et al., 2006). In old world monkeys, the repositioning of 

the centromere occurred in the middle of long arm (13q21) and independently, in the 

same position, an ENC was found also in pigs. In addition, there is a number of 

clinical human neocentromeres localized in the same band. Molecular cytogenetic 

studies also indicate that this region is extremely plastic and this leads to the 

conclusion that there is a non-random pattern of chromosomal evolution that 

involves specific regions within the mammalian genome in which are recurrent 

duplications and, on the evolutionary scale, large rearrangements (Rocchi et al., 

2009).  
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Many studies have demonstrated that the repositioning of the centromere 

during evolution is not a rare phenomenon. Comparing the human and macaque 

karyotype, fourteen centromere repositioning events were found: nine in the 

evolutionary line of the macaque, while five in that of man (Ventura et al., 2007). 

Since the radiation from the common ancestor of the two species took place about 

25 million years ago, a repositioning event every 3000 years was estimated. 

Considering the number of translocations that occurred in the same span of time, 

only four of these rearrangements were found, which means one in every 12 million 

of years. It can be concluded that ENCs represent a significant driving force in 

karyotype evolution.  

 

 

1.7 - In vitro-induction of neocentromere formation 

A number of strategies have been adopted to induce de novo centromere formation, 

including the artificial generation of genomic rearrangements, the introduction of 

centromere-associated DNA into cells and the over-expression of centromeric 

proteins to trigger the seeding of a neocentromere in a non-centromeric region 

(Kalitsis and Choo, 2012).  

The production of acentric chromosomes has commonly been obtained by 

irradiation or through recombination systems. The rescue of acentric fragments was 

successfully obtained in S. cerevisiae, in Drosophila, and in chicken (Shang et al., 

2013). Subsequently, the size of CENP-A binding domains and the DNA sequences 

associated with the centromere function, were analyzed through chromatin 

immunoprecipitation-sequencing (ChIP-seq). The CENP-A binding domains span 

about 40 kb at each neocentromere, without any preference for specific DNA 

sequences (Shang et al., 2013). 

The introduction of putative centromere DNA sequences into cells has been 

used in several organisms to define the minimal region needed for de novo 

centromere formation (Kalitsis and Choo, 2012). Early experiments have been 

demonstrated that, in the budding yeast, the centromeric DNA sequence is needed 

for full chromosome segregation activity (Fitzgerald-Hayes et al., 1982) but, 

surprisingly, the centromeric sequences are not able to ensure a proper chromosome 

segregation in S. cerevisiae even though the centromeres shared similar sequence 

structure (Heus et al., 1990; Ohkuma et al., 1995; Kitada et al., 1996; Stoyan and 

Carbon, 2004). 

The transformation of yeast artificial chromosomes (YACs) containing the 

larger regional centromeres (40 to 100 kb) of the fission yeast S. pombe, has been 

suggest that the flanking repetitive regions are needed for full chromosome stability 

of the artificial chromosomes (Steiner and Clarke, 1994). 

The integration of human alpha satellite DNA into mammalian cell lines 

showed the capacity to execute the centromere function through the binding the 
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centromeric proteins, but did not provide a stable chromosome segregation (Haaf et 
al., 1992; Larin et al., 1994). These studies were subsequently followed by the 

generation of human artificial chromosome constructs complete with centromere, 

telomere and intervening genomic DNA for transfection into human cells 

(Harrington et al., 1997). The centromere DNA sequences within such artificial 

chromosomes were able to bind active centromere proteins and provide stable 

chromosome inheritance for many cell divisions. Intriguingly, positive results were 

obtained with human artificial chromosomes containing the CENP-B box motif in 

the alpha-satellite arrays. This discovery added a further puzzle to centromere 

biology: since it has been demonstrated that CENP-B is not essential for cell viability 

(cenp-b knockout mice are normal), it plays an important role in de novo artificial 

centromere formation and suppresses the formation of additional centromeres on 

chromosomes (Hudson et al., 1998; Kapoor et al., 1998; Perez-Castro et al., 1998; 

Ohzeki et al., 2002: Okada et al., 2007). 

The overexpression of centromere proteins, particularly of CENP-A, has 

been performed in the attempt to induce neocentromere formation in non-

centromeric sites. CENP-A overexpression in Drosophila produced successful result 

however, this method does not work in human cultured cells, in which no functional 

ectopic kinetochores were observed (Van Hooser et al., 2001; Heun et al., 2006). In 

a different study, CENP-A overexpression and mis-targeting were found to be 

associated to genome instability in human primary colorectal cancer (Tomonaga et 
al., 2003). 

 

 

1.8 - The genus Equus as a model system: a paradigm for the 

study of genome plasticity 

The order Perissodactyla (i.e. odd-toed, mammals characterized by an odd number 

of fingers) includes three extant families: Tapiridae, Rhinocerotidae ed Equidae. 

The Tapiridae and the Rhinocerotidae belong to the suborder Ceratomorpha, while 

the Equidae are in the Hippomorpha suborder. This classification, proposed by 

Wood in 1937, is sustained and confirmed by different studies, including 

mitochondrial DNA sequence analysis (Pitra and Veits, 2000). Paleonthological and 

molecular evidences suggest that the divergence of the extant Perossidactyl 

suborders took place in Laurasia about 56-54 million years ago (Springer et al., 
2003).  

Phylogenetic analyses, based on interspecific chromosome painting, allowed 

the reconstruction of the hypothetic Perissodactyl ancestral karyotype (PAK), which 

comprises 72-76 chromosomes. The ambiguity in the chromosome number is 

explained by the ancestral polymorphic state of some perissodactyl chromosomes or, 

alternatively, by breakpoint reuse and fusion/fission events. 
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Following the radiation from the common ancestor, the karyotypes of 

species belonging to the Ceratomorpha suborder remained quite stable; cytogenetic 

analyses on living species show a prevalence of acrocentric chromosomes, similarly 

to the hypothetical ancestral karyotype. On the contrary, the equid karyotypes 

underwent an evolutionary acceleration after the divergence from the common 

ancestor 3 million years ago. The karyotypes of the living Equus species are 

predominantly characterized by meta- and submeta-centric chromosomes derived 

from fusions among ancestral acrocentric elements (Trifonov et al., 2008). 

Relying on paleontological and molecular data, it has been possible to date 

every single divergence node among families and species belonging to the 

Perissodactyl order (Xu et al., 1996; Tougard et al., 2001; Murphy et al., 2007). 

Equus speciation was accompanied by a huge rate of rearrangements ranging from 

2.9 to 22.2 per million years, an 80-fold increase compared to that of ancient 

Ceratomorpha (less than 0.3 rearrangements per million years) (Figure 7) (Trifonov 

et al., 2008).  

The Equids evolutionarily radiation dates back to 3 million years ago and 

the evolutionarily radiation of the extant species belonging to this family dates back 

to 0.89-1.07 million years ago (Yang et al., 2003).  

Nowadays, the genus Equus includes: two horse species – the domestic horse (Equus 
caballus - ECA) and the Przewalski horse (Equus przewalskii - EPR) – five donkey 

species – the onagro (Equus hemionus onager - EHO), the selvatic african donkey 

(Equus africanus - EAF), the selvatic asian donkey (Equus hemionus - EHE), the 

domestic donkey (Equus asinus - EAS), and the Tibetan emione (Equus kiang - EKI) 

– and four zebra species – the Grevy zebra (Equus grevyi - EGR), the zebra of the 

lowlands (Equus quagga - EQA), the mountain zebra (Equus zebra hartmannae - 

EZH) and the Burchelli zebra (Equus burchelli - EBU). 
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Figure 7 - Rate of Ceratomorpha karyotype evolution. (a) Perissodactyls. (b) Equids. The 

numbers in the squares indicate the diploid number of chromosomes. The numbers upon the 

branches represent the average number of rearrangements per millions of years (Trifonov et 

al., 2008). 

 

 

The rapid karyotype evolution of these species has been documented also by 

comparative cytogenetic studies; through comparative chromosome painting and by 

comparing the banding patterns thanks to digital imaging, it was demonstrated that, 

despite their recent evolution, the morphological similarity and the possibility to 

inbreed the karyotypes largely differ. A great variability in the chromosomes 

number, from a minimum of 32 in Equus zebra to a maximum of 66 in Equus 

przewalskii, with a lot of structural differences, was observed (Ryder et al., 1978). 
Data about the chromosomal architecture in different equid karyotypes and the high 

variability in terms of chromosomal karyotype number and the rate of shuffling, 
indicate that the equids evolution is one of the most rapid observed among mammals, 

comparable only to the one of rodents.  

 

 

 

a 
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1.9 - The genus Equus as a model system: a paradigm for the 

study of the centromere 

As mentioned above, comparative cytogenetic studies demonstrated that during the 

evolution of eukaryotes, the position of the centromere can change without structural 

rearrangements, generating Evolutionarily New Centromeres (ENC) (Montefalcone 

et al., 1999; Ventura et al., 2001). The first event that leads to repositioning probably 

is the progressive loss of the centromeric function at the level of the constitutive 

centromere, followed by the acquisition of epigenetic marks in an ectopic position 

along the chromosome. In evolutionary time scale, at the repositioned centromere 

sequences of highly repetitive DNA can accumulate presumably conferring a higher 

stability during chromosome segregation (Marshall et al., 2008). As a result, species 

that rapidly evolve like equids, are a perfect model system for the study of the 

dynamics and of the mechanisms at the basis of the evolution of karyotype and, 

particularly, of the centromeric region. Indeed, studies on equids karyotype revealed 

a surprisingly high number of centromere repositioning events (one in the horse, 

sixteen in the donkey, seventeen in the Grevyi’s zebra and seven in the Burchelli’s 

zebra). Therefore, these data suggest that centromere repositioning played a driving 

role in equids evolution (Carbone et al., 2006; Piras et al., 2010). 

A peculiar characteristic of this model system emerged during the analysis 

of the distribution of the two major horse satellite DNA families, 37cen and 2PI, in 

E. caballus (ECA), E. asinus (EAS), E. grevyi (EGR) and E. burchelli (EBU) (Piras 

et al., 2010). Through FISH experiments it was demonstrated that some 

chromosomes lack these sequences at the centromere, while these sequences are 

present in a terminal position (Figure 8). These non-centromeric repetitive 

sequences probably represent the trace of ancestral centromeres on the acrocentric 

Perossidactyl ancestor. Moreover, several centromeres are completely devoid of 

satellite DNA (Figure 8), such as the evolutionary neocentromere of horse 

chromosome 11 (ECA11) which is completely devoid of satellite DNA (Figure 8a) 

and was also the first natural vertebrate centromere sequenced and characterized 

(Wade et al., 2009). As a consequence, the peculiar feature of this model is that 

satellite based and satellite-less centromeres coexist in single karyotypes. 
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Figure 8 - Schematic representation of the distribution of the major centromeric 

satellite DNAs of Equids in Equus caballus (a), Equus asinus (b), Equus grevyi (c) and 

Equus burchelli (d). FISH on metaphase chromosomes: in green they are highlighted the 

loci that hybridize only with the 37cen probe, the ones that are positive to the 2PI probe are 

highlighted in red, and the ones that hybridize with both the probes are highlighted in yellow 

(Piras et al., 2010). 

