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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 Kkaryotypes: 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



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 (ECAL3),
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 IncRNAs
transcribed from satellite based centromeres.
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Review of the literature

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, CDEIl and CDEIII. Two of them, CDEI and CDEII|I, 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%).
CDElII interacts with Cse4, a modified centromere-specific histone H3variant, which
is highly conserved protein motif present at all eukaryotic centromeres (Cheeseman
etal., 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

10
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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; Mestrovi¢ 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).

11
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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 ChlP 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 Zini¢ 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).

12
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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. Inthe 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 (Rosi¢ et al., 2014;
Biscotti et al., 2015; Rosi¢ 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;
Chanetal., 2012).

InS. pombe, transcripts derived from the pericentromeric repetitive elements
have been proposed to be involved in heterochromatin formation and maintenance

13
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by the RNA interference (RNAI) machinery (Volpe et al., 2002; Motamedi et al.,
2004; Verdel et al., 2004). RNA polymerase 11 (RNA Pol 1) transcribes centromeric
and pericentromeric satellite DNA sequences in long noncoding RNAs (IncRNAS).
These IncRNAs are turned in double strand by an RNA-directed RNA polymerase
(Rdpl). Subsequently, they are cleaved by Dicer in order to produce siRNAs which
in turn recruit factors involved in heterochromatin assembly. At this stage, sSiRNAs
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 sSiRNA-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
Chpl, 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 IncRNAs 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 HelLa cells
satellite | 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.

14



Review of the literature

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
etal., 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 1l (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), 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
etal., 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 CENP-A nucleosomes also confer
centromere specific functions through the direct binding of the core kinetochore
proteins CENP-N and CENP-C. CENP-N binds directly to the CATD (CENP-A
targeting domain) of CENP-A (Carroll et al., 2009; Carroll et al., 2010). CENP-C
engages extensive contacts with the CENP-A nucleosome and with other histones
within the CENP-A 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; lzuta 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
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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).

INET EEsENE 1IN

i IR I

~(EEIEEEN m=ram )

T

ol

=
= e b, a

o} < O <
1 1& " (L] ” 18

!ZIJD'

")

*® Y

& A
(-

Figure 4 - Graphics representation of pathological neocentromeres. Clinical
neocentromeres are indicated with black bars to the right of chromosomes ideograms (Rocchi
etal., 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 51), the acentric fragment can segregate
in two possible ways (Figure 511). After subsequent replication, the broken ends of
the acentric fragment rejoin to create an inverted duplication (Figure 5I11).
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 51V, 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 51V,
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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.

| Chromatid breakage

I Chromosome
segregation

Lost

m Replication +
neocentromere formation

l

)
|

/

v_,-" — _"\ = N
v Chromosome
segregation E gB
".\__» _/" \ 3 d

Normal Tetrasomy for Tnsomy for Lost
inv dup segment inv dup segment

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.
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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 (13g21) 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 macague, 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 (ChlIP-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.

26



Review of the literature

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
t0 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.
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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
etal., 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 (ECAL1) 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).
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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, EGR10g 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).
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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 | 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.

33



Materials and methods

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% CO..

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 KCI 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
(2380 centrifuge, Hermle) for 8 minutes and resuspended in 75 mM KCI, 0.8 % Na-
citrate, H,Obd (1:1:1) hypotonic solution for 10 minutes. The cell density in the
hypotonic mixture was adjusted to 10° 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 KCI, 0.8% Na-citrate, H,Obd (1:1:1) hypotonic
solution to obtain a final concentration of 7x10* 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 NacCl, 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 um/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 pg/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 pg/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 ug/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 um / 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 pg/ml — Sigma) or nocodazole (200 mM — Sigma) were added.
Cells were maintained at 37°C in a humidified atmosphere of 5% CO,. Then, slides
were treated with 75 mM KCI 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 pg/ml — Sigma) and griseofulvin (10 pg/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 KCI
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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 2P1 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).

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

e 2Pl - consisting of a 23 bp repeat (Accession humbers: AY029359S1 and
AY029359S2)

e 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 (chrll: 27,462,459 - 27,665,182)
CHORI241-230N11 (chrll: 27,672,994 - 27,826,423)
CHORI241-33J10 (chrl11: 27,532,226 -, 27,754,520)
CHORI241-389H6 (chr11: 27,430,438 — 27,600,382)
CHORI241-6F13 (chr1l: 27,603,018 — 27,797,999)
CHORI241-21D14 (chrl1: 27,639,936 — 27,829,952)
CHORI241-316B3 (chrl11: 27,868,099 - 278,069,904)
CHORI241-22C1 (chr13: 7,346,775 - 7,544,907)
CHORI241-377E16 (chrl4: 29,599,697 - 29,806,985)
CHORI241-428112 (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 ug/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 ug/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-
HCI 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 pg/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 pg/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 pug/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/ul or 20 ng/ul, depending on the type of hybridization, in a
hybridization solution (50 % formaldehyde, 10 % dextran sulphate, 1X Denhart
solution, 0.1 % SDS, 40 mM Na;HPO4 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 HCI. Slides were
washed for 3 times of 5 minutes at room temperature using PBS, a buffer consisting
of PBS, 1M MgCI2, and a buffer of PBS, 1M MgCI2, 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 (B1O) 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 ug/ml) and then mounted with DAKO. Slides hybridized with BIO
and DIG-labelled probes were treated with 100 ul 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 ug/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 KClI, 0,08
mM NaCl, 0,01 M Tris-HCI 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 | pH 8, 0.15 M NaCl, 0.5% BSA) of
5 minutes each. The slides were subsequently treated with 35ul 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 30ul of a solution of DAKO-DAPI (DAKO: 5 pl/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 30ul of a solution of DAKO-DAPI (DAKO:
5 ul/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 hon
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 2P1.

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.cqgi?taxid=9796
), using in silico analysis tools (BLAST, BLAT, Tandem Repeat Finder,
RepeatMasker, MultAlin) and then cloned it into a plasmid vector.
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Results and Discussion

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 2Pl 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, 2Pl 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 2P1 and EC137 satellites are shown
in Figure 12b. The majority of the chromosomes that share the 2P 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 2Pl and the EC137
seguences 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, 2Pl might be able to drive
kinetochore assembly.

Figure 12 — Two color FISH with EC137 (red) and 37cen (green) satellites (a) and
EC137 (red) and 2P (green) satellites (b) on horse metaphase chromosomes (Nergadze
et al., 2014).

45



Results and Discussion

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 2Pl 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 2Pl sequence was spread along the 37cen
positive region and the EC137 satellite was underrepresented and localized in
different positions within the 37cen and 2Pl positive region (Figure 13b).
Concerning these centromeres, we can claim that 37cen sequence plays a role in
centromere function while 2Pl and EC137 may represent accessory elements.

In 7 out of 37 cases (19%), 37cen and the 2Pl 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
etal., 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 2Pl 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 2Pl 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 (Rosi¢ et al., 2014; Biscotti et al., 2015; Rosi¢ 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 161), in 28% (7/25) of the cases (Figure 1611) 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 16111). These fibers presumably
derive from pericentromeric locations that contain the 37cen satellite.
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Results and Discussion

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
etal., 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.

ChlIP-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 (ECA1l: 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.

ecaa— N BN
(a) Multi-domain
model ecario— N DN
N ecatta — N | |
(b) Epiallelism ?
model coath — 1 NN

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 ECAL11 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 ECA1l centromeric domain (as
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determined by ChlP-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 ChlP-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 ChlIP-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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Two separated peaks (HSF-8)

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 ChlIP-on-chip peaks (HSF-B). (b) Pattern of functional alleles organization in
horses displaying two overlapping ChlP-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 ChiIP-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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a EAS4 (ECA28)

B i T

BAC 428112

-

CENPs + BAC

b EAS7cen (ECAS8)

BAC 402C18

CENPs + BAC

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 ChlP-seq reads were assembled on the reference horse
genome. PCR analysis, carried out in the laboratory of Molecular and Cellular
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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.

EAS9 (ECA14)

29,600 K 29,700 K 29,500 K

BAC 377E16

CENPs + BAC

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
guestion 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.

Acrtificial 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 pg/ml, 10 pg/ml and 20 pg/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 5ug/ml,
red 10pg/ml, purple 20ug/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 Ila and Ilb, is reported the comparison of the mitotic behavior of
ECA11l 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 [10pg/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 [10pg/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
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Table Il — Comparison of the number of nuclei aneuploid for ECA11 and ECA13
without and with release. The y? 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 [10pg/ml] NOC [200nM]

ECA1l  ECA13 ECA1l  ECA13 ECA1l ECAI3
n. dip. 1045 1037 n. dip. nuc. 695 596 n. dip. 461 455
nuc. (%) (95,8%)  (95,7%) | (%) (93,3%)  (93,6%) | nuc.(%) (89,9%)  (91%)
n. aneup. 46 47 n. aneup. 50 41 n. aneup. 52 45
nuc. (%) (4,2%) (4,3%) | nuc. (%) (6,7%) (6,4%) | nuc. (%) (10,1%) (9%)
total n. 1091 1084 745 637 513 500
%) 100%)  (100%) | ORI ) 1000 (10006) | PO 10006y (100%)

p = 0,5352 p =0,7966 p =0,3839

FISH on interphase nuclei with release

control GRF [10pg/mli] NOC [200nM]
ECA1l ECA13 ECA1l  ECA13 ECA1l ECAI3
n. dip. nuc. 1059 1065 n. dip. nuc. 1052 925 n. dip. nuc. 677 611
(%) (96,4%)  (97%) | (%) (94,9%)  (96%) | (%) (93,4%)  (94%)
n. aneup. 39 33 n. aneup. 57 38 n. aneup. 39
nuc. (%) (3,6%) (3%) nuc. (%) (5,1%) (4%) nuc. (%) (6,6%) (6%)
total 1098 1098 total n. (%) 1109 963 total n. (%) 725 650
number (%)  (100%)  (100%) ' (100%)  (100%) ) (100%)  (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 111
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
ECA1l1 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 1V), 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.
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Table 111 — 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 y? test.

CNBMN
treated
control GRF [10pg/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

Table IV — Comparison of the number of micronuclei positive for ECA11 and for ECA
13. The data were compared by the 2 test.

FISH on MN

control GRF [10pg/ml] NOC [200nM]

ECA11l ECA13 ECA1l ECA13 ECAll ECA13
n. pos. 0 2 n. pos. 6 5 n. pos. 5 3
MN (%) (0%) (13,3%) | MN (%)  (16,2%) (11,4%) MN (%) (6,9%) (4,2%)
n. neg. 15 13 n. neg. 31 39 n. neg. 67 68
MN (%) (100%) (86,7%) | MN (%)  (83,8%) (88,6%) MN (%)  (93,1%) (95,8%)
total n. 15 15 total n. 37 44 total n. 72 71
MN (%) (100%) (100%) MN (%) (100%) (100%) MN (%) (100%) (100%)

p =0,1432 p=0,525 p =0,4793

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,
ECAL3 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 etal., 2012; Shang et al., 2013; Rosi¢ et al., 2014; Biscotti et al., 2015; Rosi¢
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
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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.

Inthe 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).
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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
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transcriptionally competent heterochromatin. This type of chromatin is not
necessarily transcribed but might interact with trans acting InNcRNAs 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 2P1 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 InNcRNAs transcribed from satellite
based centromeres.
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Abstract

Centromercs are the sites of kinetachare assembly and
spindle fiber attachment and consist of protein-ONA com-
ploxes in which the DNA component is typically character

ized by the presence of extended arrays of tandem repests
called satellite DNA. Here. we describe the isolation and
characterization of & 137-bp-long new satellite DNA se-
quence from the horse gencme (EC137), which & also pres-
ent, even il less abundant, in the domestic dankey, the
Grevy's zebira and the Burchelll's 2ehea, We investigated the
chromosomal distribution of the EC137 sequence in these &
spacies. Moreover, we analyzed its architectural organaa

tion by high-resolution FISH, The pasition of this sequence
with respect 1o the peimary constriction and in relation o
the 2 major hoese satellite tandem repeats (37cen and 2P1)
on horse chromosomes suggests that the new centromeric
equine satellite is an accessory DNA element, presumably
cantributing 1o the crganization of percentromeric chro-
matin. FISH on combed DNA fibers reveais that the EC137
sotellite i orgamzed in relatively shor stretches (2-8 kb

which are strictly intermingled within 37cen ar 2P arrays.
This arrangemnent sugqests that interchanges between sat-
efite familivs are a frequent occurrence In the horse ge-
nome, CRUIAN farger Mo, el

Centromeres are the functional elements controlling
chramasame segregation during cell division, Vertebrate
centromeres, which typically contain large amounts of
tandem repeats (satellite DNA), are highly conserved for
function, bul not for DNA sequence. This observation,
known ax the ‘centromere paradox’, pointed 1o epigenctic
faclors as being respoasible for centromere function
through binding of the DNA to kinetochare proteins
| Allshire and Karpen, 2008].

We previously isolated 2 centromeric satellite DNA
sequences, 37cen and 2PI |Piras et al, 2010/, from a
horse genornic library in lambda phage [Anglana et al.,
1996). The 37cen sequence (GenBank: AY029358) is
93% identical 1o the horse major satellite family [Wijers
et al., 1993; Sakagami ct al, 1994], whilc the 2P1 se-
quence {GenBank: AY02935951 and AYD2935952) he-
longs to the e/ satellite family [Broad et al, 1995a, b)
and shares 83% identity with it. We investigated the
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chromosamal distribution of these satellite tandem re-
peats in the horse (Eguns cadailus, ECA), the domestic
donkey (£ asinus, CAS), the Grevy's zebra (£ grevim,
EGR), and the Burchelli's cebwa (£ furcheds, EBU) and
demonstrated that several centromeres lack satellite
DNA at the FISH resolution level [Pirss ¢t al., 2010].
Moreover, we observed that satellite repeats are aften
present at non-centromeric termini, probahly corre-
sponding to relics of ancestral, now inactive, centro-
meres. It is worth noting that the centromere of horse
chromosome 11 lacks any satellite DNA, as it was dem -
onstrated in vur previvus horse genome sequencing
work [Wade et al, 2009]. The abssnce of FISH-detect-
able 37cen und 2P signals from the centromere of sev-
eral domestic donkey, Grevy's zebra and Burchelli's ze-
bra chromosomes [Piras et al.. 2009, 2010] raises the
question whether sateflite DNA, belonging to other fam-
ilies, might be at such ¢ es. To investi
wate this possibility, we performed FISH analyses on the
chromosomes of the 4 species, using Lheir total genomic
DNA as probe [Plras et al, 2010]. This is & procedure
thut wllows the identificution of regions contuining very
abundant tandem repeats due ro the different hybridiza-
tion kinetics of highly reiterated sequences versus sin-
gle-copy DNA and revealed to be especlally effective for
the identification of satellite DN A in the Sguus species,
providing a resolution comparable to that of FISH per-
tormed with cloned satellite probes. As expected, in the
lorse, all the centromeres, except the one of chiromo-
some 11, were lubeled with specific signals. A [aint inter-
stitial signal, detectable only by hybridization with ge-
nomic DNA, was also present on the long arm of the X
chr Also in the d. ic dankey, Grevy's ze-
bra and Burchelli’s zehra, the distribution of the FISH
signals obtained using their total genomic DNA was not
exactly comparable with that observed using the cloned
horse satellite DNA probes. Actually, a few additional
sites of hybridization were detected that were not visible
with the 37¢en and 2P1 probes. These extra hybridiza-
tion sites were lacalized in several centromeric regians,
in a few telomeric regions and on the long arm of the
donkey and Burchelli’s zebra X chromosome, These re-
sults suggested the p of tand P other
than the 2 major ones in these species.