 

 

The analysis of satellite DNA position and of the centromeric functional 

domain in relation with phylogeny in equid species offers a series of snapshots of 
the centromere repositioning process (Figure 9). 

 

a 

c 

b 

d 



 
 
 
 
 
 

Review of the literature 

31 

 
 

Figure 9 - The hypothetical events leading to the formation of four groups of 

orthologous chromosomes from E. caballus (ECA11), E. asinus (EAS13), E. grevyi 

(EGR10) and E. burchelli (EBU10) (Piras et al., 2010). 

 

 

The comparison of ECA11 with its orthologous counterparts in E. asinus 

(EAS13), E. grevyi (EGR10q) and E. burchelli (EBU10q) is an example of different 

stages of evolutionary neocentromeres formation. It has been hypothesized that the 

ancestral chromosome from which ECA11, EAS13, EGR10q and EBU10q derive 

was acrocentric and contained satellite sequences at its centromere. The centromeric 

location of this hypothetical ancestral chromosome, now corresponds to ECA11q-

tel, EAS 13p-tel, EGR10-cen and EBU10-cen. In E. caballus, the centromere was 

shifted in its present position, where no satellite DNA is present. The centromere of 

EAS13 is also evolutionary new and lacks satellite DNA at the centromere. It can be 

supposed that, after the fusion that gave rise to EGR10 and EBU10, centromeric 

satellite DNA was lost in EGR10 and maintained in EBU10. The satellite DNA 

found on EGR10p-tel might represent the relic of the centromere of the ancestral 

acrocentric chromosome (Piras et al., 2010). 

Based on these results it was formulated a hypothesis, summarized in Figure 

10, that describes the possible events that led to the formation of evolutionarily 

neocentromeres in equids, in accordance to the ones previously formulated based on 

the study of ENC in primates and of pathological neocentromeres in humans.  

The initial event of evolutionary repositioning would be the loss of function of the 

constitutive centromere, followed by the gain of the epigenetic signals in a non-

centromeric position (Figure 10a). These events would lead to the formation of a 
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centromere in a new chromosome region devoid of satellite DNA, without 

involvement of DNA sequence alterations (Figure 10b). The repetitive arrays 

present at the level of the ancestral centromere will be maintained in the first step of 

maturation, but non-reciprocal sequence transfer, unequal crossing-over and 

transposition-related mechanisms, will lead to the loss of the satellite DNA 

sequences at the ancestral centromere (Figure 10c). The “young” neocentromere can 

gradually accumulate, during several successive generations, repetitive DNA 

through various recombination-based mechanisms. Satellite sequences seem to be 

incorporated at repositioned centromere sites in a subsequent stage (Figure 10d), 

since they probably confer an adaptive advantage, possibly by increasing the 

accuracy of chromosome segregation. Alternatively, the accumulation of satellite 

sequences may be a neutral process driven by the presence of heterochromatin in the 

centromeric DNA (Piras et al., 2010). 

 

 

 
       a     b  c          d 

 
 

Figure 10 - Schematic representation of a four-stage mechanism for the formation of a 

neocentromeres during the evolution. (a) Ancestral acrocentric chromosome provided with 

DNA satellite (yellow). (b) Submetacentric chromosome derived from the repositioning of 

the centromere; this chromosome maintains the DNA satellite sequences (yellow) in terminal 

position, in correspondence of the old centromere, whereas the neocentromere (red) is devoid 

of repetitive sequences. (c) Submetacentric chromosome derived from (b) where the terminal 

satellite sequences are lost. (d) Submetacentric chromosome in its stage of full maturity, in 

which satellite DNA (yellow) is present at the neocentromere (Piras et al., 2010). 
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2. AIMS OF THE RESEARCH 

The work described in this thesis is part of a collaborative project involving the 

laboratory of Molecular Cytogenetics – directed by professor Elena Raimondi – and 

the laboratory of Molecular and Cellular Biology – leaded by professor Elena 

Giulotto – aimed at studying mammalian centromere structure, identity and function. 

To achieve this target, species belonging to the genus Equus are used as a biological 

model system since satellite-based centromeres and satellite-free centromeres 

coexist in a single karyotype (Wade et al., 2009; Piras et al., 2010). 

In particular, during my PhD program I was involved in the following 

projects: 

 Discovery and comparative analysis of a novel satellite DNA family in the 

horse, in the donkey and in two zebras. The physical relationships among 

the new satellite DNA family and the two major horse satellite sequences 

were investigated in the horse by two color-FISH on metaphase 

chromosomes, mechanically stretched chromosomes and combed DNA. 

 Analysis of the functional organization of satellite-based centromeres in the 

horse.  

The relation among the three major classes of satellite DNA and CENP-A, 

which identifies the functional centromeric domains, was analyzed through 

immuno-FISH on mechanically stretched chromosomes and extended 

chromatin fibers. 

 Deep analysis of the satellite-free centromeric domain of horse chromosome 

11 (ECA11) and of donkey satellite-free centromeres. 

The functional centromeric domains were examined at the single molecule 

level by means of immuno-FISH on extended chromatin fibers. 

 In vitro analysis of the mitotic stability of horse chromosome 11 whose 

centromere is satellite-free.  

The mitotic behavior of ECA 11 was compared with that of horse 

chromosome 13, with a satellite-based centromere, under different 

experimental conditions by FISH on interphase nuclei and micronuclei.  

 Analysis of the centromeric histone modifications in the horse and in the 

domestic donkey.  

To study the epigenetic state of the centromeric chromatin in satellite-based 

and satellite-free centromeres, four post-translational histone modifications 

were analyzed by two color immunofluorescence on metaphase 

chromosomes, mechanically stretched chromosomes and extended 

chromatin fibers. 
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3. MATERIALS AND METHODS 

3.1 - Cell lines 

Primary fibroblast cell lines from the horse (HSF-B; HSF-C; HSF-D; HSF-E, HSF-

G), the domestic donkey (EASn), the Grevy’s zebra (EGR) and the Burchelli’s zebra 

(EBU), 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 spreads 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. The preparation was stored, in an appropriate volume 

of cold fixative, at -20°C.  

 

 

3.3 - Stretched chromosomes preparation 

Mitotically active cells were collected as before. They were centrifuged at 1400 rpm 

(Z380 centrifuge, Hermle) for 8 minutes and resuspended in 75 mM KCl, 0.8 % Na-

citrate, H2Obd (1:1:1) hypotonic solution for 10 minutes. The cell density in the 

hypotonic mixture was adjusted to 105 cells/ml. After the hypotonic treatment, the 
cell suspension was cytocentrifuged onto silanized glass slides at 750 rpm (Z300 

centrifuge, Hermle) for 4 minutes and fixed in -20°C methanol for 30 min.  
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3.4 - Chromatin fibers 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. The treatment with the 

hypotonic solution was carried out at 37 ° C for 15 minutes. Slides were 

cytocentrifuged at 1500 rpm for 4 minutes (Z300 cytocentrifuge, Hermle), then 

placed vertically and air dried. Slides were treated with a lysis buffer (2.5 mM TRIS 

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 fibers. 

 

 

3.5 - Genomic DNA extraction 

Whole high molecular weight genomic DNA was extracted from fibroblast cells in 

culture. Phenol-chloroform extractions were used to purify DNA. Cells were 

collected in a test tube and centrifuged at 1200 rpm (Z380 centrifuge, Hermle) for 

10 minutes. The pellet was resuspended in EDTA (10 mM, pH 7.9) and proteinase 

K (100 μg/ml) and SDS (sodium dodecyl sulfate, 0.5%) were added; the solutions 

incubated at 37°C overnight. NaCl (0.15 M) additoned and an equal volume of a 

solution of phenol:chloroform:isoamyl alcohol (25:24:1) were added. The test tubes 

were then centrifuged at 6000 rpm (MIKRO120 microfuge, Hettich Sentrifugen) for 

10 minutes. The upper phase was gently transferred to another tube. The 

phenol/chloroform extraction was repeated twice. Then, a chloroform:isoamyl 

alcohol (24:1) extraction was performed, using an equal volume of that of the upper 

phase recovered in the previous step. Sodium acetate (0.3 M) and 2,5 volumes of 

absolute ethanol were additioned to promote DNA precipitation. The DNA was 
recovered by a hook, left to air dry and resuspended in 10 mM Tris, 10 mM EDTA. 

RNase (20 μg/ml) was added and the solution was incubated at 37°C for 4 hours. 

The treatment with proteinase K was repeated, as well as the phenol/chloroform 

extraction and the ethanol precipitation, as previously described. DNA was then 

rehydrated in 75 % ethanol and resuspended in an appropriate volume of double-

distilled and sterile H2O to optimize the storage at -20°C. The concentration and the 

degree of purity of the extracted DNA was analyzed with a spectrophotometer and 

finally the DNA was analyzed by electrophoresis on 0.3 % agarose gel to evaluate 

the molecular weight (more than 48 kb). 
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3.6 - Combed DNA preparation 

The slides were silanized, by immersion in a solution of 2 % of 3-

Aminopropyltriethoxysilane (APTES) in acetone for 40 seconds, then washed in 

acetone 3 times for 2 minutes. Purified high molecular weight genomic DNA was 

resuspended at a concentration of 2 μg/ml in a solution of 2-

morpholinoethanesulfonic acid (MES) (150 mM pH 5.5) and transferred in a 

reservoir. Silanized slides were introduced into the reservoir and incubated in the 

solution for 5 min. Then each slide was vertically raised from the solution, at a 

constant speed (~ 300 μm / sec) using an apparatus, equipped with a pulley driven 

by an electric motor. The force generated by the meniscus of the solution and the 

gravity force promote the stretching of the DNA molecules on the slide. To promote 

a greater adhesion of the DNA molecules to the surface of the slides, combed DNA 

slides were dried at 60°C for 12 hours. 

 

 

3.7 - Interphase nuclei preparation 

The cells were seeded on slides and cultured in Dulbecco’s modified Eagle’s 

medium (Euroclone), supplemented with 20 % foetal bovine serum (Euroclone), 2 

mM glutamine, 2 % non-essential amino acids, 1 % penicillin/streptomycin. After a 

pre-culture period of 48 hours, a treatment period of 18 hours was performed. 

Griseofulvin (10 µg/ml – Sigma) or nocodazole (200 mM – Sigma) were added. 

Cells were maintained at 37°C in a humidified atmosphere of 5% CO2. Then, slides 

were treated with 75 mM KCl hypotonic solution and incubated at 37°C for 15 

minutes. Cold (-20°C) fixative (acetic acid:methanol - 1:3) was added for 30 

minutes. The fixation was repeated twice. A recovery period was also performed. 

After the treatment period, cells were washed with fresh, drug-free, medium and 

grown for an 18 hours recovery period. Then, hypotonic treatment and fixation were 

performed, as described above. 

 

 

3.8 - Micronuclei preparation 

The cells were seeded on slides and cultured in Dulbecco’s modified Eagle’s 

medium (Euroclone), supplemented with 20 % foetal bovine serum (Euroclone), 2 

mM glutamine, 2 % non-essential amino acids, 1 % penicillin/streptomycin. After a 

pre-culture period of 48 hours, a treated period of 18 hours was performed. 

Cytochalasin (5 µg/ml – Sigma) and griseofulvin (10 µg/ml – Sigma) or nocodazole 

(200 mM – Sigma) were added for 18 hours. Cells were maintained at 37°C in a 

humidified atmosphere of 5% CO2. Then, slides were treated with 75 mM KCl 
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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.  

 

 

3.9 - DNA probes 

Lambda phage 37cen and 2PI DNA clones previously isolated from a horse genomic 
library in lambda phage (Anglana et al., 1996) were used.  pSval_137sat was 

identified and cloned in the laboratory of Molecular and Cellular Biology of 

University of Pavia (E. Giulotto). 

 37cen - 221 bp repeat (Accession number: AY029358) 

 2PI - consisting of a 23 bp repeat (Accession numbers: AY029359S1 and 

AY029359S2) 

 pSval_137sat (Accession numbers: JX026961) 

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. 

 CHORI241-402C18 (chr8: 41,977,313 - 42,179,897) 

 CHORI241-69K23 (chr11: 27,462,459 - 27,665,182) 

 CHORI241-230N11 (chr11: 27,672,994 - 27,826,423) 

 CHORI241-33J10 (chr11: 27,532,226 -, 27,754,520) 

 CHORI241-389H6 (chr11: 27,430,438 – 27,600,382) 

 CHORI241-6F13 (chr11: 27,603,018 – 27,797,999) 

 CHORI241-21D14 (chr11: 27,639,936 – 27,829,952) 

 CHORI241-316B3 (chr11: 27,868,099 - 278,069,904) 

 CHORI241-22C1 (chr13: 7,346,775 - 7,544,907) 

 CHORI241-377E16 (chr14: 29,599,697 - 29,806,985) 

 CHORI241-428I12 (chr28: 12,869,899 - 13,052,689) 

 

 

3.9.1 - 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 
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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 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. 

 

 

3.9.2 - 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. 

 

 

3.9.3 - Labeling and precipitation of probes 

Probes were labeled by nick translation with Cy3-dUTP (Perkin Elmer), Alexa488-

dUTP (Invitrogen), Cy5-dUTP (Perkin Elmer), digoxigenin-11-dUTP or biotin-16-

dUTP (Roche). The nick translation reaction was performed at 15°C for 90 minutes 
(plasmids) or for 180 minutes (BACs) and then, blocked with 0.5 mM EDTA. 

Precipitation of the probes was obtained by adding 7.5 M ammonium acetate and 

absolute ethanol to the solution. Probes were then resuspended to a final 

concentration of 30 ng/μl or 20 ng/μl, depending on the type of hybridization, in a 

hybridization solution (50 % formaldehyde, 10 % dextran sulphate, 1X Denhart 

solution, 0.1 % SDS, 40 mM Na2HPO4 pH 6.8 in 2XSSC). 
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3.10 - FISH – Fluorescence In Situ Hybridization 

3.10.1 - 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). 

 

 

3.10.2 - In situ hybridization on metaphase and stretched 

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. 

 

 

3.10.3 - In situ hybridization on combed-DNA fibers 

Biotinylated (BIO) and digoxigenin-labeled (DIG) probes were denatured at 80°C 

for 8 minutes. The slides were denatured with a solution of 70% formamide 2XSSC 

at 72°C for 2 minutes. The probes were then placed on the slides with "combed" 

DNA. The hybridization reaction was conducted at 37°C for 12 hours in a moist 

chamber. 

 

 

3.10.4 - Post hybridization washes and probes 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 (Cy3-dUTP, Alexa488-dUTP, Cy5-

dUTP) are counterstained with DAPI (4 ', 6'-Diamidino-2-phenylindole 

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, 
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using five successive layers of antibodies as follows: (i) anti-DIG-Rhod (sheep) 

1/200 (Roche) (ii) anti-sheep 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. The metaphase and the 

stretched chromosomes were stained with DAPI (4 ', 6'-Diamidino-2-phenylindole 

hydrochloride) (1 μg/ml) and then mounted with DAKO (with the only exception of 

"combed" DNA which is not counter-stained). 

 

 

3.11 - Immuno-FISH 

For the slide preparation see previous paragraphs 3.2-3.6. 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. 

 

 

3.11.1 - Immunofluorescence 

The slides were treated with the primary antibody (CREST B2 SERUM; CREST B5 

SERUM; anti-CENP-B antibody (abcam84489,); anti-H3K4me2 antibody 

(abcam32356); anti-H3K9me2 antibody (abcam1220); anti-H3K9me3 antibody 

(abcam8898) and anti-H3K27me3 antibody (abcam6002)). 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-human conjugated with AlexaFluor-488 (Invitrogen); anti-rabbit 

conjugated with Alexa488 or with Cy2 (Jackson ImmunoResearch); anti-sheep 

conjugated with Alexa488 or with rhodamine (Jackson ImmunoResearch); anti-

mouse conjugated with TexasRed (Jackson ImmunoResearch). 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 were 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 mounted 

with 30μl of a solution of DAKO-DAPI (DAKO: 5 μl/ml). 
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3.11.2 - In situ hybridization on extended chromatin fibers 
 

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 

fibers on the slides were denatured with a 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 2XxSSC at 42°C, then treated with blocking solution (3% BSA, 

4XSSC, 0.1% Tween20), and incubated at 37°C for 30 minutes. Post-hybridization 

washes were performed in 50% formamide, 2XSSC at 42°C. 

Finally, the slides were mounted with 30μl of a solution of DAKO-DAPI (DAKO: 

5 μl/ml). 

 

 

3.12 - Microscopic analysis of the slides 

The slides were analyzed with a fluorescence microscope Axioplan (Zeiss) equipped 

with a cooled charge-coupled device (CCD) camera (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 gray 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-colored with the IPLab spectrum software 

(Digital Pixel Advanced Imaging System, Brighton) and then processed using the 

software Photoshop ®. 
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4. RESULTS AND DISCUSSION  

4.1 - Architectural organization of horse satellite-based 

centromeres 

In a previous work, the distribution of the two major horse satellite DNA families, 

37cen and 2PI, was investigated (Piras et al., 2010). Through FISH experiments on 

metaphase chromosomes from the horse (Equus caballus), the donkey (Equus 

asinus), the Grevyi’s zebra (Equus grevyi) and the Burchelli’s zebra (Equus 

burchelli), a complex arrangement of satellite DNA sequences distribution was 

observed. At the FISH resolution level, several centromeres were found to be devoid 

of satellite DNA: one centromere in the horse (on chromosome 11), eighteen 

centromeres in the donkey, seventeen in the Grevyi’s zebra and seven in the 

Burchelli’s zebra. These results demonstrated that the centromere function is 

uncoupled to the satellite DNA. Moreover, the presence of satellite repeats at non 

centromeric termini, presumably corresponding to relics of ancestral centromeres. 

was observed. 

To verify if other repetitive DNA, belonging to new satellite DNA families, 

was present at the centromeres lacking 37cen and/or 2PI signals, a FISH analysis 

was carried out in the four species, using their total genomic DNA as probe (Piras et 
al., 2010). In the horse, all the centromeres, with the only exception of chromosome 

11, were labelled; an interstitial signal was also localized on the long arm of the X 

chromosome. In the domestic donkey, in the Grevy’s zebra and in the Burchelli’s 

zebra, few additional sites of hybridization were detected. These extra hybridization 

sites were localized in several centromeric regions, in few telomeric regions and on 

the long arm of donkey and Burchelli’s zebra X chromosomes (Piras et al., 2010). 

These results suggested the presence, in these species, of tandem repeats, other than 

37cen and 2PI.  

In the laboratory of Molecular and Cellular Biology, a new horse satellite 

sequence, EC137, was identified from the horse genome database 

(EquCab2.0,www.ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?taxid=9796

), using in silico analysis tools (BLAST, BLAT, Tandem Repeat Finder, 

RepeatMasker, MultAlin) and then cloned it into a plasmid vector.  

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?taxid=9796
http://www.ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?taxid=9796
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4.1.1 - Chromosomal distribution of EC137 in four Equus 

species 

The cloned EC137 satellite DNA was used as a probe for FISH; its distribution was 

analyzed on metaphase chromosomes from E. caballus (Figure 11a), E. asinus 

(Figure 11b), E. grevyi (Figure 11c) and E. burchelli (Figure 11d).  

In the four species analyzed, the EC137 FISH signals did not coincide with 

those of the two major equid satellite DNA families (37cen and 2PI). 

In the horse, the centromeric region of chromosomes 1, 7, 8, 10, 14, 15, 20, 

23, 26, 27, 28, 29 and 30 was labelled (Figure 11a). Horse chromosome 11, whose 

centromere was previously demonstrated to be void of the 37cen and 2PI satellite 

DNA families, was also negative to EC137 hybridization.  

A in silico analysis highlighted the presence of the EC137 sequence at the 

centromere of horse chromosomes 1, 2, 15, 20, 25 and 28 and on the long arm of 

horse chromosome X. FISH analysis did not mark the centromeric region of horse 

chromosomes 2 and 25 nor the long arm of the X chromosome. This apparent 

contradiction is due to two opposite factors. The first one is that the most mammalian 

centromeres are not assembled due to their highly repetitive nature and that all 

mammalian genome data bases include a “virtual” chromosome, named “unplaced”, 

composed of contigs containing highly repetitive DNA sequences that lack 

chromosome assignment. On the other hand, FISH experiments allow the direct 

localization of the repetitive sequences on the chromosomes, including those 

allocated in the unplaced chromosome in the horse genome database.  

The inability to mark by FISH some centromeres, which resulted positive in 

silico analysis, is presumably due to the fact stretches of repetitive sequence were 

under the resolution limit of FISH, this was the case of horse chromosomes 2 and 25 

and of the long arm of the X chromosome. 

In the donkey (Figure 11b), only two chromosomes were FISH labeled by 

the EC137 sequence, EAS1 and EAS2. This means that all the other donkey 

centromeres lacking 37cen and 2PI satellites, are also devoid of EC137; whereby 

these centromeres are, bona fide, new examples of satellite-less centromeres. An 

interesting aspect is that the EC137 fluorescence signal on donkey chromosome 1 

was in an interstitial position on the short arm. In a previous paper the distribution 

of the two major equine satellite DNA families (37cen and 2PI) on donkey 
chromosome 1 was investigated in detail (Raimondi et al., 2011). On the short arm 

of donkey chromosome 1, three hybridization sites were found and no one coincided 
with the position of the EC137 signal.  