Here, we describe the isolation and claraclerization of
anew centromeric sateflite DNA sequence from the hogse
genome, which is also present, even if bess abundant, in
the genomes of the domestic donkey, the Grevy's zebra
and the Burchelli's zebra.
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Materlals and Methods

Coll Limes amd Clhromesome et

Fibroblast cell limes froes horse, domustic dankey. Grevy's ze-
Dese mndd Basrchadli's sechien were pecvinasly estddidad | Pirss o al,
2010]. Fihrabasts were cullumd n lliboaxn modified Fage's

dium (Lusoclane), d with 2% fetal calf serum
(Ewrechonel, 2 my gl % non l amsino acids, 1x
ptnidﬂinfunpmmyvin. Cells were masntained 22 37°C in a bo-
wrkdifhed atmosphiere of 5% OG0 Misases were aodlectid by direc
Iy blowing the nﬂluul un the dish surface, and metaphase spreads
were prepaned fi g the Jard air-drymg proced

ECEIT Satelite Phasosd Vectar Constraction

Awn:dlhr#l\?mn-umamplvumdlmck‘m
designad oo the fremm the
of 120 ECI37 units, oAt and .Hﬂuhpmm.d«dludm
g purpascs (3 AAGANT TCTTU TGA TUGAGGATGUAG TG-3
and S ATGGTCCACTOTGACACTGCATOCACTG V), POR ree
wctions were earnied out with boese gemoemic INA, PCR peoducts
were Sgestod with SRSl and dosed o the pSVal plasmid
wectod [ Nergadze et al. I009]. A pSval 157541 chome was sogmenced
and analyzod Tt contakng o 562-bp insert (about 4 coples ofthe EC1S7
rpeat wmit). T perform subsesoent FISH analyes, we obtained 2
longer insert. comparable to thase of the 2 other ks naed in fais
woek (37cen and 2P, see below), Heiefly, the Mmstil TAK ﬁgzﬂd
nmwummu/«m"udmm Kit; QUAGEN) and
ro-innertod nest 1o the arging! copy using BasH 1S dtes. This
pecedune wis repented 3 more times 10 obitsin 8 new plaenid,
PSVAl_1575216, containing b1 copies of the 1137 repeat umie,
wioch was used for FESH and Soathern blot analysis,

Sowarhrrne Bt

For Southeen hlor, 7.5 yg of genomic DNA from each equid
species was digested wrth Sewt il and Loskl and separated oo a
0.8% agaose gel. The gel was blotted mion brame (Hy
Doesd N, Ameedaam |,

The membeans was then hybetdized with the (2P JdCTPla-
beled EC137 probe. Hybridixatton was carried out overmighs at
64" C, and the final washing was performed i 0. 1x SSC, 050 305,

FISH e Matagoise Chrvonorme, Mexfuessally Siretoked

Chrramsosamses and Covebnd DNA Rifwrs

POVE_137stl6, Soen and 2V plasmad XN As were prepared
wsinng the Q) Prey Plasnsid miniprep kit (BoRad), accand
g 10 The sappiien s Instructions, DNAs wre habeied by nick trans-
Tation with Cy3.dUTP (Perkin Fimer), AlesndS8<IUTP (lavitro.
gen) or CyS-dUTP (Perkin Elmers and hybridized to metaphase
speeads of primsary ﬁbmblmslmmmclcqutdtp«hmdw
hewse mechanically h ivdy, for hy-
el zation tos hoese coenbied DN A, Ehey were ¢ labseledd with digoxi
wmn m'G] vII.'TP lR«he) or baatin-d UTP (Invtrogen)
were prepared as previ-
ously described [Haaf and Ward, 1594]. Brhdv mimlmuy a.lin
cells were wasbied in PBS snd ded i
consisting of equal volumes of 75 mM KL M% Na cilrate and
H,0 Tbr«udmury inthe h;won-:tmnun wasadjusted 1o 1P
celluml, Afier 10 min of b At room
ture, the cell l mcy‘ rifi onmdmsudsu
no;mq-m..nuudm-:wc:xmmsum

PP

Nergadse f al



Fig. 1. & Consensus sequence of the ECL3T
satedfite, The beight of the letters a8 vah
preotivn is peopostiomel (o the lregacncy of
the correspoading nuckotide. The overall
height of the stack & measured m bits (v
axis). o oumerical valoe proportioval to tewe
digree ol comservation of the seyucnie. Fore
cach positiom (x uss), the nuckeotides wre

stacked starting from the most frequent at
the top. b Southern blot analysis of the
EC137 soquence in Grevy's wba (EGR),
horse (ECAJ, Burchdli's acbia (ESU}, and
chankey (EAS)

cmmunmuen | e
L ATUSTA AT TR -
Cuanma | §
commmg | §
R

The protocol weed to prepare combed DNA was slightly modi-
fied from Mickalet etal, [1997] High malecular weight total horse
geoamic DNA wws diluted in 150 mM MES a1 2 concenteatinn of
I pgfenl and transferred in 2 reservolr. Stlanlaed d5des were ntro-
duced into the reservorr, mcubated n the solution for 5 min and
then extracted at 2 constant speed, Befoce use, combed DN A lides
were dried at 60°C overnight,

The peotecol used foe FISH was cscotially the same for metas
phase chromnsomes, stresched chromosomes and chmmatin fie
bers. Intnhshdz qumhsﬂlﬂic-vmht was used. The
cysol were d at 7500 in TO% for
mumdc. 22 55C and lmmodiatcly lm.uhu:d with the prob: for
1618 h at 37°C I high- nlr‘ng'ncv maditions with W% for
mamide. Post-hybridization washes were performed o 50N, for-
mamide, 2x SSC o1 12°C, Biotimviated and DIG-habeled prodes
were detected with FTTC and chodaming, o oy, using 3 s
cessive layers of amtibadics as follows (1) anei-DIG thodamine
(sheep) 12200 {Roche; (i) anti-sheep rhodamine 11100 [CHEMI-
CON; (k] ExreAvidia-FITC 1100 [Sigra- Aldrich ) (iv) baoting-
ated ants avidin 1:200 (Sigma Akdrich); (v} ExtrAvidia FITC
1:100. Al antibody Incubations were for 30 min ot 37°C, All amtl
bady washes were for 1 x S min using 4x SSC, 1A% Treeen 210

Chromosomes were connterstained with TIAPT All the slides were
4

d ins Dako (DAKOL Digiral grey-scale
images for Cy3, Alexadds, qs rhodamine, ¥ITC, and DAPI fluo
rescomce signals wore acquired with o fearesconce microscope

A Noved Sancllite in Hurses and Other
Faquids

(Zelss Amoplan) equipped with a cooled U1 camnera { Photomet -
rics), Peendocoloring and menging of images were performed us
g the Iplab software. Chramosames were dentifiod by comput-
er-gmerated reverse DA banding acowding to the published
karyotypes [Yang et al. 2003, 2004 Musilova et al, 2007 At least
20 metaphase spreacds were analveed for each species.

Results and Discussion

Clorming wnd Charadterization of w New Hovse Sutellite

Sequience

We identified a new satellite DNA sequence from the
horse genome database (EquCabZ.0, hup.//www.ncbl
nlm.nih.gov/projects/mapview/map_search.cgi?
L =9796] using available analysis tools (BLAST, BLAT.
Tandem Repeal Finder, RepeatMasker, MultAlin). We
aligned 120 repeat unies of this new satellite and deduced
a 137-bp-long « ¢ |GenBank: | X026961 |
(fig. 1a). Then, we compared the consensus sequence with
that of the major harse satellite DNA families. Sequence
analysis demonstrated that the ECI37 consensus se-

Crtogesat Gaosme Res
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quence has neither significant similarity with known
Fguus satellites, nor with Equidae repetitive sequences
deposited in RepBase [Wijers et al., 1993: Sakagami et al,
1994; Broad et al,, 19954, b; Piras ctal, 2010; Alkan el al.,
2011), Moreover, comparative in silico analysis demuon-
strated that the oew satelline is not conserved i @ mam-
malian species {dog, cat, guinea pig, rat, mouse. rhesus,
orangutan, chimpanzee, and human); therefore, this is a
new, equid-specific DNA element.

BLAST search on the published horse genome se-
quence (Eunah 2.0) mapped the ECL37 at the centro-
meric region of burse chromosomes 1, 2, 15, 20, 25, 28,
wnd on the long acm of the X, Using primers designed on
the ECI37 consensus sequence, adapted with ZooRl and
Sadl restriction sites for cloaing purposes (sec Materials
and Methods), we amplified horse genomic DNA by
PCR. FeoRlfSal-digested PCR products were cloned in
the cloning site of a plasmid vector that we
constructed [ Nergadze et al., 2009]. One of the clones ob-
tained was dand analyzed. [t inexd 2 562-bp

7

Insert with 4 wp»cs of the EC137 repeat uull This plas-

amount and distribution of the TC 137 satellite (see fol-
lowing section) and of the main satellites |Piras et al.
2010] is in agreement with the observations of Wichman
etal [1991].

Chromosommal ENsiritstion of ECI37 i the £ Euns

Spvcies

Alan the chromosomal distribution af the FC137 satel -
lite was very different in the 4 species analyzed here and
did not coincide with that of the 2 major equid satellite
DNA families {37cen and 2PI) that we previoasly de-
scribed [Piras et al., 2010). Using the EC137 satellite DNA
as peobe for FISH, we localized it on metaphase chiromo-
somes from borse {fig. 2a), donkey (fg. 2b), Grevy's zebra
(fig. 2c) and Burchelli's zebra (fig, 2d),

In the hoese (fig. 2a), the centromeric regions of 13
chromosome pairs were Jabeled (ECAL 7, 8, 10, 14, 15,
20, 23, 26 -3D). The FISH signal ohserved on ECALS was
relatively faint, and its Jocalization was subcentromeric.
We previously demonstrated that ECALL 3s devoid of
37cen and 2PT satellite DNA families [Pleas et al, 2010];

mid one was maodified 1 obtain a new p il ¢

ing 64 copics of the FC137 repeat unit (sc\‘ Materials and
Methods) to be used in the hybridization experiments de-
scribed bereafter.

this ¢h was also pegative for EC137 hybridiza-
tlon,

We abserved a discrepancy in the localization of the
EC137 mcllhe revealod by FISH and that inferved by se-

In order to study the presence and relative abund
of this satellite DNA family in equid species, we per-
formed Southern blot experiments vn total genomic
DNA from borse, domestic donkey, Grevy's zebra, and
Burchelli's zebra, The results of (his experiment are
shown in figure 1b. The EC137 sequence was found in
all the spacies analyzed, but its relative abundance was
markedly different. Namely, in the horse this repeat was
much more abundant than in the other species; the do-
mestic donkey and the Grevy's zebra having the Jowest
amount. The wide variability of satellite DNA quantity
among related species is a well kisown feature character-
Ixing all highly reterated sequences [Smith, 1976; Daver,
1982; Plohl ¢t al, 2008; Pertibe et al., 2009; Shi et al,
2010); this may be particalarly tue for equid species
which have an lly high eval y rate [Tri
fonov et al, 2008] Wx:hmnn et al. [1991] examined 4
of in 6 equid species
and proposed that satellite DNA may be a driving force
in chromosomal evelution, This observation also sug-
gested that species with conserved karyotypes Ieve &
lower number of mpidly evalving DNA familics than
those with a karvotype that has undergone rapid evolu-
tion [Bradley and Wichman, 1994). The ional het-

from the harse gename datahase. In
devd. FISH analysis could not reveal any signal on ECA-
2¢en and ECA25¢en nor on the fong arm of ECAX, which
were BC137-positive in BLAST search, whilst a number
ol centromeres not detected by BLAST search were FISH-
positive (ECA7, 8, 10, 14,23, 26,27, 29,30). L hisapparent
contradiction was expected due to 2 factors: (1) FISH al-
lows the identification of repetitive sequences which are
lacated within gaps of the harse gename database se-
quence; (2) short stretches of reiterated sequences, under
the resolution limit of FISH, can be detected only by in
silico analysis.

In the domestic donkey, only chromosomes | and 2
were FISH-Labeled (fig. 2b). However, while the fuores-
cence signal on EAS2 was clearly centromeric, the one
observed an EASE was located in an interstitial position
in the short arm, In a previous paper [Ralmondi et al.,
2011}, aimed at describing heterochromatin polymor-
phism, we investigated in detail the distribution of the 2
major equine salellite DNA families {37cen and 2P1) on
EASL On the short arm of EAS1, 3 hybridization sites
were found, none of these coinciding with the cytological
position of the FC137 sarellite that we observad in the
p paper. Our previous results [Piras et al., 2010]

erogeneity that we observed among equid species in the

L) Cylogerst Gezouw Res
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demonstrated that, In the donkey, 21 centromeres were
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ellite saquences were observed {fig, 4a-¢). In each panel,
the merged image (s shown on the left. In the other im-
ages, the separate color channels are reported, corve:
sponding (o the 37cen probe (blue in the Jelt image), W
the 2P1 probe (red in the left image) and to the EC137
probe (grocn in the keft Lisage), respectivey.