In the Grevy’s zebra, FISH signals were detected in the centromeric region 

of chromosomes 10 and 12 (Figure 11c). Among the seventeen Grevy’s zebra 

centromeres which were negative for 37cen and 2PI, only the centromere of 

chromosome 10 was positive to EC137. Again, this result suggests that the 

chromosomes negative for 37cen, 2PI and 37cen, are immature satellite-less 

centromeres. 
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In Burchelli’s zebra, five centromeres (7, 9, 10, 13, 14) were labelled 

(Figure 11d). In all the analyzed metaphase spreads (total number 25), only one 

homologous of both chromosomes 14 was FISH positive and only one homologous 

of both chromosomes 11 had the telomeric end labelled, suggesting a polymorphic 

variation in the number of EC137 repeats. The polymorphic nature of the FISH 

signals is not surprising since the intra- and interspecific variability in the amount 

and distribution of satellite DNA sequences is well documented (Plohl et al., 2008). 

 

 
 

Figure 11 – Localization of the EC137 satellite (red) by FISH on metaphase 

chromosomes from the horse (a), the domestic donkey (b), the Grevyi’s zebra (c) and 

the Burchelli’s zebra (d) (Nergadze et al., 2014). 
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4.1.2 - High resolution analysis of horse satellites 

organization 

To investigate the physical relations between the different classes of equid satellite 

DNA sequences, two color FISH experiments on horse metaphase chromosomes 

were carried out (Figure 12). 

The results of the co-hybridization of the 37cen and EC137 satellites are 

shown in Figure 12a. The 37cen satellite is present on all the centromeres except 

those of chromosomes 2 and 11, while the EC137 satellite is located only on 26 out 

of 64 centromeres. In addition, the two satellite DNA sequences appear to be in a 

different position: the 37cen signal always coincides with the primary constriction, 

on the contrary, the EC137 signal is mostly pericentromeric, with no or limited 

overlap with 37cen (arrows in Figure 12a).  

The results of the co-hybridization of the 2PI and EC137 satellites are shown 

in Figure 12b. The majority of the chromosomes that share the 2PI and the EC137 

sequences are yellow labeled. The yellow signal is due to the overlap of the green 

(2PI) and red (EC137) fluorescence signals arising from the single probes. This data, 

demonstrated that, in the horse, twelve chromosomes carried all three satellite DNA 

sequences (7, 8, 10, 14, 15, 20, 23, 26, 27, 28, 29, 30). By analyzing the positions of 

the three classes of satellite DNA, it was possible to conclude that, in the horse, the 

37cen satellite may be the functional centromeric satellite, since the 37cen signals 

always coincide with the primary constriction. Instead, the 2PI and the EC137 

sequences may represent accessory pericentromeric elements, since their signals are 

mostly pericentromeric compared to the 37cen ones, except for the horse 

chromosome 2. At this centromere, the 2PI sequence is the only satellite observed 

by FISH. This suggests that, at least in this case, 2PI might be able to drive 

kinetochore assembly. 

 

 
 

Figure 12 – Two color FISH with EC137 (red) and 37cen (green) satellites (a) and 

EC137 (red) and 2PI (green) satellites (b) on horse metaphase chromosomes (Nergadze 

et al., 2014). 
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To define, at a higher resolution level, the physical relationships among the 

different satellite DNA families, three color FISH experiments on mechanically 

stretched horse chromosomes were performed (Figure 13). A total number of 89 

stretched chromosomes were analyzed but only on 37 chromosomes the three 

satellite DNA families were present together.  

Among these 37 chromosomes, we observed five patterns of physical 

organization of the satellite sequences (Figure 13). In 17 out of 37 chromosomes 

(46%), the 37cen sequence covered the whole primary constriction while 2PI and the 

EC137 satellites co-localized in the distal portion of the 37cen positive region 

(Figure 13a). In 7 out of 37 chromosomes (19%), the 37cen sequence again covered 

the whole primary constriction, while the 2PI sequence was spread along the 37cen 

positive region and the EC137 satellite was underrepresented and localized in 

different positions within the 37cen and 2PI positive region (Figure 13b). 

Concerning these centromeres, we can claim that 37cen sequence plays a role in 

centromere function while 2PI and EC137 may represent accessory elements.  

In 7 out of 37 cases (19%), 37cen and the 2PI sequences were both very 

abundant, while the EC137 sequence was extremely scanty and interspersed within 

the other satellites (Figure 13c). In 4 out of 37 chromosomes (11%), the 2PI 

sequence spread out in an uncoiled pericentromeric region which was 37cen and 

EC137 negative. All chromosomes that displayed this type of arrangement were 

metacentric or sub-metacentric (Figure 13d). In 2 out of 37 chromosomes (5%), 

which were acrocentric, centric chromatin formed uncoiled extensions protruding 

out of the main chromosome body; these protruding fibers were 2PI positive and 

37cen and EC137 negative (Figure 13e). 
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Figure 13 – Three color FISH on horse mechanically stretched chromosomes. In each 

panel, the merged image is shown on the left; in the other images, the separate color channels 

are reported, corresponding to the 137cen probe (blue in the left image), to the 2PI probe (red 

in the left image) and to the EC137 probe (green in the left image), respectively (Nergadze 

et al., 2014). 

 

 

To define, at the single molecule level, the physical relations between the 

three satellite DNA families dual color FISH on horse combed DNA fibers was 

performed (Figure 14). This technique allows to obtain DNA fibers with a uniform 

degree of elongation, thereafter quantitative estimates can be performed.  

To determine the average degree of DNA fiber extension, a molecular ruler 

was set up. Using a horse BAC clone of known length as a probe, parallel FISH 

experiments on combed DNA were performed. In this way, it was possible to relate 

the length of the hybridization signals, measured in centimeters on digital images, 

with the corresponding length in base pairs of the target sequence.  
In the merged images shown in Figures 14a and Figure 14c, the 37cen 

satellite covers a long continuous region, extending for hundred kilobases 

(occupying more than one microscope field). When the 2PI (Figure 14a) or EC137 
(Figure 14c) were present, these satellites formed small stretches (2-8 kb) that were 

strictly interspersed within the 37cen clusters. These regions appear as yellow 

fluorescence hybridization signals (overlapping green and red fluorescence signals), 

indicating a high interspersion of satellite sequences on a small scale. The 2PI or 

EC137 stretches occurred every 6-80 kb into the 37cen blocks. In Figure 14b, the 

results of two color FISH on combed DNA hybridized with 2PI and EC137 is shown. 

These two satellite DNA sequences are both organized in small stretches (2-8 kb) 
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which are strictly intermingled; the 2PI satellite appears to be more abundant than 

EC137.  

The overall organization of the different classes of horse satellite DNA 

appears to be a mosaic where the three DNA families display an interspersed 

association of sequence blocks widely variable in size. This organizational pattern 

of DNA sequences in heterochromatin might be common in genomes, such as the 

Equus species ones, characterized by a high rate of inter-chromosomal exchange 

(Zinic et al., 2000). 
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4.2 - Functional organization analysis of satellite-based 

centromeres in the horse genome 

Although the centromeric function is highly conserved through eukaryotes, 

centromeric satellite DNA is rapidly evolving, often being species specific (Melters 

et al., 2013; Plohl et al., 2014).  

Following our initial description of a centromere completely devoid of 

satellite DNA in the horse (Wade et al., 2009), other examples of naturally occurring 

satellite-less centromeres were observed in plants and animals (Piras et al., 2010; 

Gong et al., 2012). These observations raised the challenging question whether 

centromeric and pericentromeric satellites have a functional role. A number of 

hypotheses have been proposed to explain the recruitment, by the majority of 

eukaryotic centromeres, of large stretches of satellite DNA. Satellite DNA may 

facilitate the binding of the centromere specific histone CENP-A (the main 

epigenetic mark of centromere function) to centromeric chromatin (Steiner and 

Henikoff, 2015). As mentioned in the introduction, in several species, centromeric 

satellite DNA is transcribed. Transcriptional competence of the centromeric regions 

seems to be important for chromatin opening and CENP-A loading; centromeric 

transcripts are believed to provide a flexible scaffold that allows the assembly of the 

kinetochore proteins. It has also been hypothesized that these transcripts could 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 and Erhardt, 2016). 

To identify the satellite repeat driving the centromeric function in satellite 

based horse centromeres, we used a high-resolution cytogenetic approach. 

 

 

4.2.1 - High resolution cytogenetic analysis of the functional 

organization of horse satellite-based centromeres 

Our previous FISH analyses on stretched chromosomes and combed DNA fibers 

demonstrated that horse centromeric and pericentromeric regions display a mosaic 

arrangement of different satellite DNA families (Nergadze et al., 2014).  

To analyze the physical organization of the horse centromeric functional 

domains, were carried out immuno-FISH experiments on mechanically stretched 
chromosomes using 37cen as a FISH probe and a previously tested CREST serum 

(Purgato et al., 2015) to mark the centromeric domains (Figure 15). Ninety-nine 

stretched chromosomes (46 meta/submeta-centric and 53 acrocentric) were 

examined. The abundance of the 37cen sequence was variable among chromosomes, 

extending in some instances over a large pericentromeric region (white arrows) or 

being apparently confined to the primary constriction. The CREST signals always 

colocalized with the 37cen fluorescence, however, no clear correlation seemed to 

exist between the 37cen and the CREST signals, nor in intensity nor in length. These 
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data prove that the GC rich 37cen sequence is associated with the centromeric 

function. The horse shares with other species a similar molecular organization of 

centromeres, relying on CENP-A blocks of variable length immersed in long satellite 

DNA stretches (Blower et al., 2002). 

 

 

 
 

Figure 15 - Immuno-FISH on mechanically stretched chromosomes. 37cen is red labelled 

while CENP-A, detected by an anti-CENP-A enriched CREST serum, is green labelled. A 

total number of 99 stretched chromosomes was analyzed. A sample of representative images 

is reported in the figure (Cerutti et al., 2016). 

 

 

To more accurately define the relationship between the 37cen satellite and 

the centromeric function, was performed a higher-resolution immuno-FISH analysis 

on horse chromatin fibers. On a total number of 25 extended fibers, different 

arrangements of CENP-A domains were observed (Figure 16). Sixty percent of the 

fibers (15/25) showed CENP-A binding over the whole length of the 37cen positive 

region (Figure 16I), in 28% (7/25) of the cases (Figure 16II) CENP-A domains 

appeared as blocks of variable length intermingled into the 37cen stretches. This 

discontinuous presence of CENP-A at horse centromeres resembles the chromatin 
organization observed using the same high resolution morphological approach, in 

human and in Drosophila (Blower et al., 2002). 

A 37cen FISH signal with no overlap with or flanking the CENP-A signal 

was observed in 12% of the fibers (3/25) (Figure 16III). These fibers presumably 

derive from pericentromeric locations that contain the 37cen satellite. 
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The primary constriction of mammalian chromosomes is typically 

embedded in a constitutive heterochromatic repeated satellite DNA. The horse is 

peculiar among mammalian species because the centromere of chromosome 11 is 

completely devoid of satellite DNA (Wade et al., 2009; Piras et al., 2010; Purgato et 

al., 2015). Satellite-based horse centromeres are constituted by the two major classes 

of equid satellite DNA, 37cen and 2PI, flanked by the pericentromeric accessory 

satellite EC137 (Nergadze et al., 2014) but only the GC rich 37cen sequence is 

associated with the centromeric function and is also transcriptionally active (Cerutti 

et al., 2016). The significance of satellite DNA at centromeres has so far been elusive 

because satellite-less centromeres are perfectly functional (Purgato et al., 2015). In 

the horse, the presence of satellite-based together with a satellite-less centromere 

makes this species a particularly suitable model for future studies on the role of 

centromeric tandem repeats. 

 

 

4.3 - Extensive analysis of the functional centromeric 

domains of the first natural satellite-free centromere 

described in the literature (ECA11) 

As detailed in the introduction, the centromere of horse chromosome 11 is devoid of 

any repeated sequence. During the horse genome sequencing, the analysis, by ChIP-

on-chip, of the primary constriction of ECA11 revealed two regions (136 kb and 99 

kb) bound by CENP-A (Wade et al., 2009). The unexpected observation of two 

CENP-A binding domains in the centromere of horse chromosome 11 (Wade et al., 

2009) prompted us to extend the analysis to new horse individuals.  

ChIP-on-chip experiments were performed on fibroblast cell lines from five 

unrelated horses in the Laboratory of Molecular and Cellular Biology of Pavia (Prof. 

Elena Giulotto) and in the Laboratory of Functional Genomics and Epigenetics of 

Bologna (Prof. Giuliano della Valle).  

To define the position and the number of CENP-A binding domains, the 

immunoprecipitated chromatin was labeled and hybridized on an array that 

contained a region of about 2 Mb corresponding to the centromeric region of horse 

chromosome 11 (ECA11: 25,566,599-28,305,611). This approach enabled to 

determine, for each sample, the location of the CENP-A binding domain. The length 

of each binding domain ranged from 78 to 212 kb in a region covering about 535 kb 
(ECA11: 27,514,628-28,049,577).  

Three individuals clearly showed two distinct and well separate CENP-A 

binding peaks (HSF-B, -C, -G) while the others showed only one wider peak (HSF-

D, -E) (Figure 17).  

Real-time PCR on the DNA purified from CENP-A immunoprecipitated 

chromatin confirmed that HSF-B, HSF-C and HSF-G individuals had two regions of 

CENP-A binding, while a single region was present in HSF-D and HSF-E. 
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The presence, in some cell lines, of two CENP-A binding domains could 

reflect, a "multi-domain structure" of the centromere widely described in the 

literature (Figure 18a) (Blower et al., 2002; Alonso et al., 2003; Cleveland et al., 

2003; Chueh et al., 2005; Sullivan et al., 2004; Alonso et al., 2010; Schueler et al., 

2001). As an example, in a neocentromere derived from human chromosome 10 

CENP-A does not bind uniformly the whole centromeric domain (about 330 kb), 

rather forms discontinuous blocks (Chueh et al., 2005). Moreover, immuno-FISH 

studies on extended chromatin fibers showed that in man alpha satellite contains 

discontinuous domains of CENP-A, (15 to 40 kb), interspersed with domains 

containing the canonical histone H3. 

An alternative intriguing interpretation of our results is that the two distinct 

domains observed in HSF-B, -C, -G could be epialleles, in other words different 

functional alleles might be present on the same DNA sequence, individuals showing 

separate peaks being heterozygous for the functional alleles (Figure 18b). Thus, a 

"multi-domain" model reflects the uneven distribution of CENP-A on both 

homologous, while the epiallele model would be predictive of a different association 

of CENP-A and on the homologous. 

 

 

 

 

 

 

 

 

Figure 18 – Schematic representation of "multi domain" (a) and "epiallelism" (b) 

hypotheses. In the multi-domain model, the centromere function is associated with two 

sequences (red and green filled rectangles) on both homologous, while in the epiallelism 

model, the centromere function is related to one sequence on one chromosome (red filled 

rectangle) and to another sequence on its homologous (green filled rectangle). 

 

4.3.1 - Analysis of ECA11 centromeric domains organization 

by immuno-FISH on chromatin fibers 

To discriminate between the multi-domain model and the epiallele hypothesis, a 

single molecule analysis of centromeric domains by immuno-FISH on chromatin 

fibers, was carried out. BACs covering the ECA11 centromeric domain (as 

(a) Multi-domain 
model 

(b) Epiallelism 
model  
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determined by ChIP-on-chip) were used as FISH probes and a CREST serum was 

used to detect the functional centromeric domain. 

Samples from HSF-B, HSF-C, HSF-D, HSF-E and HSF-G were analyzed and 

two different organization patterns of FISH and immuno-staining fluorescent signals 

were observed. The first individuals analyzed were the horses displaying two clearly 

separated ChIP-on-chip peaks (HSF-B, HSF-C and HSFG). Two distinct epialleles 

were distingui zinic d, one of which (epiallele 1 in Figure 19a) had the immuno-

staining flanking the FISH signal, while in the other one (epiallele 2 in Figure 19a), 

the immuno-staining and FISH signals were superimposed.  

Subsequently the horses displaying a single broad ChIP-on-chip peak (HFS-D 

and HSF-E) were studied. As shown in Figure 19a, also in these individuals, two 

partially overlapping functional alleles were observed. In one epiallele (epiallele 1 

in Figure 19b), the immuno-staining partially covered the FISH signal and extended 

in the flanking region, while in the other epiallele (epiallele 2 in Figure 19b), the 

immuno-staining covered the FISH signal. The immuno-labelled regions of epiallele 

1 and epiallele 2 were partially overlapping. These results imply that each 

homologous chromosome 11 has a protein binding region in a defined position, and 

that the broad peak, found by ChIP-on-chip, is the result of the contribution of the 

single peaks on each homologous.  

In conclusion, at least seven functional epialleles were identified in the five 

horses and each epiallele occupied about 80–160 kb. These results demonstrate that 

the centromeric domain of horse chromosome 11 is characterized by positional 

variation, and that in a native mammalian centromere the centromere position can be 

flexible across a relatively wide (500kb) single-copy genomic region. Our results 

definitely demonstrated that the positioning of CENP-A binding domains is 

unrelated to the underlying DNA sequence. 

No functionally homozygous individual was observed; therefore, in spite of 

the limited sample size, it is possible to infer that this epigenetic locus is highly 

polymorphic. It is possible that the centromere studied here is particularly dynamic 

because it is evolutionarily young and lacks satellite tandem repeats (Wade et al., 

2009; Piras et al., 2010). In our system, the lack of satellite DNA at the centromere 

of horse chromosome 11 is a stable feature in all individuals of the horse species and 

was maintained for many generations during evolution; therefore, the mechanism of 

satellite DNA recruitment and the precise role of repetitive sequences in centromere 
function and stabilization remain to be established. As mentioned in the introduction, 

satellite DNA recruitment appears to be a late step in new centromere maturation. 

Maybe the colonization of a CENPA domain by satellite DNA progressively reduces 

the positional flexibility of the centromere through a satellite mediated stabilization 

mechanism. 
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Figure 19 - Single molecule analysis of centromeric epialleles on chromatin fibers by 

immuno-FISH. (a) Organization pattern of functional alleles in horses displaying two 

separated ChIP-on-chip peaks (HSF-B). (b) Pattern of functional alleles organization in 

horses displaying two overlapping ChIP-on-chip peaks (HSF-D). At the top of each panel are 

reported the coordinates of the regions occupied by the centromeric domains, and BAC 

coverage is represented by a red line. CREST immunostaining is green labelled while the 

BAC FISH signals are red labelled. Under each fiber image, a schematic representation is 

depicted with green rectangles corresponding to centromeric domains and red rectangles 

indicating BAC hybridization (Purgato et al., 2015). 

 

 

4.4 - Analysis of donkey (EAS4, EAS7 and EAS9) 

satellite-less centromeric domains organization by immuno-

FISH on chromatin fibers 

Our previous work (Piras et al., 2010) indicated that in the donkey 18 centromeres 

are devoid of satellite DNA, at the FISH resolution level. To confirm the absence of 

highly repetitive DNA sequences at some donkey centromeres ChIP-seq 
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experiments on donkey primary skin fibroblasts were carried out in the Laboratory 

of Molecular and Cellular Biology.  

Sixteen donkey chromosomes containing one or two distinct CENP-A 

binding domains on unique sequence regions homologous were identified (Figure 

20).  

We analyzed, by two color immuno-FISH on chromatin fibers, the 

centromeric domain of donkey chromosomes 4, 7 and 9. EAS4 and EAS7 show a 

single broad protein binding domain, while EAS9 exhibited a single spike peak. 

Using BACs that covered the EAS4 or EAS7 centromeric domains (as 

determined by ChIP-seq) as FISH probes and a CREST serum to detect the 

functional centromeric domain, two-color immuno-FISH was performed. Only one 

type of arrangement was observed in all the centromeres analyzed (Figure 21a and 

21b). In both homologous the immuno signal colocalized with the FISH signal. We 

can conclude that in these donkey satellite-less centromeres, no functional 

polymorphism exists and the centromere function is always related to the same 

sequence. 
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Figure 20 – ChIP seq profile of donkey satellite-less centromeres. DNA was obtained by 

chromatin immunoprecipitation using an anti-CENPA antibody to identify the centromere 

functional domains of the donkey satellite-less centromeres. 
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Figure 21 - Single molecule analysis of two donkey centromeric domains on chromatin 

fibers by immuno-FISH. Organization pattern of the functional centromeric domains of 

donkey chromosome 4 (a) and donkey chromosome 7 (b). At the top of each panel the regions 

occupied by the centromeric domains are reported, and BAC coverage is represented by a 

black line. CREST immunostaining is green while the BAC FISH signals are red. Under each 

fiber image, a schematic representation is depicted with green rectangles corresponding to 

centromeric domains and red rectangles indicating BAC hybridization. 

 
 

The third donkey centromere analyzed was that of EAS9 whose 

immunoprecipitation profile showed a tiny and tall peak, completely different from 

the others (except for EAS8, EAS16 and EAS19). We hypothesized that this spike-

like peak might reflected sequence differences between the donkey and the horse 

genome as the donkey ChIP-seq reads were assembled on the reference horse 

genome. PCR analysis, carried out in the laboratory of Molecular and Cellular 

EAS4 (ECA28) 

BAC 428I12 

CENPs + BAC 

EAS7cen (ECA8) 

BAC 402C18 

CENPs + BAC 
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Biology, indicated that a 10kb long sequence was present in 3 tandem copies in the 

donkey with respect to the horse orthologous region. 