In the majority of the stretched chromosomes 2na-
Tyzed (17 out of 375 46%), the 37cen sequence covered the
whole primary constriction while the 2Pl and the EC137
satellites were less abundant and colocalized in the distal
portion of the 37cen-positive region, the EC137 satellite
being Lhe beast represented (Gg. o).

Seven out of 37 chromosomes (19%) displayed the pat-
tezn shown in figure db. Again, the 37cen satellite was
Targely overreg d, the 2# ¢ was spread
along the 37¢cen pasitive regon and the FCI37 satellite
was underrepresented and localized in different positions
within the 37cen- and 2PI positive region.

In 7 out of 37 instances (19%), we observed the orga-
nization shown in figure 4c: the 37cen and the 2P] se-
quences were both very abundant, while the ECI37 se-
quence was extremely seanly and interspersed within the
other sarellites,

The chromasome shown in figure 4d exemplifies the
fourth pattern obscrved in 4 ourt of 37 cases (11%): all
these chromasomes were metacentric or sub entric,

We then performed 2-color FISIT an DNA fibers pre-
pared by DNA combing (fig. 5). DNA combing allows ob-
taining DNA fibers with a controlled and uniform degree
ol elongation; therealler, quantilalive estimates can be
pertormed, In order to know the average degree of DNA
fiber extension, we set up a molecular ruler, To this pur-
pose, we performed parallel FISH experiments on combed
DNA using a horse BAC clone of known length as FISH
probe. [n this way we could relate the kength of the hybrid -
zathon signals, measured in centimeters on digital images,
with the length in base pairs of the hybridized target se-
quence. We estimated thal 1 cm, measured on digital im-
ages taken with a constant, arbitcarily fixed, magnifica-
tion, roughly corresponded 1o 17 b {white bars in fig. 5).
1t can be noted that in the merged images showa in figure
52 ¢ some hybridization signals appear as yellow fluores
cence or as overlapping green and red fuorescence, indi-
cating high interspersion of satellite sequences on a small
scale. Overlapping signals (yellow) probably represent
DNA regions in which the satellite DNA arrays are so
clos:(y intermingled 1o be undistinguishable. Within such
regions, the resolition of the method is not suflicient to
cstablish the order of DNA sequences. The 37cen sucll ite
(fig. 5a, ¢} covers very long conti regions,
for hundroda of kilobases {occupying more than one mi-

and the 2Pl sequence spread In an uncolled pericentro-
meric region which was 37cen- and EC137-negative,

The Last pattern (fig. 4¢) was observed in 2 out of 37
chromosemes (5%). Both these chromosomses were acro-
ccatric and, pecoliarly, contromeric chromatin formed
uncoiled extensions protrading out of the main chromo-
some body. These protruding fihers were 2P1 positive
and 37cen. and FC137-negative.

These abservations confirm that the 37cen sequence
may play a role in centromere lunclwn. while 2PI and
EC137 may rep 1 Bcessory An i
point i that 1 horse centromen: (ECA2cen) xuppuumly
free of the 37cen. the 2P sequence being the oaly satellite
that we could detect by FISH. This suggests that, at least

c ic field). However, when the 2PI (fig. 5a} or [C137
(fig. Sc) satellites are present, these form small stretches
(2-8 kb) that are strictly interspersed within the 37cen
clusters. The 2PT or EC137 stretclies occur every 6-80 kb
in thse large ¥cen blocks. Figure 5b shows the results of
2-volor FISH on combed DNA hybridized with 2871 and
FC137. These 2 satellite DNA sequences are bath orga-
nized in small stretches (28 kb) which are srictly inter-
mingled. The 2P1 sazellite appears to he mare abandant
than ECI137. The averall organization of the different
classes of horse satellite DNA appears to be a mosaic
wihere the 3 DNA [amilies display an interspersed asso-
clathon ol sequence blocks widely varlable in slee, 'This or-
ganization resembles that descrilsad by Zinid et al. [2000]
for the 2 centromeric satellite DNA families found in 7r7-

in this case, 2P@ could be able to drive kinetochore assem
bly. Sull. it must be taken into account that a very small
amount of the 37cen satellite, under the resolution level
of FISH apalysis, may be present. Moreover, we want o
stress that in the horse (ECAllcen), and presumably in
the domestic donkey and in the zebras, satellite-free cen-
tromeres exist [Wade et al., 2009; Piras et al., 2009, 2010};
therefore, it cannot be ruled out that key single copy se-
quences could play a role in centromere function also in
some satellite-positive centromeres.

L3 Cylogerst Gezouw Res
DO 1001155000568 54

bxal dens (Insecta, Coleoptera). The authors pro
pose that such an organizational pattern of DNA sequenc-
es in heterochromatin might be common in genomes
characterized by o high rate of interchromosvmal ex-
change. This hypothesis may well explain what we de-
scribed Ime for the horse centromeric satellites: indeed, it
s well doc d that the ge e of the specics belong-
ingtathe genm Fquanss exceptionally plastic if compared
to that of other mammals [Ryder et al, 1978; Yang et al,
2003, 2004; Trifonov et al., 2008; Piras et al,, 2010].
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lites. This observation allows us to hypothesize that, at
harse chromosome centromeres, satellite sequence in-
terchanges are a frequent occurrence, This hypothesis is
in agreement with Use highly plastic nature of equid ge-

niNnes,
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Centromere sliding on a mammalian chromosome
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of cheo

cach individual exhibited a different of CENPA

Abstract The directs the segreg

mnuhmgmundmmlnnhmmlm
whose kkenay is
dmdqmdun!hcdcpwnwnofmuunmvwﬁcm

Wit th

bindieg donains. We then amalysed the organization of cach
donsin mln asingle nucleotnle volymphum (SNP)»-based
aapeoeih i sl sl wdyids. fouon

mere peotein A (CENPLA ) ), “Thas wmp chro-
matin domain has so fa ped h decul

analysis due 10 its typicil sssocsilion -lu highly repetinve
satcllite DNA. In previous work, we dlswvcnd that the

of borse chn 11 is completely devoid of
satellie DNAC Mmlummtﬁllmnwlm
dissect the molecul ol alian

Here. we exploited this native satellite-free centromere to
determine the peecise localization of its functional domains
in five mdividusts: We hytindized DNA penified from chno-
matin smmunepeccipitaied with an anti CENP-A antibody to o
high mohxm aray (ChlP-on-<hip) of the region contaiming
the prisary of borse chio 11 Strikingly

e

Flectromic supplomentary material e cobng verson of dis smicks
(oo 10 1 T/S00M 1 201 440493.6) contains sapplesientary marial,
whtich is wvailable W0 suBoeinad asers

S Pangeo - M. Zobi - G, Permi - G, Della Valle
Dpastenento i Farmacs ¢ Bokcsolope (FABIT), Usiverats di
Dologra, Bedogea, laly

E Belond - F M. Pewn - C. Badinde « ¥ Conuati - A. M

Examination of the 1on & of chn 11 in the five
Individuals revealed seven distinet ‘posational alieles’, each
one exsending foe about B0-160 kb, were lound across & region
of abowt 500 kb, Our resshts demonstrate that CENP-A binding
MmmmﬁnﬁwwﬁcmnNAm-

Quence and are ch d by | & v causing
llwshdmuufcmmpoulmwcmmwdy-
namic behavious mary be m

2o may & the establishy of epigenetic alleles.

Introduction

Centromeres are genetic doci whose identity depends not on
the sequence of DNA on which they are formed bt 0o a
specific sucloasame configuntion containing the centromere-
specific histone H3, contromere protein A (CENP-A) (Sulli-
vam 200%; Black and Cleveland 201 1 ). Centromere-associmed
DNA varkes widely s different species and even within a
karyotype, bmmccnmpummmwmwdmu

S G, Nogadue « £ Raznondi (23) - E.(iuhlb(. d}
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canil dena mosdodung r
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of CENP-A nuck sa | featare of

daryatic ch (W;kmdll:mkuﬂ"ooﬂaodl

Sputh \s CENP-A und its diey y, comgpeisng a distnct
parthway for chn *“,.mhlghlycamdthﬁm

evolution (Maddox et al. 2012; Kato et al. 2013) Procisely
how this cheomatin architecrure is related to its underlying
DNA 5 still pocely understood. Typicalty, mammalian cen-
tromeres are associated with highly repetstive tandem satellte
arays which have limited the detailed molecular dissection of
this eritical chromatin dosain (KXampen aad Allshire 1997)
Taking advantage of the pecsence of two alpba sarclline sub-
familics 3t the of human ch 17,
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R,

Maloney and colleagues (Malomey et al. 2012) showed that
ﬂtmhmcnbelnbdtndﬂaulupumd

SqulmnofmmmdmmﬁcmDNAnqtmm
first inferned from the anal!

may be sently 2 d but, dmg to
ﬂwnadelmwmhmhnq\mﬁcDMu-
quences may deserming the switch of the centromens: functivn
Evmlh:oldlot:mpmml\lmnmrlylkoldcm
ically lost rear-

lysis of human in
which centromeres form on single-copy sequences in
rearranged chromosomes (Barry €t al 1999), Humm
neocentrumeres have been identified m chinical cylog

may be ph b h
rangement, uml.lymwhlhuheenobaem:dmcllmml
A clear ple of evolut ly young
i;ﬂwmmhmwchmmllwkii-

lsboemaones; most of them arose so subilze ofh

fragments while a less common type was foussd s inact
chromosomes where the mutive centromere has been
inactivated giving rise to neodicentnics (Marshall et al.
200%). Given the lack of satellie mpmls. somse hwman

lesely devoed of satellme DNA (Wade et al. 2009). A
{.\Ir-ondup lysis of this n one
revesled the presence of two CENP-A bindg domans. ln

Indinidaal

mtcmmmcm h-ve been deeply analysed by <b {
approaches (ChlP-on-<hip or ChIP-

uqi(Chunhaal"mS Alomso et al. 2010; Hasson et al.

2011, 2013); the main conclusions of these studies were that

order to shed light ca the of the
fe in heese ch 11, in the present work, we
phoited this satellise-kess 0 the detmled

ﬁndmluxmmmnoflhnmmumﬁucm
by analysing five new indnvaduals. We d d that the
centromesic function is net fixed and identified at least seven

d in a region of about S0 kb; this

(l:Nl’AMmhunbmdy dependet of DNA sy W 'alkh
and that dod b in domains are not rogquined foe
e N £ FEE |

or engaeered chromasomes has also been observed in other
spevies, inchading Succharunnvey powbe (Steiner snd Clarke
1994), Drosopivila mefanogaster | Williams et al. 1998), Can-
dida alhicans (Ketel et al. 2009), matze (Fu et al 2013) and
chicken (Shang et al, 201 3),

The [ hon of novel <an also occur during
mm@:mmmgorwmmm
site without chr these Y
new cantromeres {ENCs) miliumly ingact Karyotype ¢so-
Tution, but their mochamisms of formabon are unknown
(Kalitsis and (‘boo 2012; Rocchi et al. 2012). Origmally
described in | (Montefal et al. 1999), ENCs are
mlWyqunummﬂwmm
zebras) (Carbone et al. 2006). Although the esagority of ENCs
whdﬁuﬁdmmlﬁenumys.n-mpnpoxd
that the inisial seeding of a mew duwing
occurs withan an anonymaoss genomie region and the the
acquisibon of tandem ropests is o kale ph (Amoe

7 ,, hng)nmwnﬂwmlmmmmmludlm

i h At 2 molecular level, these results
mvu! ) mohdny ofCl:NP—A scleasome amays, o peoperty
that coald be related to the evolutionary mobility of
centromores,

Materiak and methods
Harse cells

Primary fibeoblst cell lines um obtained from the sk of
five different slaaghtered smimals and designated for conve-
nience HSF-B, HSF-(‘ HSF.D, HSF-E and HSF-G. We do
not know o which beoed these ansmals belong, We tessed thewr
refatedness by standard DNA typing using the following
microsatellite Joci: AHTA, AHTS, ASB2, ASBI7, ASB23,
CA425, HTGH, HTGH, HTG?, HTGLO, HMS2, HMS3,
HMS6, HMST, VHLID, HMS . These include nine loct rec-

dod by the ‘Equime Genetics and Thoroughbeod Par-

and Choo 2002; Piras et al. 2010); recemt daga oo rice centros
meres suggest that satellice repeats may evolve 1o stabulize
centroanenic nucloosomes (Zhang ¢t al. 2013), The rapadly
evolving Egoes spccm pvc s the oppoctunity 1o catch

hots of evol y new in different

m;uof “maturity” mmeul 2010y A mulsisiep model

cntage Testing Standardization Commimee’ of the [nsernation.
ul Society for Anial Genetics (ISAG) and esghe additonal
loci commonly used for horse parentage testing amd identini-
caticn (Equine Gentypes Panel 1.1, Thermo Scientific). We
then tested likelihood of relation using the Familias 3.1.3

for the bath, eval el ! ofF.NCam
propased: Theﬁruslzp‘wldcumnhsluﬂonh:
on to o new positica lack

DNA, while the saecilne DNA Ihmlheoucmw-
s i the d posstion; a qoenl step would be the
loss of the lefiover satcllite DNA; finally. at a Ler stage,
satellite repests would colonize the new giving
e 10 completely ‘matare’ centromeres (Amor sl Choo

2, Piras et al. 2010). Durmg thas process. diceninic

2 Springer

1y (hrpr) Fannsidas. o)

The cells were cultured in high glucose DMEM
(BaroClone) medium supplemented with 15 %5 foetal bovine
serum, 2 mM L.gh 1 % penicillin/sreptomycin and
2 %% non-cssential ameo actds w37 "C with § % OOy, The
oell lines were from three male (HSF-B, HSF-C and HSF-G)
and two female (HSF-D and HSF-E) animals. Cytogenetsc
analysis demonstrated that all cell lines had o diploid
modal chromosome number (63) sl & sormal Karyorype

(Supplementary Fig. 1)
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ChIP and ChIP.cn-chap analysis

To identify the sequences bound by CENP-A, nstive chroma-
tin imowmopreaipitation analysis was performed, as previcus-
ly described (Wade et al. 2009). Bnefly, native chroematin was
prepased from horse fibeoblasts by nuck digestion of cell
il immsmoprocipetation Wi then perfoemaod usisg a poly-
chonal antsbody agamst the centromenic peotein CENP-A
(Trazzi et ul. 2009). We have previcesly demonstrated that
this antibody (s able 10 recognize horse censromeres (Wade
<t al, 2009). Both inpet and immunopeccipitatod DNA (rag-
ments were purified and amplified using the whole genome
amplification (WGA) kit (Sigma-Aldrich, St Louis, USA).
ChiPed DNA wis analysod by real-time PCR before and after
WGA smplification.