Donkey EAS9 centromere (Figure 22) was analyzed by two color immuno-

FISH on extended chromatin fibers in the same way of the previous centromeres. 

Also in this case, only one type of arrangement was observed (Figure 22). In both 

homologous, the immuno signal always colocalized with the BAC signal. Notably, 

the extension of the CENP-A positive region was comparable to that observed for 

the centromeres of chromosomes EAS4 and EAS7, thus supporting the hypothesis 

that the spike peak was actually due to a distortion originated by donkey sequences 

alignment on the horse reference genome.  

 

 

 
 

Figure 22 - Single molecule analysis of centromere of donkey chromosome 9 on 

chromatin fibers by immuno-FISH. At the top of the panel is reported the regions occupied 

by the centromeric domains. BAC coverage is represented by a black line. CREST 

immunostaining is green while the BAC FISH signals is red. Under fiber image, a schematic 

representation is depicted with green rectangles corresponding to centromeric domains and 

red rectangles indicating BAC hybridization. 
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4.5 - In vitro analysis of the mitotic stability of horse 

chromosome 11 with a satellite-free centromere 

The presence of completely satellite-free and stable natural centromeres opens the 

question of the functional role played by satellite DNA at the centromere (Marshall 

et al., 2008; Nakano et al., 2008; Rocchi et al., 2012; Shang et al., 2013).  

Concerning the contribution of satellite DNA to chromosome segregation 

fidelity, some data come from the analysis of pathologic satellite-less centromeres 

and from human artificial chromosomes.  

Pathological neocentromeres are often present as mosaics; this mosaicism 

might be due to intrinsic mitotic instability (Marshall et al., 2008), however it is more 

plausible to hypothesize that, since the pathological neocentromeres produce an 

unbalanced karyotype, neocentromere containing cells are counterselected.  

Artificial human chromosomes have been demonstrated to need alphoid 

DNA for de novo centromere formation. It has been suggested that alpha-satellite 

DNA creates a proper epigenetic environment essential for kinetochore activity 

(Nakano et al., 2008; Ohzeki et al., 2015). In addition, human artificial centromeres 

require alpha-satellite arrays with binding sites for the CENP-B protein to be 

propagated in culture (Masumoto et al., 2004; Henikoff et al., 2015).  

To our knowledge, there are no data about the mitotic behavior of natural 

satellite-free centromeres. To fill this gap, we used as model system the species 

belonging to the genus Equus. In these species, the centromere function and the 

position of satellite DNA are often uncoupled (Piras et al., 2010). Moreover, 

satellite-less centromeres, originated by evolutionary centromere repositioning, are 

unexpectedly frequent; as a consequence, satellite based and satellite-less 

centromeres coexist in single karyotypes (Wade et al., 2009; Piras et al., 2009; Piras 

et al., 2010; Raimondi et al., 2011; Nergadze et al., 2014, Purgato et al., 2015). 

We analyzed the segregation fidelity of horse chromosome 11 (ECA11), 

whose centromere is satellite-free, and compared it with that of horse chromosome 

13 (ECA13), which is similar in size and has a centromere containing long stretches 

of the canonical horse centromeric satellite DNA families. Two chromosome 

stability assays interphase aneuploidy analysis and the cytokinesis-blocked 

micronucleus assay (CBMN) were combined with FISH with chromosome specific 

centromeric probes. The two assays were performed on control cells and on cells 
treated with nocodazole or griseofulvin. These drugs are well known antimitotic 

agents which interfere with the function of spindle and cytoplasmic microtubules by 
binding to tubulin; however, while nocodazole is a colchicine competitor which 

binds beta tubulin, griseofulvin binds both alpha and beta tubulin and does not 

compete with colchicine for tubulin binding. The use of these drugs was aimed at 

amplifying the difference, if any, in segregation fidelity between the satellite-less 

and the normal centromere and also at identifying possible differences in the 

sensitivity of the two centromeres to conditions perturbing cell division. 
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We decided to use two different chromosome stability assays. FISH on 

interphase nuclei since this is a rapid molecular-cytogenetic approach for the targeted 

detection of aneuploidies (Faas et al., 2011) and the cytokinesis-blocked 

micronucleus assay (CBMN). The micronucleus assay is a mutagenic test system for 

detection of the formation of small membrane-bound DNA fragments (i.e. 

micronuclei in the cytoplasm of interphase cells) induced by chemical and physical 

agents (Fenech, 2000). Centric and acentric chromosome fragments, as well as whole 

chromosomes unable to migrate to one pole during anaphase, can be included into 

micronuclei. Two mechanisms, chromosome breakage and disturbance of 

chromosome segregation, may lead to the formation of micronuclei; in both cases, 

micronucleus expression requires a mitotic division. The cytokinesis-blocked 

micronucleus assay (CNBMN) allows to distinguish cells which completed nuclear 

division during in vitro culture since they are bi-nucleated after cytokinesis inhibition 

with cytochalasin (Kirsch-Volders et al., 2011). 

 

 

4.5.1 - Cell viability assay 

To select the proper dose of each drug which depresses cell growth, but allows cell 

recovery after drug release, a cell viability assay was performed. Three doses were 

tested for both drugs: 5 µg/ml, 10 µg/ml and 20 µg/ml for griseofulvin and 100 nM, 

200 nM and 300 nM for nocodazole. After a pre-culture period of 48h, cells were 

exposed for one cell cycle (18 hours) to the chemicals, then washed with fresh, drug-

free, medium and grown for another cell cycle (recovery period).  

In Figure 23 the results of these experiments are reported. For griseofulvin 

(Figure 23a), the lowest dose determined a general decrease in cell growth rate but 

did not modify the cell growth curve; on the contrary, the highest dose induced a 

significant cell death, with no recovery of cell growth after drug release. The 

intermediate dose, which caused a depression of cell growth, but allowed cell 

recovery after drug release, was chosen.  

The results of the cell viability test set up with nocodazole were similar to 

those observed with griseofulvin and the central dose (200 nM) was chosen also in 

this case (Figure 23b). 
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Figure 23 – Cell viability assay. (a) Treatment with griseofulvin: blue control, green 5μg/ml, 

red 10μg/ml, purple 20μg/ml. (b) Treatment with nocodazole: blue control, green 100nM, 

red 200nM, purple 300nM. 

 

 

4.5.2 - Interphase aneuploidy analysis 

To compare the migration fidelity of horse chromosome 11 with that of horse 

chromosome 13, interphase FISH with centromeric probes, specific for ECA11 and 

ECA13 was set up. Horse fibroblasts were exposed to the selected doses of 

griseofulvin and nocodazole and the cells were analyzed both just after the treatment 

and after a release period (corresponding to one cell cycle). The release period was 

required to identify segregation errors that need a lapse time to be expressed and 

errors which persist after in vitro selection.  
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In Table Ia, the total number of nuclei, aneuploid for chromosome 11 or for 

chromosome 13, observed in control and in treated cell cultures, is reported. Both 

griseofulvin and nocodazole induced a statistically significant increase in aneuploid 

nuclei. The comparison was performed with the chi-square test on data normalized 

for cell sample size.  

In Table Ib, the total number of aneuploid nuclei observed after a recovery 

period (18 hours) in control and in treated cell cultures, is reported. Again, both 

griseofulvin and nocodazole induced a statistically significant increase of aneuploid 

nuclei, indicating that the effect of both drugs is reversible and that aneuploid cells 

are not counter selected in vitro. The comparison was performed with the chi-square 

test on data normalized for cell sample size.  

In Table IIa and IIb, is reported the comparison of the mitotic behavior of 

ECA11 and ECA13, without and with release. In control cells, as well as in cells 

exposed to griseofulvin or nocodazole, no difference was observed between the two 

chromosomes neither without nor with the release period (chi-square test performed 

on normalized data for cell sample size). These results indicate that, in the horse 

model system, the proneness to segregation errors of a chromosome with a satellite-

less centromere is comparable to that of a chromosome with a canonical, satellite 

based, centromere.  

 

 
Table I – Interphase aneuploidy analysis without and with release. Control and treated 

cells are compared. Due to the difference in the total number of nuclei analyzed for each 

treatment, the 2 test was performed after normalization for sample size. (a) Results of the 
analysis performed immediately after drug treatment. (b) Results of the analysis performed 

after a release period corresponding to one cell cycle. 

 
interphase aneuploidy analysis without release 

  treated 

 control GRF [10g/ml] NOC [200nM] 

n. dip. nuc. (%) 2082 (95,5%) 1291 (93,4%) 916 (90,4%) 

n. aneup. nuc. for ECA11 or ECA13 (%) 97 (4,5%) 91 (6,6%) 97 (9,6%) 

total n. (%) 2179 (100%) 1382 (100%) 1013 (100%) 

  griseofulvin vs control p*=0,0019 

  nocodazole vs control p**=3,6396 E-11 
   

interphase aneuploidy analysis with release 

  treated 

 control GRF [10g/ml] NOC [200nM] 

n. dip. nuc. (%) 2124 (96,7%) 1977 (95,4%) 1288 (93,7%) 

n. aneup. nuc. for ECA11 or ECA13 (%) 72 (3,3%) 95 (4,6%) 87 (6,3%) 

total n. (%) 2196 (100%) 2072 (100%) 1375 (100%) 

  griseofulvin vs control p*=0,0245 

  nocodazole vs control p**=2,2738 E-06 

   

a 
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Table II – Comparison of the number of nuclei aneuploid for ECA11 and ECA13 

without and with release. The 2 test was performed on data normalized for cell sample 
size. (a) Results of the analysis performed immediately after drug treatment. (b) Results of 

the analysis performed after a recovery period corresponding to one cell cycle. 

 
FISH on interphase nuclei without release 

control GRF [10g/ml] NOC [200nM] 

 ECA11 ECA13  ECA11 ECA13  ECA11 ECA13 

n. dip. 

nuc. (%) 

1045 

(95,8%) 

1037 

(95,7%) 

n. dip. nuc. 

(%) 

695 

(93,3%) 

596 

(93,6%) 

n. dip. 

nuc.(%) 

461 

(89,9%) 

455 

(91%) 

n. aneup. 

nuc. (%) 

46 

(4,2%) 

47 

(4,3%) 

n. aneup. 

nuc. (%) 

50 

(6,7%) 

41 

(6,4%) 

n. aneup. 

nuc. (%) 

52 

(10,1%) 

45 

(9%) 

total n. 
(%) 

1091 
(100%) 

1084 
(100%) 

total n. (%) 
745 

(100%) 
637 

(100%) 
total n. (%) 

513 
(100%) 

500 
(100%) 

 p = 0,5352  p = 0,7966  p = 0,3839 

 
FISH on interphase nuclei with release 

control GRF [10g/ml] NOC [200nM] 

 ECA11 ECA13  ECA11 ECA13  ECA11 ECA13 

n. dip. nuc. 