The inpet and the insvunoprecipitated DNAs were co-
tybeidized to a NimbleGen custom tiling wmay comaining o
3.2 Mb region between nucleotides ECAT1:25,566,599-
28305,611 with an average resolution of 100 bp. The sy
&nwm&pmndmNCﬂlsGumemw

relative fold eanchment, the AACY formula was applied
wheee Ct 1 the cycle threshold.

SNP amalysis
S‘lhumlfmlhe-ml)muuehkmmdumlhem
(e www beoad

Firsily, Ole SNPs warhewdan Booenic DNA by PCR
and G DNA was d from primary
MWQMGINBIoodd(dIcuIMONAMuh
kit ding %0 F r » DNA wis amphi-
fied using the High Fidelity Herculiase [1 Fusion DNA Poly-
merase (Stratagene, Agilent Technologses), and PCR prode
were sogaencad. SNPs tha wese heserozygoss in genomi
DNA (Supplementary Table 2) were analysed both on input
#nd on imenunoprecipitated DNA from ChiP expenments.

HAC chones

The DNA

ex e the of hoese chro-

they sre acocssible through GEO Senies
GSESTI86 (hinp ‘www.nchinln s o pon'query e sl
2cc-GSESTURE). DNA binding peaks weore identified by
using th: misn'ml model and methadol ds

I (chell: 27«6000&-’! 150,000) was demtd
from the EquCab2 0 bhorse g
The sequence was used as qmy agm NCBI Equny

hallus Clone Fnd S | artificial

o dbed ot
(hitp: /s lysis. g uedavis edu/egi-bin/
\uml;nmcp)ﬂimhaal 2006) using sringonst parmnetens foc

peak wdentification (98th percentile threshold and p<0.0001 )
Real-timwe PCR analysis
Real-time PCR was performed using the Go Tag qPCR Master

Mix (Promega) on & DNA Engine Opticons 2 System (Bio-
Rad). Data were analysed using the Opticon Mondtor 3

chromesome (BAC) aul soquences from the horse CHORE-
241 BAC bbrary were scarched (Lech of al 2006). The
seven wmdckmmnwﬂndnSuppknm Fig 2.
Thewr Isd in
sty h)bddmnm (PISH) on haw m:wphme chromosomnes
{Supplementary Fig. 3).

1 FISH ce 4o ok

in fibees

E 1ol b

software.

For cach indivsdhul, tao independens real-nme PCR ex-
periments were perfi J on previpitned and mput
DNA using the primer pains spanning the region of inlerest
listed = Supplemnentury Table | The smgle-copy gene PRKC
(gene 1D 100063737, forwand primes: TGGAGCAAAAGC
AGGTGGTA, revene primer. ATCGTCATCTGGAGTGAG
CTG) was used as control. Rﬂl-th‘Rwupcfnnmd
using the following initial J

in fibres were prepared wsing published
methods (Lam et al. 2006: Maloney of al 2012) with slight
modifications; in pamcular, an clectrical device, equipped
with & pulley, was bealt specifically 1o riase siades from the
lysis baffer perpendscularty and ata speed. |
flnarescence, camied out using & CREST seraem (kindly pro-
vided by Claudia Alpini, Fondazione LR C.CS, Pobclai
San Matteo, Pavia), was followed by FISH with the appeopri-
ncBACdums Flbﬂslmptwndfmmlkul Iwo
ning and

at 9% °C for 2 min, M)cycmwlmmlmu%‘cfu
ngunnalhgu&l‘ththndelnnumnuln'Clw
30 5. Fle was perfi d for 1S sat 80 °C.
l-ulumnnnu'ﬂ’(:twimraulungmmﬂms.
a iemperature gradien (60-94 °C, | “C's) was applied, Each
reaction wirs Garned ouf in inplicate. For each primer poar,
relative standard dilutions of mput DNA (1:1, 1:10, 1:100}
were inchaded in the experiments. Real-tsme PCR resules were
consedered reliable only when the r* vabue of the calibention
curve was compeised between 0.95 and | To evaluate the

I-’ml wmwﬂm&mduﬂau schemes w avold pmen-
tial hybexdizstion or detection bises wath 1%

antibodies. DNA fibees were countenstained with 5 mg/ml.
DAPLand d with DAKO i dam (DAKO)

L3

Animal rights statement
The horse skin samples were tken from animals not specif-

tcally sacrificod for thes soady, the amemls were being proc-
essal as part of the normal work of the abatiotrs,

@ Speinger
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Results

Narabke position of CENP-A bisdng domains i ditferem
individuals

We established fibroblast cell hinss from five horses (HSF-B,
HSF-C, HSF-D, HSF-E and HSF-G). Using 17 mecrosatellite
loct (Themso Scientific Equine Genolypes Pamel 1.1), we
desermined their likelihood of relation with the Familias
3,13 software, demonsteating that they were wnrclated (see
Mauterishs and Methods). The unexpected observation of two
CENP-A binding domains in the horse previously smalysed
(Wade et al 2009} prompied us to extend the analyss nnlheae

shared by both chromosomes 11: altematively, one of the
domains seen i HSF-B, HSF-C and HSF-G could be kocased
on one of the two bomologous chromsomes 11 and the
second one o the other homolog. To unravel which one of
the two possibilities was camect, we sought heterozygous
nuckuoaide positons, SNPs, located within the centromenc
domains using the SNP dalabuse (soc Miterials anid Methods)
Informative SNPs were then dentified within the CENP-A
binding domains of indrviduals HSF.D, HSF.G and HSF.E
For HSF-C and HSF-B, the SNPs available in the daabise
ware ot informsative; thereloee, m these two hoeses, infoema-
tive Iwwmldmhﬁedbng?(‘kpmdumﬁvm

five new individuals. Ch In was i g
with s anbbody against CENP-A. DNA was then pnnfml
and hybeidized to a 3.2 Mb tiling amay (accession number:
hetp: Ywww nchinim.aih gov/geo/query/acc.cgi?ace=
GSESTIR6) spauning the centromeric reglon of horse
cheomasome 11 that we previously defined (Wade of al.
2009). The absence of saeline repents af thas locus (Wade
ctal. 2009) allowed us s position CENP-A d DNA
(Fig. 1n). Senkimgly, cach individual exhibited a distoet ar-
rangement of CENP-A binding domasns, These were located
across a region of approximancly SO0 kb, with some individ-
usls (HSF-B, HSF-C and HSF-G) exhibiting two clearly
definad peaks while others (HSF-D s HSF-E) showed one,

Al least seven functional epialieles were identified in the
five horses and are sketched in pandd b of Fig. 1: idestification
was obtuingd by combining the results of CP-on-chip | panel
a), gPCR (Fig. 7). SNP analysis (Fig. 3} and Gbre mmumo-
FISH (Fig. 4). Each ¢pull¢l¢ occupies lbnn 81)—160 kb,
These results d thc of
horse ¢hy 114 chy rized by grest posstional
variation gnmg rise 1o “opigenctic polymorphasm’. No func-
tionally homeoygous individuals were observed:; therefore, in
spite of our limited ssnple size, we can infer that this cpige-
ot focus s highly polvmonpéoe

To define the posstion and number of CENP-A binding
domains with a different appeoach, we designed a set of 27
priener pairs (Supplementary Table 1) spanning the $00 kb
region. Realdtme PCR expersments were then camed out on
the DNA purified from CENP-A imemopreopitated chro-
matin from the five individuals. The g-PCR data confirmed
thase obtainad by the ChiP-on-chip (Fig. 21 Two regions of
CENP-A binding were whentifieod in individuals HSF-8, HSF-
€ and HSF-G, while 2 single regica could be observed in
HSF-D and HSF-E.

Amilysss of &
poly hism and &

ganization by singhe nisclootid
FISH oo chromatin fibees

The presence of Two domass of CENP-A basding in somse
individuals could reflect a mmltidomain contromene structure,

2 Springer

[ DNA. These h YR (Supplementary
Table 2 and Fig. | black and red dms) wauld allow ws 1w
mdwlhmhumlngmeNApun&dftun(‘Eh’PA
pitations: If the two CENP-A do
mains were preiem on hoth homologs, the
ipitated ch would in sumilar
amounts. oflhc 1wo alleles; on the contrary, if each homolog
contained a single CENP-A domain, caly cae of the two
allches would be hed un the i peecipitated chroma-
L. The resules of all experiments eckatne 1o the five horses are
ized in the Suppl y Table 2. In Fig. 3, ropre-
sentative Sanger sequence traces from horses HSF-C, HSE.D,
HSF-E and HSF-G are showm

In Fig 3 (wp pancls), Sanger saquence traces rom input
and CENP-A immunopeecipitated DNA, relative 1o three
SNPs in HSF-G and two SNPs in HSF.C are shown. The
position of these SNPs is marked with bloe carats in Fig. | and
wre listed, using blue cokour, in Supplementary Table 2. Atall
these SNP positions, both nucleotides were present in input
DNA while in the i precipatted DNA, enrichment of
only one nuckotsde was chearly o d These results strong-
ly suggest that, in HSF-C and HSF-G, cach homolog contisins
a single CENP-A binding doenain. Similarly, in HSF-B, the

fvsis of the h VgOUS mi tedlite locus strongly
suggests that each one of the two CENP-A doosins is kocascd
on coe homolog {Supplementary Table 2)

In HSF-D and 1ISF.E, in whih a single broad pesk of
CENP-A binding was observed by ChIP-co-chap (Fig. 1) and
G-PCR (Fig 2), different resalts were obtamed when SNPs at
the edges (black dots in Fig. 1) or at the centre (red dots in
Fig. 1) of the peak were analysed (Fig 3). At the edges. in
DNA punl\ved from CENP-A Inssmnoprocspitations, a segle

wins hed in the soq profiles, simaarly 1o
what we observed within the HSF-C and HSF-G peaks: on the
contrary, at the cenare of the broad peak, both SNP nuckotides
were bousd by CENP-A. The serpretation of thas result is
that CENP-A bands 10 dafTerent rogions in the two homologs,
as in horses HSF.C and HSF.G. However, m HSF-D and
HSF-E, the CENP-A bsding domains are partially overlap-
Ping = the boese g and 10 the left
and the right part of |Iw broad Chlp-on-chip peak,
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Fig. 1 Varisble position of the conromese of hooe chroswscn: 119
DNA obtaned by chmawtn imesnopeocpestion. Usmg an s -CENP-
A antibody, trom five differern horse fibroblas culteres was hybndized 0o
a tihng amay covenieg the contromere sepion. Reaiks ane poesornod as he
Wg2 o of Be Mybriduation signak cbasnad with ipitned

e

fitee FISH (Fag. & and Sapplessentary Talie 2) resuls. Sequesce coundl-
tetey refer 1o e hooe BquCah2 0 2007 soqeence secrmbly, 2x reporied
by the LCSC genome browsor (3t pencoene sose odu). Alielos are
dostgnoned by the bemer of the horse they denve from, followed by 1°
o 2" W di & e w0 varasts. In HSF-D md HSF-E, whore &

DNA v spue DNAC rasin, pesoonc cocedinatos oo ECALL Pesi-
soma of nfoemutive SNPs are indwated as Alack does (3 emgle muckuotale
of the SNF  annchad in imermsnopracipeated DINA ), red doer (bath SN
allcles are possont i Inounopeecipiased DINA) and My carat (SNPs
shown in Fig. 71 b Poak posiions are sepecsented 86 Aoy, Epuiliele
alestificaton wis obtsinad by cobersng ChlPanchip, SNP (Fig. 3) and

sugle beowd peak wes Mdersificl by ChiP-on<hip while two diding
centropsenc Somaize were adeatifiad by fbee-FISH (Fig. 4) and SNP
analysas (Vig. } and Sepplomencary Table 2), dosad e ropresant the
regon of overep of the two binding domalss i he refononce sequence
Thesefore, o leask seven Gy doredin it Be identified
Ba¥a Bb, Co. Ch DwEh, DhGa, G

respectively; the averlapping region roughly ponds 10
the centre of the broad peak. Therefore, also foe HSF-D amd
HSF-E, the results are consistent wigh the presence of one
CENP-A binding damasn on cach homolog.