(%) 

1059 

(96,4%) 

1065 

(97%) 

n. dip. nuc. 

(%) 

1052 

(94,9%) 

925 

(96%) 

n. dip. nuc. 

(%) 

677 

(93,4%) 

611 

(94%) 

n. aneup. 

nuc. (%) 

39 

(3,6%) 

33 

(3%) 

n. aneup. 

nuc. (%) 

57 

(5,1%) 

38  

(4%) 

n. aneup. 

nuc. (%) 

48 

(6,6%) 

39 

(6%) 

total 
number (%) 

1098 
(100%) 

1098 
(100%) 

total n. (%) 
1109 

(100%) 
963 

(100%) 
total n. (%) 

725 
(100%) 

650 
(100%) 

 p = 0,4722  p = 0,1519  p = 0,5399 

 

 

4.5.3 - Cytokinesis-blocked micronucleus assay (CNBMN) 

Since the CNBMN assay is performed on cytokinesis blocked cells a release period 

after drug treatment was not performed. Horse fibroblasts were exposed to the 

selected doses of griseofulvin and nocodazole in the presence of cytochalasin (an 

inhibitor of actin) and the cells were analyzed just after the treatment. In Table III 

the total number of micronuclei observed in a simple of 1500 binucleated cells in 

control and in treated cell cultures is reported. Both the drugs induced a statistically 

significant increase in micronuclei (chi-square test).  

The behavior of the two chromosomes at mitosis was compared following 

the CBMN assay.  FISH experiments with the centromeric probes specific for 
ECA11 and ECA13 were set up. The comparison of the rate of micronuclei 

containing horse chromosome 11 or horse chromosome 13, as revealed by FISH 

(Table IV), demonstrated that the mitotic behavior of the two chromosomes was 

comparable in all the conditions tested. These results confirm those obtained by 

FISH interphase analysis.  

Thus, two independent molecular-cytogenetic approaches demonstrated 

that, in the horse system, the in vitro segregation fidelity of a chromosome is not 

influenced by the presence of highly repetitive DNA sequences at its centromere.  

a 
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Table III – Cytokinesis-blocked micronucleus test. The number of micronuclei observed 

in control cells is compared with the one observed after drug treatment. The results were 

compared with the 2 test. 

 

 

 

 

 

 

 

 

 

 
Table IV – Comparison of the number of micronuclei positive for ECA11 and for ECA 

13. The data were compared by the 2 test. 

 

 

Here we analysed the in vitro mitotic behaviour of the satellite-less 

centromere of ECA11, and compared it with that of the canonical, satellite-based, 

ECA13 centromere. Our results demonstrated that the segregation accuracy of these 

two chromosomes is similar, thus suggesting that satellite DNA is dispensable for 

transmission fidelity. As mentioned in the introduction (see paragraph 1.2.1), the role 

played by satellite DNA at the centromere is a matter of debate, literature data 

strongly suggesting that centromeric and/or pericentromeric repeated DNA 

sequences create an ideal chromatin environment needed for sister chromatid 

cohesion and for kinetochore recruitment (Marshall et al., 2008; Nakano et al., 2008; 

Rocchi et al., 2012; Shang et al., 2013; Rošić et al., 2014; Biscotti et al., 2015; Rošić 
and Erhardt, 2016). Indeed, the large majority of vertebrate centromeres contain 

highly repeated DNA sequences (Plohl et al., 2008; Plohl et al., 2014); the biological 

preference for repeated DNA at centromeres suggests that there is a positive 

selection for centromeres with this kind of arrangement. It must be also reminded 

that, karyotypes containing only chromosomes with centromeres completely devoid 

of repeated DNA sequences have never been described, nor in animals nor in plants 

(Plohl et al., 2008). In this scenario, it might be hypothesized that centromeres void 

of highly repeated DNA stretches are somehow defective, this is the reason why they 

CNBMN 

  treated 

 control GRF [10g/ml] NOC [200nM] 

n. binucleated cells 1500 1500 1500 

n. of micronuclei (%) 30 (2%) 81 (5,4%) 143 (9,5%) 

griseofulvin vs control p*=1,9923 E-06 
nocodazole vs control p**=6,3229 E-17 

FISH on MN 

control GRF [10g/ml] NOC [200nM] 

 ECA11 ECA13  ECA11 ECA13  ECA11 ECA13 

n. pos. 

MN (%) 

0  

(0%) 

2 

(13,3%) 

n. pos. 

MN (%) 

6 

(16,2%) 

5 

(11,4%) 

n. pos. 

MN (%) 

5  

(6,9%) 

3  

(4,2%) 
n. neg. 

MN (%) 

15 

(100%) 

13 

(86,7%) 

n. neg. 

MN (%) 

31 

(83,8%) 

39 

(88,6%) 

n. neg. 

MN (%) 

67 

(93,1%) 

68 

(95,8%) 

total n. 

MN (%) 

15 

(100%) 

15 

(100%) 

total n. 

MN (%) 

37 

(100%) 

44 

(100%) 

total n. 

MN (%) 

72 

(100%) 

71 

(100%) 

 p = 0,1432  p = 0,525  p = 0,4793 
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tend to accumulate satellite DNA sequences during their evolutionary maturation 

(Piras et al., 2010), and that the missing functions may be provided in trans by 

canonical centromeres by means of genetic complementation.  

 

4.6 – Analysis of the centromeric and pericentromeric 

chromatin histone modifications in the horse and in the 

donkey 

Taking advantage of the equid model system in which satellite-based and satellite 

free centromeres, at different stage of maturation, coexist, a molecular cytogenetic 

analysis of the main histone modifications characterizing the centrochromatin of 

satellite-based and satellite-free centromeres was carried out.  

In the horse, one chromosome presents a satellite-free centromere and in the 

donkey, sixteen chromosomes have centromeres completely devoid of satellite 

DNA. In view of the absence of repetitive DNA arrays, the only elements which can 

specify the centromeric competence are epigenetic factors.  

As mentioned in the introduction (see paragraph 1.4), at the centromere a 

specific ratio of typically euchromatic and typically heterochromatic post-

translational modification exists. This balance specifies for a peculiar chromatin, 

named centrochromatin, which is prone to transcription, a prerequisite for CENP-A 

recruitment.  

A molecular cytogenetic approach, based on double immunofluorescence 

on metaphase chromosomes, mechanically stretched chromosomes and extended 

chromatin fibers, was used to analyze the arrangement of modified centromeric 

histones localization in the horse and in the donkey.  

We analyzed four histone modifications: the trimethylation of lysine 9 of 

histone H3 (H3K9me3), the dimethylation of lysine 9 of histone H3 (H3K9me2), 

the trimethylation of lysine 27 of histone H3 (H3K27me3) and the dimethylation of 

lysine 4 of histone H3 (H3K4me2). 

The trimethylation of lysine 9 of histone H3 (H3K9me3) is the best known 

constitutive heterochromatin marker. H3K9me3 has been found in the 

pericentromeric regions of Drosophila, mouse and human chromosomes (Peters et 

al., 2003; Rice et al., 2003) and not at all in the centromere 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 
sequences which are far away from CENP-A-containing domains (Sullivan and 

Karpen, 2004).  

The dimethylation of lysine 9 of histone H3 (H3K9me2) is a marker of 

facultative heterochromatin; this type of histone modification is present in regions 

actively transcribed that must be silenced if necessary. This modification is present 
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in the pericentromeric regions both in man and in Drosophila. (Nagaki et al., 2004; 

Sullivan and Karpen, 2004; Beiley et al., 2015). 

Histone H3 trimethylated at the lysine 27 (H3K27me3) is a marker of 

facultative heterochromatin, related to the presence of satellite DNA, as well as to 

regions of single copy DNA (Aldrup-Macdonald and Sullivan, 2014; Miga, 2015). 

It is present in regions usually silenced, that can be activated if necessary (Mravinac 

et al., 2009). 

Dimethylation of histone H3 at lysine 4 (H3K4me2) is involved in the 

transition 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).  

First of all we analyzed the architectural organization of post-translational 

modification of satellite-less and satellite-based centromeres, by two color 

immunofluorescence with antibodies against H3K9me3 and CENP-A in the horse 

and in the donkey at different resolution levels. In Figure 24 double 

immunofluorescence analysis of horse and donkey metaphase chromosomes is 

shown. The H3K9me3 signal localization is pseudo-coloured in green and the 

CENP-A localization is pseudo-colored in red.  

In the horse (Figure 24a) we observed a constant CENP-A signal intensity 

al all centromere. On the contrary, the H3K9me3 signal was variable in size and 

intensity among centromeres. Notably, no centromeres devoid of H3K9me3 

immunostaining were observed. These results demonstrated that also the centromere 

of horse chromosome 11, while being satellite-free, is immersed in a heterochromatic 

environment.  

In donkey metaphase chromosomes, the distribution of H3K9me3 signals 

was different. As shown in Figure 24b, the distribution and the intensity of 

heterochromatic signals, in green, were highly variable among chromosomes. In 

detail, a variable number of centromeres displayed a very faint H3K9me3 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 our previous data concerning the distribution of 

satellite DNA families in the Donkey (Piras et al, 2010). We can therefore infer that 

the donkey centromeres showing a faint H3K9me3 signal are indeed those satellite-

less centromeres (18 in the donkey) that conserve residual satellite DNA sequence 
at one telemetric terminus (Piras et al, 2010).  

Donkey chromosome 1 displayed a peculiar patter of heterochromatin 

distribution: large positive regions were detected at the p telomeric terminus and, in 

the sub-centromeric region. This pattern was expected since we previously 

demonstrated that, donkey chromosome 1 has an abundant and highly polymorphic 

heterochromatin content (Raimondi et al., 2011). Taking into account of all these 

evidences, it is possible to hypothesize that, the centromeres that displayed a weak 

heterochromatic signal are bona fide satellite-less. This hypothesis will be confirmed 

by immuno-FISH experiments using chromosome-specific probes.  
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In summary this part of the research indicated that the trimethylation of 

lysine 9 of histone H3 marks heterochromatic regions that contain large blocks of 

satellite DNA, as described by Sullivan and Karpen (Sullivan and Karpen, 2004) but 

this post-translational modification is also present at satellite-less centromeres, 

although in smaller amount. 

A peculiar centromere organization was observed; in the horse and in the 

donkey: the sister CENP-A spots faced the outside of the centromeric locus, towards 

the plates of the kinetochore, while the heterochromatic core, as identified by the 

presence of the H3K9me3 modification, was confined in the inner centromere 

structure (Figure 24a-b). This result perfectly reflects the hypothetical three-

dimensional arrangement of super coiled centro-chromatin. It has been 

hypothesized that centromeric DNA may supercoil in a cylindrical structure, leading 

to the alignment of nucleosomes with the same composition, to promote proper 

kinetochore assembly, CENP-A nucleosomes being exposed in the outer face of the 

cylinder to be able to interact with spindle fibers (Blower et al., 2002) (Figure 25). 

 

 

    
 

Figure 24 – Double immunofluorescence on horse (a) and donkey (b) metaphase 

chromosomes. Metaphase chromosomes show the localization of the trimethylation of lysine 

9 of histone H3 (H3K9me3) (green) with respect to CENP-A (red).  
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Figure 25 – Three-dimensional arrangement of super coiled centro-chromatin (Blower 

et al., 2002). 

 

 

To better investigate the H3K9me3 centromeric localization, the resolution 

level was improved. Double immunofluorescence on mechanically stretched 

chromosome was performed. An example of the results is reported in Figure 26. In 

this acrocentric chromosome, the heterochromatic region, in green, is clearly present 

between the CENP-A spots, in red. This image is the direct morphological evidence 

of the model depicted in Figure 25. 

Further increase of the resolution was achieved by experiments set up on 

extended chromatin fibers (Figure 27); as shown in the figure, the H3K9me3 

histone modification signal (green) flanks the core centromere functional domain 

(red). 

 

 

 
 

Figure 26 – Double immunofluorescence on horse mechanically stretched chromosome. 

Localization of the trimethylation of lysine 9 of histone H3 (H3K9me3) (green) with respect 

to CENP-A (red). 
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Figure 27 – Double immunofluorescence on horse extended chromatin fibers. 

Localization of the trimethylation of lysine 9 of histone H3 (H3K9me3) (green) with respect 

to CENP-A (red). 

 

 

Afterwards, the distribution of H3K9me2 was analyzed in horse (Figure 

28a) and in donkey (Figure 28b) metaphase chromosomes. No difference was in 

the two species. All centromeres were positive to the immunostaining indicating 

that both satellite-less and satellite-containing centromeres contain heterochromatin 

prone to be opened. This result is not surprising since a relaxed chromatin 

environment is known to be essential for CENP-A loading.  

The analysis of extended chromatin fibers (Figure 29) confirmed the data. 

No difference was observed between horse and donkey and all the analyzed fibers 

showed the same pattern were CENPA and H3K9me2 signals were superimposed. 

Two examples are reported in Figure 29. Again, the histone modification is green 

labelled while the centromere functional domain is red colored.  

 

 

    
 

Figure 28 – Double immunofluorescence on horse (a) and donkey (b) metaphase 

chromosomes. Metaphase chromosomes show the localization of the dimethylation of lysine 

9 of histone H3 (H3K9me2) (green) with respect to CENP-A (red).  

 
 

a b 



 
 
 
 
 
 

Results and Discussion 

73 
 

 
 

 
 
Figure 29 – Double immunofluorescence on horse (a) and donkey (a) extended 

chromatin fibers. Localization of the dimethylation of lysine 9 of histone H3 (H3K9me2) 

(green) with respect to CENP-A (red). 

 

 

The third histone modification investigated was H3K27me3. A double 

immuno-fluorescence analysis on horse (Figure 30a) and donkey (Figure 30b) 

metaphase chromosomes was performed. No difference was observed between 

horse and donkey, all centromeres being positive to the immunostaining. 

No difference has been observed between horses and donkeys. All 

centromeres were positive to the immunostaining antibody against H3K27me3. 

Intriguing, H3K27me3 signals show a G-like banding and this is in accordance with 

the presence of this modification in silenced regions that can be activated if 

necessary (Mravinac et al., 2009). In fact, the G-banding highlights late replication 

regions which are typically heterochromatic and gene-poor. This means that at the 

centromere is present a facultative heterochromatin prone to be opened to allow the 

CENP-A loading. 

The analysis of extended chromatin fibers confirmed these data. Two 

examples are reported in Figure 31. The histone modification is green labelled 

while the centromere functional domain is red colored. It can be observed that 

blocks of chromatin containing the dimethylated histone H3 are interspersed within 

the centromere functional domain, identified by CENP-A. 
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Figure 30 – Double immunofluorescence on horse (a) and donkey (b) metaphase 

chromosomes. Metaphase chromosomes show the localization of the trimethylation of lysine 

27 of histone H3 (H3K27me3) (green) with respect to CENP-A (red). 

 

 

 
 

 
 

Figure 31 – Double immunofluorescence on horse (a) and donkey (b) extended 

chromatin fibers. Localization of the trimethylation of lysine 27 of histone H3 (H3K27me3) 

(green) with respect to CENP-A (red). 

 

 

The following experiments were aimed at analyzing the distribution of 

H3K4me2 on horse (Figure 32a) and donkey (Figure 32b) metaphase 

chromosomes. No difference has been observed between horses and donkeys. All 

centromeres were positive to the immunostaining.  

H3K4me2 is related to a not necessarily active euchromatin (Schneider et 
al., 2004; Lam et al., 2006), this means that all the centromeres, including the 

satellite-less ones, possess permissive centrochromatin which is prone to be 

eventually transcribed. Since H3K4me3 immuno-staining highlights 

transcriptionally competent regions, the resulting pattern is the opposite of the one 

observed using the H3K9me3 immunostaining (Figure 24). 

The analysis of extended chromatin fibers (Figure 33) confirms the 

presence of the H3K4me3 modification at all the centromeres, both in the horse and 

in the donkey. Indeed, in all the analyzed fibers, CENP-A signal and H3K4me3 
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signal always colocalized. These data confirmed the need to possess a 

transcriptionally competent heterochromatin at the centromere. 

 

 

    
 

Figure 32 – Double immunofluorescence on horse (a) and donkey (b) metaphase 

chromosomes. Metaphase chromosomes show the localization of the dimethylation of lysine 

4 of histone H3 (H3K4me2) (green) with respect to CENP-A (red). 

 

 
 

 
 
Figure 33 – Double immunofluorescence on horse (a) and donkey (b) extended 

chromatin fibers. Localization of the dimethylation of lysine 4 of histone H3 (H3K4me2) 

(green) with respect to CENP-A (red). 

 

 

The results of histone modifications analysis, strongly suggest that the 

satellite-less centromeres, as well as the satellite-based ones, are immersed into a 

heterochromatic environment, even if they contain small amounts of constitutive 

heterochromatin. This constitutive hyper-condensed heterochromatin is presumably 
needed to define the borders of the functional centromere domain preventing 

centrochromatin diffusion. Our observation of the sliding behavior of the 
centromeric domain of the satellite-free centromere of horse chromosome 11 (see 

paragraph 4.3) demonstrated that the centromere function can move. However, this 

positional instability is confined to a region spanning about 500 kb.  

Satellite-less centromeres do also contain facultative heterochromatin: those 

“conditional” heterochromatin is supposed to be a prerequisite for proneness to load 

the centromere mark CENP-A. Finally, satellite-less centromeres do contain 

a b 

a 

b 



 
 
 
 
 
 

Results and Discussion 

76 
 

transcriptionally competent heterochromatin. This type of chromatin is not 

necessarily transcribed but might interact with trans acting lncRNAs transcribed 

from satellite based centromeres. 
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5. CONCLUSIONS 

The centromere of mammalian chromosomes is typically embedded in a 

heterochromatic environment characterized by long arrays of tandemly repeated 

satellite DNA. However, centromere DNA array length is highly variable, both 

among homologous and heterologous centromeres, moreover, centromeric DNA 

sequences are rapidly evolving among species and within chromosomes of the same 

species (Plohl et al., 2008). Satellite DNA is not necessary for centromere function 

since satellite-DNA-free centromeres have been found in human pathology 

(Voullaire et al., 1993; Marshall et al., 2008) and in extant species (Wade et al., 

2009; Shang et al., 2010; Locke et al., 2011).  

The work described in this thesis is part of a collaborative project involving 

the laboratory of Molecular Cytogenetics – directed by professor Elena Raimondi – 

and the laboratory of Molecular and Cellular Biology – leaded by professor Elena 

Giulotto – aimed at studying mammalian centromere structure, identity and function. 

To achieve this target, species belonging to genus Equus are used as a biological 

model system since satellite-based centromeres and satellite-free centromeres 

coexist in a single karyotype (Wade et al., 2009; Piras et al., 2010). 

 High resolution FISH analysis on combed DNA fibers demonstrated that 

satellite DNA clusters at horse centromeres show a peculiar architectural 

organization, where small arrays of 2PI and EC137 satellites are strictly intermingled 

and immerged within very large stretches of the 37cen sequence. This observation 

allows us to hypothesize that, at horse centromere, satellite sequence interchanges 

are a frequent occurrence; this hypothesis agrees with the highly plastic nature of 

equid genomes. Centromeric horse satellite EC137 is an accessory DNA element, 

presumably contributing to the organization of pericentromeric chromatin while the 

37cen sequence is associated with the centromeric function and is transcriptionally 

active. Moreover, the horse shares with other species a similar molecular 

organization of centromeres, relying on CENP-A blocks of variable length immersed 

in long satellite DNA stretches. 

 Concerning the satellite-less centromere found in horse chromosome 11, a 

remarkable plasticity of the centromeric domain has been demonstrated. Out of ten 

horse chromosomes 11, at least seven distinct CENP-A binding domains were found 

across a region of about 500 kb. These results demonstrate that, in a native 
mammalian centromere, the positioning of CENP-A binding domains is unrelated to 

the sequence of the DNA the centromere is associated with and that centromere 
position can be flexible across a relatively wide single-copy genomic region. 

The in vitro mitotic behavior of the satellite-less centromere of horse 

chromosome 11 is comparable with that of the satellite-based centromere of horse 

chromosome 13 (which has similar size and a centromere containing long stretches 

of the canonical horse centromeric satellite DNA families). The segregation accuracy 
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of these two chromosomes is similar, thus suggesting that satellite DNA is 

dispensable for transmission fidelity even if the biological preference for repeated 

DNA at centromeres suggests that there is a positive selection for centromeres with 

this kind of arrangement. In this scenario, it might be hypothesized that centromeres 

void of highly repeated DNA stretches are somehow defective, this is the reason why 

they tend to accumulate satellite DNA sequences during their evolutionary 

maturation (Piras et al., 2010), and that the missing functions may be provided in 

trans by canonical centromeres by means of genetic complementation. 

Finally, the analysis of the centromeric histone modifications in the horse 

and in the domestic donkey revealed that satellite-free centromeres contain small 

amounts of constitutive heterochromatin and that this constitutive hyper-condensed 

heterochromatin defines the borders of the functional centromere domain thus 

preventing centrochromatin diffusion. Satellite-less centromeres do contain 

heterochromatin prone to be opened which is needed for CENP-A loading and, 

finally, satellite-less centromeres do contain transcriptionally competent 

heterochromatin. We presume that the permissive centrochromatin of satellite-less 

centromeres is prone to interact with trans acting lncRNAs transcribed from satellite 

based centromeres.  
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