The results of SNP analysts were confimsed by an inde-
pendent approach that is single molecule analysis of

cen omams by inuno-FISH on chroeatm fibres.
BACs covering the ric d Supp y
Fig. 2), s determimed by ChiP-on.chip, were used as FISH
probes, and 2 CREST serum was used to detect the functional

e In Sugpl y Fig. 24, the BAC
chones are listed with their genomse coondinates and their
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Fig, 1 Resdtinse PCR awsalysis of dhe OMPon-chip sasples. For cnh
ool ke (HSF-B, HSF-C, HSF-D, HSF-E and HSF-G), rovalie ame pec-
wereed e the logarifum of the differance betwom e cyvle frosbold
obeained wh the CENP-A imowcoprecipetased ssmple and e oacle

¥ on the g map is sketched i panel b of the same
figare. Concemang the CREST serum used, we showed that
the sigeals obtained o DNA fibres is pesfectly overlupping
with the ssgral obtaned by a monockmal ant-CENP-A anti-
body (Supplementary Fig. 4), the CREST serum signal being

i.li.iua

-

* '.‘

_— Il'l.

threshold cistamed with wgan sample. ponmuakaed for e cormol egan
(cde 128,227 33028227 93K) The r-acix shows the poncoma: pesitun
of each primer par wlosg chromeoseme 11

, S

two clearly separmted ChiP-on-chip peaks (HISF-B and HSF-
G). Two distinct epinfleles could be distimguished, one of
which (eplalicle | in Fig, 42) had the imsmuso-staiming
fankeg the FISH sgml while in the other one (epiallcke 2
n Flg 4a), the immuno-staiming and FISH sigmals were

particularly intense and therefore more ble for the
immuno-FISH expertments in combination with BAC clones,
Samples from HSF-B, HSF-D, HSF-E and HSF-G were
analysed. We observed two different organization patserns of
FISH and smmuno-staining fluorescent signals which lm
exemplifiod i Fig. 4. The first type of 2 “

pased. The second type of amasgement, observed in
Ium HSE-D and HSF-E, & reported in Fig 4b. These two
horses displaved a singhe broad ChiP-on-chip peak. and SN
data mdicined that the beoad peak was the result of the partial
overdap of two distinct peaks. lowouno-FISH confimaed this

in Fig. 42 and was observed in samples from huusdlspln) ng

2 springer

Indeed, as shown in Fig, 4b, two functaoral
l“(kl coukd be observed also in these horses. In one epiallcke
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(epiallcle | in Fig. 4b). the i i iakly d
the FISH umludamnddmtheﬂmkn;w while in
the other epmaliele (epmllele 2 in Fig 4b), the sumuno-staining
covered the FISH signal. The nmnno—hbulled regions of
tallele | and epiallele 2 were partialh

¥ g

Sequence mmalysss of tho DNA regon contaming the CENP-A
binding doenains

DNA l

of ic domains, we

To st whether any pecul
may for the p
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E-cdpc otk sucdeonides are present in input DNA while the
T DNA w erechad (e ene of Be tve nuckotades
For HSF-D contre s0d HSE-E comre. the two muciandes e prosent in
bof wput md CENP-A swmunoprecipitne] sunples

carried out a detasled analysis of the region under study
wnd of 64 controd reguons (two tatenstitial regsons from
cach horse chroenosoene were chosen st rndom) of the
same size, using the RepeatMasker software (higp:/'www.
repeatmasker org/cgi-bin/WEBRepeatMasker);
subtelomeric and heterochromatic regions were
insemtiomally excladed from the analysis. The results are
reported in Sepplementary Table 3 and summarized in
Fig. 5. For ECAIL, the asalysis was performed on the
cmmc centromseric tegion and on each individusl CENP-A

a4 )

2 domain ientified by ChIP-on-chip. In the control

@ Speinger



e-cyvlosine (GC) contemt
18.52 % with & mean value of 40

romenc region, the

9,129 1om sround this value
mg single CENP-A binding doma
upplementary Table 1) It s impo 1

content of the entire region does
verespond to the mean of the single peaks due to peak

i«

werlapping. Student’s £ test indicated that the averag

oatent of the control regions was not significantly diffe

et from the ECALI FOMmerK

o (=075, Fig. 5)

for the followmny

A similar comparison was ¢

epeti

small RNAs and complexity

¢ clements

# values comprised between (

L composition of the ECALL

Sgringer

¢ clements: SINEs, LINEs, LTRs. DNA

2 and 089 muli-

wated peaks (M

epealele 1

ceotromeric domain was comparable 10 that of the control

regions

Discussion
The resudts presented bere reveal a remarkable plasticity of thy
centromere of horse chros
I

\ b Jomams, cach one extencling for about 81

satcllite-less

lysis of ten horse chromosomes 1

160 kb, were [ S0 kb Th

manualan centroe

s demonstrase

of CENP-A binding domains s unrelass

the position

the sequence of the DNA 1

wd et centromare position Gin be Bexible across o relatnvely
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ms

Fig. 5 Soqperie srudyss. Bl

Ao mepresanl the poreantage of

oxch class of soquence | the
entie BCAT] cenmomenc regon.

Rad Bars comespond % eican

wakers froen 64 costrod regiom of

the percenmgs of each sequence %

chws (data ave svponad n
Supplemestary Table 3)
Sativscal anelysis was perfonnad
waing (b Stadnl's (e, sead the
o vadugs are reponied fir sack
Companson, ndcting the the
differenes beoween the
cabsoenncric ad 1he coatid
seghons are nod wiatidically
wgnificat

cod3nHRERESS

wide single-copy genomnic region. Iadead, the sequence fea-
tures (GC and repetitive clements comtent) of the ECALL

ic region are parable 1o thase of random intra-
chromosooal genomic regions. The analysis of the GC coo-
went of this genomic region was performad taking isto consid-
eratsom the isochore theory (Bemards 1991), Accordmg to this
theoey. streeches of more thas 300 kb, wnitoem I'ctGCcmm

W ECAN - Wholo Regon
W Ctrl - Mean Vahes

%
o
"\%
’*z::
\

2ebras) (Piras <t al, 2010) The contromens domains detect-
sk nowadays are the result of a positional slidieg that oc-
curred during the evolation of the horse Imuge we are
herefore taking a ‘snapskbot” of an ongoing Y
process whose initial shots aee unsvailable

1t is possible that | of the of harse
chromosome 11 from a typical heterochromitic eavironment

h, ize the g of * hlooded'

With this smalys wc‘ Jod 1o test whether the

region of hanwe chromosome || was msenied in an AT reach
isechore, as previously suggested for other mammalian
neocentromeres (Marshall ¢t al, 2008)

Although the size and orgamization of mammalisn and
fission yeast centromeres are remarkably different, i was
recently shown that, also in the small centromere of S powbe,
the possioning of CENP-ACnp! nucloosames vanes relative

hiss or rhatad an wnderlying dynamic behiviour
of CENP-A ¢l in, as proposed for cxpert Ily m-
duced in Dvosophila (Maggert and Karpen
2001). Same human seocentromeres have been shoam to be
very poor in hessrocheomatin, and this festure has been cor-
related wilhdcromohsmdmmhkdmkmb\hwual.
20000, 'nm observation is in xgr with the hyy

that tend o be “stabilized'
theough the wcmmal Of sasciline DNA, Indeed, o1 has bost
d that the ism observed for some clinscal

10 the enderlying DNA seq among geneticalfy bomog prop
neous cell bnes (Yao etal. 2003)
When were exyp lly indwced in

neocentroemenes mary be due 1o their imtrinsic mitotx: instability

chiken DT40 cells, mast of lhem were Imned nl mulnpk
positions close 1o the origi gly. de-
tectable levels of CENP-A were found i a 2 Mb regwon
ding the ongwal (Shang et al. 2013} The
r d hypothesis was that ¢pig marks 1 1

. ]
I

(Masshall e1 al. 2008). On the coetrary, the neocentromere of
horse chromunscme 11 must be sudliciently stable to be pessent
in all individuals of the species. Heterochromatin has been
shown 10 limie spreading of profein domams i S, poamhe
ll’m.mlg: et al. 2000) and w0 specifically exchade CENP-A

ccunmumﬂum were present around the ongmal centro-
mere, and this may he the reason why meocentromeres were

hon in Dvoroybila (Hean et al 2006), In addition,
ulhough the role of the centromenc peotem CENP-B is not
wd!undemmd.nhnbemsuumdmd\upmmngm

preferentially seeded in that region. Ins spite of the posi |
\-anmm of Juced by ch eng-

. in the chicken system, 1g seems o
bepmwed in wild-type cefls (Shang et ll 201 l) Here, we
demuestriad that the wikb-type centromere of borse cheome-
some 11, unlike chicken wikl-type mones con-
sidorbly within 2 ‘OOkbregmn It & important to underdine
that we analysed that was
established about one molhm yew- apo, after the divergence
af horses from the other species of the genus Eguus {asses and

bwne o the org: of
both in fession yest (Nakagiwa ot ol "(I(IZ) and m hwenans
(Okada etal. 2007 Since we dad not find any evidence for the
presence of CENP-B boxes (the consensus seqquence binding
CENP-B) in the ECA L centromenic eegion (s st shown),
it & templing o speculate that the ab or low levet of
bunhgmchmmmdhspmwnmvwnﬁbmclodn
sliding of CENP-A domains described here. We propase that

Micomnons s CENP-A sucleosome posilionsg may give
ris¢ to a difusson-like behaviour, a form of ua-anchored

Q syeinger



285

Chroenoscersa (2015) 1242772187

b i 1g, that could for slid- o(lnlnb:roleqmdcmndlh:wﬁbinyoﬂhe
ing'. Su&dyn.uhehmnmmlg!nhemmh&e q of the horse ge peovide the chance 1o
great vaniability of isted DNA sog mtym.ulhc lecul lcvellhe hi phasticny and
It is woeth noticing that cytogenetic approaches oo meta- Jution of nistural

phase ch never led positional of the

primary constnction on hoese ch 1 odicating that 4y We thnk Margherits Borughs (L
lhewbmmph’mdaxﬁbdhminwhu-deﬁmlmm CGhenatica Pormee Verarmaria, UNEIRELAR, Settimo Mdsnese, Inmlw
region whose size is under the Jution Bmit of cylog e oiie omalyss, Clasdis Alpinl (Fosdazione

analysis; mdeed, this regson occupics about 300 kb In any
case, the phesoenenon describod bere is distinet from larger
scale comtromere repesitioning observed durmg karyotype
evolution (Carhone et al. 2006; Rocchi et al. 2012).
hupudbkhmhmmmnﬁdhmupmnﬁrly
b itis rily young and lacks sarellie
mmqmad 2009; Pirss of al. 2000) As
mentioned above, some positional vanatice. affocting centro-
mesic domans on alphoid DNA, was observed on the mature
e chreenosome 17 (Maloney ¢t al, 2002) En that case,
two adjocent alpba satellite armays were shown 1o possess
centroenere activity. In our system, the lack of satellite DNA
at the of harse chn 11 is a smble festure
mnmmmumw«w-s msintained foe
many 2 duning herefore, the mecha-
numofmllmDNAmndﬂupmemled
n and seabile
rundnwhceullbhhd Satellite DNA recruitment appeses 10
be a late siep in comtromere repositionsng events, with ropet-
itive DNA armays proposed 10 play a role in stabslinng cen-
troemere position, We saggest that the colonization of 3 CENP-
A domain by sarellite DNA may mlvﬂy rcaum the
positomal flexshility of the gh a

We do st know the probability of centromene movement
per cell per generation nor how far from ther onginal posstion
CENP-A binding domains can move. We have evidence that
the positson of these & is endkrwed with a cermain degree
of stabiliey as we dad ot detect any positmeal varstion i our
Mmﬂbwlﬁ!hmwlmpmmlmm

LRCCS Polclisico Sas Mamen, Pavia, Iuly)lwlh(lli‘l‘m
Tewour Lok arad Maren Scharse {Hebmbolte Conttre for lnficth
Pemnechwoy, Gamany) for the BAC chmes, Sargio Cominoni and
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Maonsckoone, Pavia, Raly ) for b procioes colbbengion
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analysis of the Equine Repetitive Element 1:
an insertion in the myostatin promoter

affects gene expression
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Abstract

Background: In mammals, an important sounce of GErcimic vananion is inserion polmonohism of reToTarsposons
Theerse may acquine 3 funcrional role when irserted insicke genes o in their pecsdmity, The aim of this work was 1o cany
QUE a genomie wide anakysts of ERET retrobransposans in the horse and to anahyae insertion polemarphism in relaticn
10 ewnluton and furction The effect of an ERE1 imsertion in the promoter of the myostatin gene, which is irmecbved in
munche dewe opment, was abo investigated.

IResultsz Iy the: horse population, the fraction of ERET polymaephic kod s related 1o the degree of similarity ro ther
consensus sequence. [hnough the arahsis of EFE1 consendation in seven equid spacies, we esiablisned that the level
of igeniity 1o their cormensus is indicative of evolytionary age of inserion, The position of ERE1s relathve o genes
wigoews that some elements have acquined a functioral role. Feporier gene assays showed that the EFED inserion
within the horse mymatatin promater ffscts gene expression. The frequency of ths wariam promotsr comelates with
yport apbtude and radng performance.

Concluslons: Sequence consenvation and imsertion polymaorphism of ERET elements ae related o the tme of their
appearance in the horse lineage. themefiore, ERE 15 200 & useful taol for svolunionany and population studies, Our resuies
wigges that the BRED insertion at the myostatin loous has been uneictingly selected by breedess to obstain harses with
spedfic racing abiities. Akhough 2 complex combination of ervironme tal and genetic factors contributes to athletic

performence, breeding schemes may taks o socount ERET ireertion polymonphism at the mytatatin promater.

Keywords: Horse genome, SNEs, Equids, Myostatin gere expression

Background

A large fraction of the genome of mammals is ocoupled
by imterspersed repeats that were generated during evo-
bation by the propagation of transposable elements
[1-3]. Shart [Mterspersed Elements (SIMEs) are non-
autonamaous retrotransposons that make use of a trans-
position process in which an BENA  intermediate s

* Commpondimer: wicmonnegedaapurp i smagukifogunp
Fepaal costibaron

Digamimsento b Bologia ¢ Botrologs Lazas Spalinan’. Uil &
Pasta, s Ferratn 1, 27100 Prda, by

Full lisn of aethar infonmanion & ssasilbl: 3 he end of o amicke

() Biomed ceniral

14 saraprde o o Oaven Aodeis [0

reverse transcribed and the resulting cONA is inserted
intn & mew genomic bocation [4, 5). Sequence analysis of
SIME elements suggested that most of them derive from
ancestral tRNAs, but there are examples of 55- or 75L-
like sequences [6]. These dements are dhamcterized by
ten internal ENA-polymerase 1l promoders that make
them transcriptiomally indepenshent, but their retrobran-
seription amd imlegration processes are catalyzed by en-
sy enceelisl By astonomaus  Long  INGerspesed
Elements (LINEs) |4, 5], The primate Al family i an
examiple of SINE; Alu repeais are the most sbundant
transposable elements in the human gencme acoounting

el w1 1w of [k Dol Cnievaies ARYiDw
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for more than oee million copies I?-9] ’I'lln mn]otky of
bunuan Al o are pi In all

Page zof 16

M while h-t«m.y.nm display an  intermediate

cmcﬁqnmmnmdmlhepnmbdoudandl
atton of extant humans; however, some Alu clements,
dulmhtzwdmﬁymthehumhmy:.m
polymorphism  [9-12], In
mimme L b the evol
mdmmmimmddwmmugcolm
phic el was & & 20-25 % of the el-
bel i to the younge blamily (AluY) aee
polmuphkllll
of their abundance and mech of arigin,
ble elements were dered “junk DNA”, al-
Mmammdmmlunwmﬂmd\q
can acquire a functional rode, a process termed “exapta-
tion” {1417 in particular, the insertion of transposable
elummhu&gemumﬂmlrmnﬂymydm
memmnov xp h gere in
ol p q ' of splice alm (18-
0, hmlnmmmmnm implicated in
genetic disease or cancer [21-23).
In the present paper, taking advantage of the published
harse genome sequence [24], we curried out a gepome

h

wide analysis of the p dactyl fic SINE family of
f.qﬁne" stive EJ (IRE)‘ ing our i
on I hasm in w0 e con-

servation. ERE mrdtnnq;owm detive from tRNA™
and occupy about 4 % af the horse genome (25, 26; to
date, four main ERE subfamilies were identified: ERE1-4
(27, 28], To our knowledye, befare the present study, no

dats were dable on the h of harse trans-
pasable ¢ In the modal of gene exp
The description of a palymorphic EREL | in the

ype. While Is have signifi-
mndygrummm;ahﬂuymwtneandmud
homoxygous dogs, the excessive muscle mass of homo-
for the wan is detri I for perf

135],
In the horwe, the myostatin geme. which comprises
three exons and two introny, is located on chromosome
18: several sequence variants were identified in this gene
and in ity Oanking regions [29, 36-411 among these var-
lants the SNP g66493737C> T, which & contained
within the first Intron, was assoclated with regulation of
gene exp in Thoroughbred race horses and pro-
posed as the best pred: of opei racing de
|29, 38, 42]. The same variant was also associated with
high values of body weight/withers height ratio, which,
in the horse, is considered 2 good indi af skeleta)
muscle mass [43], Four additional SNPy, Jocated in the
regions adicent 1o the myastatin gere, have been identi-
fied an chromosome 18 and were associated to perfarm-
ance [43-45]. Funally, as d above, the |
of an EREI clement within the promoter reglon of the
myostatin gene was descobed In some Thorou
|37]. Recently, the presence of this insertion has been as-
sociated with a different musde fiber compasition [40,
46]. In the present paper we tested whether this nser-
tion affects gene expression, contributes 1o breed differ-
entiation and is redevant for sport aptitude and racing
perfoamance.

Results and discussion
Insertion polymorphism of ERE locl in the reference

pramoter of the myostatin gene [29] prompeed us to in-

vestigate the possible functional role of this insertion.
Myuvstatin or growth/differentiation factor & a mem-

hfoldnumsﬁonmgywthkclor-ﬂﬁmﬂy.ham

A large body of evidence suggests that the horse genome
is in a state of rapid evolution (24, 47-50|. Therefoce,
we may expect that several transposon insertions may
hl\v ov:(\mvd in the horse lineage in relatively recent

pressar of muscle that
prolifecation and differentiation, It hu been Mn pre-
viowsly that mutations in the myostatin gene can cause
muscle bypertrophy in & range of mammals such as mice
1308, caetde [31, 32] and sheep [33] In 2004, Schuelke
and collaborators reported the case of an extraordinarily
muscular child whose mother appeared muscular, al-
though not to the extent cbserved in ber son. and was a
professional athlete [34] The authors discovered that
dmboymrﬂ«ilamgkhmmhummnnwhwpm
of the my ene g e pr terimin-
atian codon while the mndm um ypous for the

v y times,

Ap v in silice analysis of the four ERE sub-
hmiln (ERPI loERFAJ was carried out, To this puar-
pose, the consensus of each ERE subfamily (27, 28] was
used as query for a BLAT search (BLAST-Like Align-
ment Tool) in the reference sequence of the harse
|51, S!lwhd\dﬂlvu&md\camhlyofthcgn
omic of the Th hbred horse named Twi-
ll;hll!ﬂ andlEREuhfmﬂy the 200 loci with
the highest ientity to their consensus were analyzed in
search of empty alleles (ie, alleles in which the ERE

enutation, Particularly redevant in this context is also the
'hnlly'phmuypchwhmmdop which de-
penxds on a fr. g the production
of a truncated protel yeous for the
mutation sl\ow a  double-muscle-phenatype, called

Indiriduale b

s is not p ERE-) that may be present in the
reference gencane, thus identifylng heterozygous dodi in
the genome of Twilight. ERE- alleéles were found for
35 % of the ERE1, 0.5 % of the ERE2 and none of the
ERE3 and ERE4 Joau Since the frequency of insection

ty hism af ble o is related to the

Py ¥ '
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age of ther insertion in the host ge [11], these re-
sults strongly suggest that ERELs are the elements that
were Inserted most recently In the horse gesome. It
must be underdined that, since the reference sequence
derives from the genome of 2 single hoese, the frequen-
cies of polymorphic oo repocted above are largely
underestimated being based on the analysss of two alieles
per locus,

We then focused on the youngest subfamily, the ERED,
and carried out an extessive genome wide search of
these elements in the ref
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Since the fixation of | ion el n the ge
of a phyloge lineage requires many generath
presence of empty alleles suggests that the Insertion
event occurred in relatively recent e y times. ln
addition, jons tend to late i the i
eement and therefore a high degree of sequenve conser-
vation is conssdered indicative of a young evolutionary

age of asp dy shown for p anl ro-
dint & itiad tedomeric sog [55, 56] and for hu-
man mmpoubb vl-m-ma 157]. In light of these

(2 hosl

we can hy that EREL o

(Broad/equCab2). A lst of 45713 EREI loct uu ob-
tained using the d d at the

uﬂhh@\ulﬂmmlummc consensis may bave greater
babdities of being polymorphic compared to less

chBue&hhutaqucrylS!lﬁmnN.ASTmmh
(Additional file 1: Table S1A). The sequences were then
filtered to include only elements with sizes similar to the
ERED consensus (225 bp = 10 bp) and with minimum
identity of 84 % to the consensus. This operation left
34131 loa (Additional file 1: Table STH), The EREL se-
quences located inside other repetitive dements were
also excluded from the analysis to avold false pasitive re-
sults; this operation left 27,39 loci (Additional e 1:
Table S1C). In order to obtain a comprebensive view of

polymosphic EREL loci in Twilight, we uulyud the
horse trace database, which includes d traces

omu:rvcdd:mmx‘l’ous!huhmhﬂswnﬂu

ated the frequency of polymorphic loa in eight classes
of ERE] elements, characterized by different degrees of
identity to the consensus (Fig. | and 2; data file 1: Table
S3) In the class including EREL loci with the highest
identity to the consensus (98-100 %), the percentage of
loci that are polymorphic in Twilight is surprisiegly high
(4.6 %); this fraction d with the d of iden-
ty to the consensus veaching values as bow as 0.1 %
IFig. 1). The correlation between fraction of pofymorphic
loci and percentage of identity to the ERE] consensus
e is highly significant (Pearson’s correlation p =

[54] (center_project number G836). The sequence of
each one of the 27,396 ERE] loci was used as query for
a BLAST search. The results of this amalysis showed that
Twilight Is heterazygous st 377 EREL Joci, passessing an
EREL+ and an EREI- allde. A completo list of these
palymorphic boct Is reported in Additiosal file 2. Table

093, p=85x 107"). These results saggest that sequence
conservation and insertion of ERE ele-
ments are both related to the time of their appearance
in the hoose linesge,

mmnumw

SZ It &s important to point out that an undefined num- y history and sequence conservation of ERET
ber of EREL Insertions, that are peesent in the horse  lod
11 s not o ble in the reference g To evaluate the frequency of insertion polymorphism in

becanse Twilight may carry two ERE1- empty alleles at
such locl. A dear example of this situation is the inser-
tion in the myastatin gene promoter described below,

the horse popualation, we amalyzed 80 EREL loci in 30
unrelated domestic horses of different origin (see Mate-
rials and Methods}). The 80 loci were chasen randomly

Percertage of polymearpiee loct

ACCONAING 10 ek (neRy 0 the ERES

L
arity 12 the commermuns %

Ry 1 Pescereage of LRET polfymophic 00 1 the hone genome icdsience seguence The LRLY shemenm weese grouped in sight clesses
Comenun equence ubished n Reptuse. The povcentage of oolymoptic 100 1 sach clns i ieponed

o ME mEs s
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fram four clisses (20 locl per class) with different de-
wrees of identity to the EREL consensus sequence (298,
95, 90 and 85 % sdentity). For each locus, a primer pair
flanking the ERE1 element was designed (Additonal file
2: Table $4) and the genomic DNA of the 30 horses was
amplified by PCR. The analysis of these Joci in the 30
horses is summarized in Fig 2, where different colours
indicste the genotypes of each individwal ERE1+/+,
green; EREL+/-, yellow; ERE1-/-, red, For 71 Jodi (Fig 2)
only ndividuals b yious for the p of the
EREL chement (EREL+(+) were found, suggesting that ef-
ther the msertion & fixed In the population or the fre.
guency of EREL. alleles s very low. The remaining 9 leci
were characterized by insertion polymorphism (Fig. 2).
At these 9 Joo the fraction of EREL- alleles per Jocus is
highly variable ranging from 1.7 {locus 51) to 97 %
(locus 11). Allwughlhennnﬁnoﬂodlmlyudmndn
class as well as the ber of individuals are relati

senall, the results are ln-mmlwhlhhurmn-
sults described above: polymorphic Joci are maore repre-
madmdu:huu\thmhwurwaymth
EREL consensus sequence (6 doct out 20) whereas no
palymorphic loct were identified in the class with the
h-utld:wlywdwcnm'l'hscmdncwﬁtm
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polated ot that, in the middle of the twentioth century,
Przewalski's horses were close to extinction and the ex-
tant population derives from a very limited number of
indrvaduals [60]; therefore, the absence of an ERE1 elem-
ent in Proewalskis horses may be related either to the
date of its insertion or to genetic drift. Nine loc (num-
ber L 6, 9, 11, 13, 15, 28, 35, 51 in Fig. 2} are poly-
marphic in one o both hoese species and absent in the
other species, suggesting that these insertions occurred
in a relatively recent y tme. after the separ-
ation of the borse lineages, and are not yet fixed.

In conclusion, these results showed that the fraction of
EREL insertions conserved In all Equus species Increases
with the decrease of their identity to the consensus
(Fig. 3): only 3 out of the 20 horse ERE] dlements with
98-100 % identity were present in the other species
while 13, 17 and 20 loci out of 20 were conserved in the
chasses with 95, %0 and 85 % identity, respectively (Fig, 3),
Ons the conteary, the majosity of ERELs that are present
in the horse Eneage only (16/20) share & high identity 1o
the consensus (98-100 %). The loct that were conserved
in all Equus species were nat polymorphic in the harse
ng Z)Mmlngtbalhqwnmedurlhrdmug
of the extant Equus

the observation, reported in the p paragraph, that
tlmmumhunm&mywdw

lineag Smunl'yd\mmdmdulsl’mlnhmmd

have 2 greater peobability of being polymarphic com-

one individual from E birchellii, E grevys, E zebra hart-
E kiang and E hemioniy anager were analyzed,

pared 1o less comserved ekmmu. We pt!woudy ob-
served & high 6 y of | poly in

w cannot exclude that, at some ERED loci, insertion

35

the  horse, N NUMT 4 (Nudau -
of MIT handrial origin) [49] Similarly to
NUMT the fin: of ERE1 polymorphic locl

q

phism may be prosent in one o mose Eguwe
IMMWW the resalts confirm that the level of
identity 10 the consensas mot caly Is related 10 ther

described bere Is p larly high pared to that re-
ported for SINE demtslnmchnmgmm 91
thus providing further evidence for the rapid evolution
of the horse genome.

We also analyzed the 80 Joci m 20 Proewalski's horses,
in threw individuals from £ asimus and in one individual
vach from £ burchellii, Egrevi, E. zetra hartmannar, £
Klang and E e anager, ively (Fig. 2); since
dnnuh:dﬂulhmﬂmwmdh“mmm
cal, anly oo columa Is reported In Fig. 2. As shown in
Fig 3, from the evolutionary point of view, EREL loci
can be classified In three groups: elements which are
conserved in all species of the genus Equus (53 loa) and
thus were inserted in 3 common ancestoe of all extant
equids, at beast 38 Ma ago (Mya); elements which are
conserved in all analyzed borses (£, caballies and E. prze-
walshii) but absent in the other Equus species (25 loci),
thes & d after the sep of the hoese lineage,
that &s about 38 Mya |58, 591 elenwats which are
mm&mﬂmnﬂrlmh&llnsﬂ%lnﬂg!}

d after the

tymaorphism bat Is also indicative of their evolutsonary
age. Therefore, EREL lmmion polymorphum can be

¥

nudlor. i ¥ v pop studies.
wautwmum
Since » when | d within or

near gpenes, may influence gene expeession, we used an
algorithm developed in our labnnlory (see Material and
Methods) to classify EREL vhements according o their
position relative to genes. The coordinates of the bharse
genes were obtained using the tool "UCSC Table
Browser™ [61, 62|, Horse genes are poorly mapped,
therefore we Included in the analysis the coordinates of
putative borse genes listed in a table generated by
UCSC, based on homology with human and bovine
genes. The results (P 4) showed that 454 % of EREN
vements were Jocated inside introns of validated or pea-
tative getws. The fraction of the human gesanse occn-
pied by introns bas been estinsated to be between 26
and 38 % [2, 63-67; since po data are avaslable for the
hoese, we are unable to condade whether the fraction of

and therefore were probabl
o‘t}umbonerpcdu Todlureprd.ltms(be

ERE] el d within introns is simply due to
random insertion. Given the high number of EREL
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elements wathin introns, It is possible that some bave ac-
quired 4 functional rale by modifying the splicing pat-
tern as documented for other SINEs [68-70]. The
remaining ERE1s {54.6 %) were located at variable dis-
tances from genes. Our data suggest that there are no
hotspots for EREN integration sites i the horse genome
and that insertion events may have occurred st random.
Counter-sedection may be respomsible for the lack of in-
sertions within exons. Moreover, only 170 EREL inser-
tions (0.5 %) werv found at less than | kb from the 5
end of validated or patative gencs suggesting that some
of them may affect gene expression.

Sequence of the myostatin gene p
wmmdmiw
As joned above, a polymorphec EREL i was

identified at the myostatin bocus [29]. In Fig. 5. the wild
type myostatin locus (Fig, 5a). the ERE)+ allele (Fig. 5S¢,
and a moded for the transpasition mechanism (Fig, 5b-
A are shown. At the wild type myostatin bocus, the regu-
latary elements, Jocated upsteeam and in close proximity
of the putative transcription start site (Fig. 5a), comprise:
two TATA boxes (TATA bex| and 2, located 24 and
1 bp up the p start site, respects cly)
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obtained &5 a result of the retrotranspasition event. The
Inserted ERE] (dark blue) & Jocated 29 bp upstream the
transcription start site. The size of the Target Site Duphi-
cation (14 bp) falls into the range described for SINE o
ements in the buman genome [16, 73, 74]. The
consequence of the EREL insertion was a modfication of
the core p with the of a varant TATA
Bax 1 and the displacensent of the CAAT box. This re-
wrrangement By affects the strength of the core
prooter.

Reporter gene assay of the two variants of the myostatin
gene promoter
To test the hypothesas that the ERE insertion alters the
spression of the my in gene, we performed a re-
poster gene assay using a plasmid containing the en-
hanced Green Fluorescent Protein (¢GFP) gene and the
puramycin resistance gene, The two variants of the
myostatin promoter (ERE1+ and EREL-) were clooed
from the gesomic DNA of & heterozygous Tharough-
bred horse and i d into the plasmid cloning site up-
nnam of the :GPP reporter pnt l'he EREY- variant
ined a 2042 bp g com-
u\gslbphwlﬂ\emymmnmll.(bﬂﬂoﬂu

and one CAAT box (70 bp uy the
start site). In addition, two E-boves {El and E2), which
are muscle gene control edements |71, 72|, are located
49 and 16 bp upstream the transcription start site, re-
spectively, Given their position refative to the patative
transcription start site, the TATA Box 1 and lhn (,AAT

bax ave lkely to the coee p
transcription of the horse wild type myomun gene.
Sequence comparison of the wild type and ERE+ al-
leles su;.uted that ﬂm may have d a-
g to the prevs d ch of SINE
elemtnu mmtnmpoﬂlul in the buman genome kead-
ing to a direct duplication of the target site |16, 73, 74].
According o this model, during the first step of the
process (Fig. Sal the target site was cleaved (nside the
TATA box 1 (black arrowhead). the 3' end of the EREL
RNA (light blue) led throwgh microh ‘gym
the single-stranded 5 TTTTT-3

d an insert differing from the previous one
odylm!heﬂtlhsmm

To test whether the EREL insertion can affect pro-
moter stremgth the two plasmids were fected in hu-
sy Hela cells and in o horse Gbroblass coll line that
we mmortaliznd  wsing the  procedure described in
Vidale et al. [75]. Sice transfection efficiency In barse
fibroblasts Is extremely low (3-5 %), transkent short term
transfections could pot be performed. Long-term selec-
tan with puromycin had to be carried out in order to
isolate stably transfected cell populations. The expres-
sion of eGFP was evaluated by fluorescence micrascopy,
western blotting and quantitative real-time PCR (Fig, 6).
Both in haman and in horse colls, the EREI insertion

cased o red of «GFI* 1l signals 0 al-
st ursditoctable levels (Fig 6a). The effect of the in-
sertion on § wth was also & d by

after the nick in the TATA box 1 (Fig 5b). ‘I'heﬁee
FOH group created after the deavage was then used to
prime the reverse transcription of the EREl RNA and
synthesize the first strand of the ¢DNA (dark bloe,
Fig 5b) The second strand of the DNA was then
cleaved one bp downstream the E-box E2 (black arrow-
bead, Fig. 5¢), producing a 3" end that was used 1o prime
the synthesis of the second strand of the EREL DNA
(Fig. 5d). Through a gap flling reaction, the eatire EREL

blotting of protein extracts with an anti-eGFP
antdbody (Fig. 8b): whale 2 strong band could be detected
in protesn extracts from cells transfected with the plas-
mid contaning the EREL- promoter. only a very fant
band could be observed in extracts from cells trans-
fected with the EREl+ plasmid We then carried out a
quantitative real-time PCR reaction using eGFP specific
primers (Additional file 2: Tuble S4B} to amplily reverse
trunscribed MENA from  the  trassfected  cell  lines
(Fig. 6c): n human cells transfocted with the ERE14

sequence was integrated into the my
wtththefntmmmofﬁn'fmwhmhumn Fig. Se
shows the EREl+ allele of the p

| d the exp Jevel of the reporter gene showed
a&bﬂduﬁmmwmduﬁhdmohau\!dln

Y

cells fected with the vector carmpng the EREL
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promoter; simiarly, a 4.9-fold reduction was observed in
horse fibeoblasts. These results demonstrate that the
EREL Insertion affects the ability of the myostatin gene
pr o drive p of a reporter gene and
strongly saggest that the myostatin gene may be under-
expressed in borses containing this variamt pramoter
wequence,

tiny locus:

EREY inserti dymorphism at the my
mmmmm
Given the role of nmyostatin in the regulation of muscle
devedop and dering the redevance of muscular
mass in athletic perf €, we dered whether the
grnotypedhmmmhﬂvemdmﬂ[lmmnm
infl lhelrspon d nndnmg biliti

i

gene pr
(Mdauomlﬁlcl T-bleSlB).w-etupaPC!autylo
identify the two alleles: the ERE] containing allele. ERE]
+, produces a 441 bp band, while the allede hacking the
Insertion, EREL-, produces a 214 bp bund. We then ana-
Iyzed the frequency of the two alleles, in 5 horse beveds
(Quarter  Hoese, Andalusian, Liplzzaner, Norwegian
Hord and leclandic Pony) and in Przewalski’s horse. As
:i\nvmanble 1A, memlwsu.nlthm@lh
of ndividual lyzed is limited (20), the fre-
quency ol the EREls allele seems particularly high
(57 %) In the Andalusian breed. the EREl+ allele was
observed only in 3 heterorygous individaals, while in the
other brewds and in Prewelaski’s horse the ERE1+ variam
wis not present. Since the EREL insertion was pressnt
only in horse populations tn which Thoroughbeed blood
Is known to have been introduced (Quartess, Andalu-
stans, Show Jumpers), it is likely that # appeared recently
hdrhmllmqemdpmhﬂyoommdma'l’bot

as previously suggested [16).

Ahhnugh the number of individuls tested for each
breed & relatively small {(19-23 animals per breed), the
sriking frequency variation of the two allches saggests
that the two variants may bave been under selection
during the dilish and imp ol same
breeds In relation to specific aptitude and performance
tras. In particular, the high frequency of EREL+ alldes in
Quarter harses suggests that this varlant may favor the
ability of sprinting short distances. To this regard, it is im-
partant to point out that the name of this breed came

fram its excellence in races of a quarter mile or less.
Therelore, to test the hypothesis that the ERE] inser-
tion at the myostatin locus may affect the aptitude for
specilic sport abilities, we initially analyzed the fre-
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Although alian Trotters derive from English Tharough-
beed stallions crossed with mares of different origins,
and Thoroughbeeds have been Introduced In several
bloodlines of Show Jumpers, the allelic frequencies in
the three groups were strikingly different (Table 1B): the
EREl+ allele was completely absent in the Trotters and,
in the Show Jumpers, only ooe individual was heteroey-
gous for the variant: on the contrary, ameanyg the flat ra-
wing horses, the percentage of ERE1+ alledes was 43,
Thwse observations suggest that the ERET+ allele may
have been selected bn the Thocoughbeeds and in the
Quarter Hoeses together with flat racing apeitude,
To test whether the ERELs varant may influence ra-
it e in the Th hbreds, we selected a
goupdll?dlehomschmﬁedmﬂlempduu
places in at least one high leved race in Raly in the period
ranging from 2005 to 2011, In this sefected group, the
ERE1+ allede was significantly more frequent compared
to the general Thoroughbred popualation (7 = 9.31 x 10°°,
Table 1 ll. To test hhdwr the ERED insertion influ-
nces { y 1o mce d the elite
hoeses were grouped ncmrdlng to Best Race Distance,
defined as the distance of the highest grade race woa
When multiple races of the same grade were woa, the
distance of the race with the most valuable prize was
considered. The results of this amalysis are shown in
Fig. 7: in short distance races (1000 and 1200 m), the
majority of winning horses (18 out of 30) were homory-
gous for the EREL+ allele and no homozygous individ-
uals for the ERE1- allede wore found; in the loag distance
races (52000 m), only h yiotes and EREL- by ¥
gotes were observed and, In medium distance races
1400 Mm),alﬂ\:dmmqwummpnsmw
although the EREL+ h were v more
frequent in the groups winning up to 1600 m races com-
pared to horses winning 1700-2000 m races. When the
genotypac frequencies in horses winning short distance
(10001200 m), medium distance (14002000 m) and
lorg, distance (52000 m) races were compared, the dif-
ferences were highly significant (p = 194 x 107,

Since the EREL+ vadane Is assoclated with better per-
fosmance in short distance races, l!mxyhmbunuuﬂ
cully selected through b Its
frequency increased in the'l’howughlmd popuhunn. al-
though it was not fived The empty allele might also
have been subjected to artifical sedection. Thorough-
breds are also used for long distance races, in which in-
dividuals homoeygous for the ERE1- alleles have the best
perl while b RO imals seem 1o be

quency of the two allelic variants s 30 hoeses P

I show-jumping at various levels, ln')ohmn'ls
tered In the ltalian Trotter stadbook, bred for harness
racing, and In 75 horses registered in the ltalian Thoe-
oughbred studbook mainky bred for flat racing (Table 1B).

dvantaged in di rces. It should be
pomtodwuhntamn;ﬂwlnlunﬁoum&.ah«odde-
rived from English Thoroughbreds, no EREL+ allde was
identified. This s probably due to the fact that ltalan

Trotters are bred for harness racing at a trot gait in
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velatively Jong distarce races and this anificl selection
led to the loss of the EREL+ allele. Finally, although
Quarter Horses derive from the crossing of Thocough
breds with horses from other breeds, the frequency of
the ERE1+ allede was even higher than in the Thorough-
breds themselves (Table 1) this observation can be re-
fated to the fact that these horses have been selected for
their sprinting ability in flat races of o quarter male or
less.

As mentioned in the introduction, the g66493737C >
T SNP in the fiest ntron of the myostatin gene was
shown to be predictive of athletic performance [29
C/C horses are salted  for
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Comparing the ERE1 and the g66493737C> T geno
types (Fig. 7), we cbserved that in 112 out of 117 harses
the two genotypes were concordant, with the C SNP al
lede assoclated with EREls and the T SNP allele associ
ated with the EREL- promoter. These results show that
the two polymorphic Joci are tightly linked, as expected
by their dose proximity in the genome {1605 bp). Al
though the ERE] insertion was peeviously described
[37], s nflaence on myostatin gene expressian was not
investigated. In the present work, we demonstrate that
the ERE] Insertion affects gene expeession supporting
the hypothesis that this is the genotype that drove se
lection [46). In particalar, we showed that the ERE1

middle-distance and T/T for long-distance races. insertion causes a 5-6 fold decrease in  the
e .
0ws 0 (N ) omwe L L e tald
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transcription of the reporter gene (Flu. 6), provhhng
the first example of & SINE ¢l
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ements appearance In the Equus lineage. Thervfoco,

expression In the horse genome.

Although the g66495737C > T SNP showed an associ-
atton with racing perf e [29], this seq vart-
ation  does not peovide an  immedsate functional
explanation of this trait. On the contrary, our experi-
mental data strongly suggest 3 direct influence of the
EREL insertion an myostatin expression. Since  the
L66493737C > T SNI* is located only 1605 bp away from
the ERED insertsan site n the peamoter, the EREL Inser-
tion, rather than the g66493737C > T SNP (located in
the first intron), may functionally influence racng per-
formance, the two polymorphisms being in hinkage dis-
equilibrium (=073 as previously observed [29, 461, In

g gene larly to other llan SINE el EREL In-
sertion polymrphum can be used for evolutionary ana-
lyses and popalation studies.

The analysis of EREls position relative to genes sug-
gests that some may have acquired 2 functional role by
madifying the M pattern, -bcn mlmptmg an in-
tron, or by altering gene exp when i d in-
side ory ny,(om. To this regard, we studied the
wfloct of an EREL insection in the promater of the myos-
tatin gene showing that it causes & reduction of peo-
mater strength In & repoeter gene assay. Therefore, we
suggest that this ERE1 insertson may decrease the levels
of myostatin thus modifying musde development.

The ERE] insertion at the myostatin locus is poly-

oth(r\mrds lhemnh.l d here on my mn ex-

a logical interp jon of the
tum-lulon between EREI msertion and racing perform-
ance: moreower, the previomly  described  coerelation
among the g&6493737C > T SNE muscle mass [43] and
muscle ey composition [46] can also be reinterpreted
on the basis of the linkage disequilibiium between the
twa polymoephic loci

Conclusions

In the work pi d here we provide a Jogue of
the mast abendant SINE P EREL, in the
horse genome. Tl\nwgh the annlym of sequence conser-
vation, i and p in other

equids, we pmwdr an n-oluuunary dating of ERE1L

hic in the horse population and seems to be re-
lated to specific racing aptitude, the EREL+ allele
being particularly common in breeds characterized
by sprinting ability, such as the Quarter Horse, and
absent in other breeds, such as the [talian Trotter,
which are used for loag distance racing. In & sample
of Thoroughbred elite horses, classified in the top
three places in at least one high level race in lraly,
we observed a istically significant correl be-
tween the EREL+ mllm and good performance in
short distance mu. on the other hand, dx- emp(y
allele was more freg: in Thoroughb
long distance races. We propose that the two nn—
ants have been unwittingly selected by breeders in
order to obtain horses with specific racing abilities.
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Table 1 ERET+ and BSE1. genotyping at the mycstasn locus
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Numbdy of albeds; W)

b A (%

QO IS (W)

Number of indiduds - EREL Y ERE) ESF1-/

A Quome Morse 0 z s )
Ardaunen 2 ms ERLEY
Lipzanes 3 0 0
horwegun Fod n 0 0
Kelandc Pory 19 o 0
Praowahikiy horse n ] (]

B Show Jumpers 0 10n 163
takan Trovers %0 ] LAD {1ecy n
Urastomed Kdun Thoroughbeedh 75 65(433) a5 1567) £ Q40 XE@En
[ takan Thoroughbeeds nr 157N sy NEsD [

(M Aralyds of Ingividens Bom fve Seseds of the domesic horse aad bom Praswabibis horse. (§] Anaiyihs of ndcholl Bend 4 deinat (0o apmtede.

Qur resalts indicate that, although racing perform-
ance i certainly influenced by environmental factors,
like training snd nutrition, and by several genetic
factors, broeding schemes may also take into account
the differential effect of these two ERE1 allelic
varlants,

Methods

Ethics statement

Haorse blood and hair samples were collected in the sta-
bles where the animals were kept, during veterinary
practices carried oat far routine clinical analysis, animal
care of registration requirements. Since blood samples
were ot collected for experimental purposes, accoeding
to the Itallan law (Decreto Legsslativo 40372014 no6),
the procedures do not require approval by an ethical
€ Written t from the was not
required because the identity of horses and owners can-
not be established from the data presented in this wock.

DNA samples from endangersd Equus species were
shipped (o ltaly from the San Diego 200 together with
the appropriate international CITES permit. Horse fibeo-
blast cell lines were established from skin samples taken
from animals oot specifically sacrificed for this stady:
the animals were being processed as part of the normal
work of the abattoirs

Predi y i sifico
four ERE subfamilies
The comsensuas sequences of the ERE subfamilies ERE1
laccession number: D26566) (53], ERE2 |76), ERES [77),
ERES (78] were downloaded from Repbase |27, 28] and
used as queries foe 2 BLAT search against the horse gen-
ome reference sequence (September 2007 Broad)/equ-
Cab2.0 assembly) [51. 52}. For each ERE subfamily the
200 loci with the highest identity to their consensas se
quence were |dentified Their sequence was used as
query for a BLAST search against the horse Trace

hysis of the poly hism of the

Locstion of EREY

-~ |

ez gene (1000 51000, 1-5 88 S | i

rulstive to or p

S Kb Yom e e | 5-80 Kb o the & end
LR s
18 KD bz the 5 ond
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Pg. 410 o persernage of EREY foo Socased i reteony of valdated or sastaee genen (e arel m
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database [54], which is a collection of short oS

[accesston ber D26666) [53] was used as

(<l Kb) generated during large-scale sequencing pro-
jects. From the Trace database we selected the dataset
Equus caballus-WGS, which contains reads that were
not included in the final assembly of the horse g

qutry for a BLAST search against the horse genome ref-
crence sequence (September 2007 Broad/equCab20 as-
’anNr) |79]. The BL-\ST mn:h was performed using

as hm  and dard

reference sequence. We then used the sequences flank-
Ing each ERE insertion as query (o search for traces coe-
responding to the sume ool but lacking the ERE
nsertion (empty alleles).

Search of EREY lod characterized by Insertion
polymorphism in the horse genome reference sequence
Our prefiminary search, based on the analysis of 200 lect
from each ERE subfamily, showed that EREls have the
highest proportion of empty alleles, We then focused
further analyses on this subfmily,

In order to obtain a comprebensive uulog of ERE1

e

m.rth parameters, Mn were downloaded as hit table.
Ondy the loci with identity to the consensas greater than
B4 % werw considered. To exclude lock that were subject
to deletians o¢ insertions, only the hits with length sins-
lar to that of the ERE1 coasensus sequence (225 + 10 bp)
were dered. Since the coord of the hits Inside
lhthblemn‘umdwmlguqm they were
cor into & cooedi using the conver-
sion table “siq_ conu;.md' at [80]. EREls Jocated inside
unplaced regions were discarded. Since our method s
based on similasity, ERELs inserted inside other transpo-
sons coskd .lw rise to false positive hits because uwnl

palymoerphic loci in the horse g -

wre gh the
lmfm g the search far paly-

TL__I

quence, we devidoped a pipeline using the Cx prog
ming language (Mikrosoft Visual Studio 2008) and
Micrasoft SQL Servul!)llasthtdaubuenumgmm

morph: locl we ndcnuﬂcd and dharded ERE] elements
inserted imside other P To this purp we

system. The EREL ¢ | d from

p \

downb “d\elistollhthoncmpoubkdtmts
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fram the site UCSC Genomwe Bsainformatics using the
tool “Table Brawser™ [61, 62]. The list of transpasons Is
found In the data table called “rmsk”™ {Groap “Variation
and Repeats”, Track “RepeatMasker”) that was generated
using the software RepeatMasker [81] during the horse
genome sequencing project [24]. The coordinates of
each ERE] were compared with those of the boundaries
of other posable o il an EREL i pred a
repetitive element the looss was descarded.

To identify empty alleles, for each locus we down-
loaded a 2.2 Kb sequence from UCSC Genome Browser
[24, 82, 53] containing the transposon (about 225 bp), 1
Kb from the 5' fanking region and 1 Kb from the %
flanking region. These sequences were then used as
queries for a BLAST search [54] against the horse
“Traces - WGS sequence” database. The BLAST search
was perfe ‘usinu " s optimization alge-
rithm and dard search I the hit con-
mdamtlobpwuvdnoulm”'bidmmal
o the seg f g the transp # was consid-
ered an EREL- locus. Onlv traces fram the refi

- (e
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described in the Ind page (tps//genomesacs-
codu/cgl-bin/hg TrackUithgsid - 442242277 awlead-
Hy93EswlEa2c8BxvESBlox&c=chrl 1 &g=xenoRefGene)
2s stated in the information page, this track shows
known pratein-coding and non-peotein-coding genes for
organisms other than hoese. The RNAs were aligned
against the horse genome using blat, This track was pro-
d-x«l at UCSC from RNA sequence data generated by

ehdwide and d by the NCBI RefSeq
project.
Genomic DNA samples
G ic DNA was d from blood or hasr sam-

ples, or fram cultured primary fibroblasts using standard

ls. The 30 E caball wples shown in Fig 2
dmvefmmpmﬁ-u:lhlmdolnﬂw\rmmmhons
which, according to their pedigree chart, do not share
common ancestors up o the third generation (they were
also used for the analysis of the myostatin gene poly-
morphism shown in Table 1, see below): fibroblast cell
lines established from the skin of 8 slaughtered aninuls

genome of Twilight were consideced identifying them as
belonging to “center_project number”™ G836, The specifi-
city of each trace sequence was manually checked using
BLAT [51, 52] and MultAlin [84, 85]. In order to focus
on the loci inserted in single copy sequences, the EREL
loci that were found at multiple positions during the
BLAT search, and were probably located inside segmen-
ol duplicati wore discarded. The complese list of

which were shown to be unrelated by micrasatellite ana-
Iysts as described in [%6]. The £ astrus samples derive
from fibcoblast cell lines established from the skin of 3
slaughtered animals. The £ grevyd sample derives from a
fibrablast cell line purchased from Coridl Repositories
and E bwrchellii fibroblasts were a kind gift from Mar-
unokouh (University of Bari, Italy) [50, B7). £, sebva
E. iang and E bemionees onager fibroblasts

single copy polymoephic EREL Joci and the accession
codes of the traces (Trace d) corresponding 1o the
empty alleles &s reported In Addational file 2: Table 52.

in siico localization of EREY elements refative to genes

The position of EREl elements refative to horse genes
was defined using the g i coord of known
horse validated and pulalnv genes. Horse validated
genes and their coordinates are listed in the data table
“relGune® (assembly “Sep. 2007%) downloaded from the
st UCSC Genome Bioindormatics using the tool “Table

were provided by Ofiver Ryder (Genetics Division of San
Diego Zoa, San Diego, Californds, USA) [48]. DNA sam-
ples from Quarter Hoeses, Andalustan, Norwegan Hord,
Icelandic Pontes (Table 1) and E proewalskll (Fig. 2 and
Table 1) were provided by Cecilia Penedo (UC Davis,
California, USAJ. Lipizzaner DNA samples (Table 1)
were described in [82], The 30 Show Jumpers in Table 1,
which comprise the 22 E cabalfis individuals of Fig. 2,
were ln-mh kept in llallln sport riding stables and

e M the Natiomal and | | level; they
derived imm Mamn stud farms o lualy, Frasce,

Browser® [61, 62], The “refGene” wble amang
other Information, the name of cach gene, the coardi-
nares of the transcription start and stop sites, the coordi-
nates of the boundaries of each exon. Since the number
dlmwnbmugcnuurdadwﬁrnmll.nakom
cluded in the search the g i of p

genes defined by nce } gwnhthwlm
buman and bonimu listed in the data table “Other
RefSeq (xenoRelGene)”. The data table (xenoRefGene)
wis downlosded from using the tool “Table Browser”
61, 62] and was used to define the coordinates of the
beginning and end of putative genmes n hoese that are
arthalogous to those from human and bovine. Thas track
was prepared by the UCSC genome browser group as

G y, Halland, Belgium and were chosen by the
awners fo thelr show jumping aptitude. Genomic DNA
from ltalian Trotters and tallan Thoroughbreds was ex-
tracted from bleod spotted oo FTA® filter papers (What-
man Bioscience, Cambridge, UK). Al samples came
from horses bedonging to the Italian Stud Book of
MiPAAF (Mlmuem Delle Polllxhe Ap\tok Alimentani
« Fi ), The pe were provided
by ANAC (Aminhm Nazionabe Ahnmnn Cavalli
Purasangue).

PCR and SNP analysis

Eg!ayﬂ[lnmwh&ﬁcmtdwofl&muy
dfative to the

b v
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selected from the st of 27396 loct obtained by in silico
analysis. The coordinates of the B0 Joct are reported in
Additional file 2: Table SAA together with the sequence
of the primers deduced from the sequences flanking
the transposon (Additsonal file 2: Table S4A). Twenty
ng of gemomic DNA were used as template for PCR
experiments performed in a 10 pl-final volume with 8
pmoles of coch primer, 02 mM dINTPs, 1x Green
Buffer (Promega) and 0.3 units of GoTag DNA poly-

(P W) Al 4 d Aep at 95 °C
br!mh.wﬁﬂuwlunmplmmnqdemm
formed 3 times: 95 “C far 50 s approp
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lsbaratory [89]. Our vector contains the puramycin and
amplcillin 1 genes. All were checked
by Sanger sequencing.

Cell culture and transfection

Horse Immortal Fibeoblasts |75] and Hela (haman cer-
wial 1 ) cells were cubtured in high-gh D-
MEM supplemsented with 10 % fetal calf serum (Euro-
danel, 2 % non-essentiad amino acids, 2 mM L-glatam-
ine and Ix penacillin-stroptomycin (Sigma), Foc paimary
fibroblast cell lnes, the culture medium was supple-
d with 20 % fetal calf serum. Cells were routinely

temperature (Additional file 2. Table S4A) for 45 l
72 °C for | min. The first 3 cycles were fallowed by
27 cyeles: 95 * C for 30 s appropriate annealing
temperature for 35 5, 72 °C for | min. Final extension
was carried out at 72 °C for 5 min. PCR products
were checked by electrophoresis in | % agarose gel,
To analyze the ERET insertion polymorphism at the
nyastatin wommnunpﬂﬂodumk DNAs using
primers from the seq g the Insettion site
(MyostProm-F0 and M)md’mmk Addational file 2:
Table SAB). The expected length of the PCR products
from the EREly and the EREL- alleles were 44) and
214 bp, respectively, The reactions were carried out as
described above,

The Analysis of SNI' £66493737C > T was perfoemed
wsing the “Customn TaqMan SNP Assay” {(Applied Biosys-
tems) on a 7500 Fast Real Time PCR Instrument.

Prop of plasmids for gene assay
lnmﬂuwdnnnhrmﬂrepmmmdtbemsalp—
tion start site of the myostatin gene we PCR-amplified
the locus chrlB:66495283-66497324 (equCab2.0) from
the genomic DNA of a borse heterozygous for the EREL
insertion,

PCR reaction was performed using the pesmers
MyostProm-F and  MyostProm-R  (Additional file 2
Table S4B), which coreain HimdlIl and BamHI restrc-
Lioe sites, s Ay, After 4 & mpu‘)S'C
for 2 min, the fol ification cycle was rep
for 30 times: 99 Cfardox&:'('ﬁxw:nndn'chf
4 min. The final extension was carried out at 72 °C for

caltared at 37 *C in 5 % CO,.

Plasmid DNA for promoter repocter assays was pre-
pared using QIAGEN Plasmid Midi kit Transfections
were carried out using the Lipofectamine 2000 reagent
(Tvitrogen) according to the manufacturer’s protocol

Twenty-fosr hours post-transfection, cells were se-
locted adding 300 ng/ml (horse immortal fibroblasts) or
1 uylml thh cells) wmmwh w the medism. Cells
were d with dium antil the emer-
gence of dragoresistant colonses, that Is 3 weeks for
hoese fibroblasts and 2 weeks for Hela cells. Pools of
about 50 colonies were obtained and grown as stably
transfected cell populations.

Western Blot experiments.

Protein extracts were prepared from samples theee mal-
lioey cellts as folloness the cells were washed twice with ice
cold 1xP8S, resuspended in bysis balfer 150 mM Tes-
HA pH 68, 86 mM fl-mwercaptosthanal, 2 % SDS) and
boiled for Ioummmsq)meymi%
PAGE and ferred to

A ham Protran P 045 gm NC) through wet
trunsfer. Membeanes were incubated with a rat mono-
donal antibody against ¢GFP (Chromotek, code 3H9),
diluted 1:1000, and with 3 mouse monockonal antibody
against  tubulin  (NeoMarkers, Ab-4. code MS-719-
PIABX), diluted 13000, Secondary antibodies, conju-
gared 10 hoeseradish peroxidase, were o chicken anti-eat
IgG-HRP (Santa Cruz Biotechnology, code sc-2956), di-
luted 15000, and an ImmunoPure goat anti-momse
monoclonal (M + L) th!n code  31430), dduted

10 min The reaction products corresponding to the  1:10,000. D was p | using | Star
EREL- mdtthRElme:ndebp respect- Wmmc Kit (Bio-Rad) g to the f; s
is on 1 % aga I. Pre-incubation of the b and dédutions

ively) were separated by electroph
pelundp«rl’ndnm;lthmdSVGel mdPCR
Clean-Up System (Promega). The two alleles differed
only for the p of the EREL «l and the target
site duplication (see Fig. 3),

The purified PCR products were digested with Hisdlll
and BamHl and then cloned, upstream of the enhanced
Green Fluorescent Protein (eGFP) cDNA, into an ex-
pressson vector that was previously constructed in our

of the antibodies were pecformed in 1xPBS containing
005 % Tween20 and 7.5 % skim milk,

©GFP Muaresconce analysis

Cells for ¢GFP fluorescence analysis were grown on
coverslips (24 x 24 mm), washed with cold 1xPBS and
fixed n 2 % paraformaldebyde in PBS for 10 min.
Fixed cells were then stained with DAPL (46-
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dmnldlno-‘z-phmyllndob) and observed with & ZEISS
pe at 63x magnifica-
tion. Mictures were upmmd using a CoalSNAP CCD

(RS Ph d using the
software IPLab 355 (Snmlm mci.

RNA preparation and quantitative RT-PCR
Total RNA from transfected Hela and hoese fibrobk

Page Y& of 16

The significance of the correlation between the Best
Race Distance and the genotype of the 117 Elite Thor-
oughbreds for the ERE1 Insertlon at the myostatin pro-
moter was tested using a  Chi-Square test for
independence.

P
All yses were p

d using R [91].

colls was extracted using TRizol R«pnl (Invitrogen) -
cording to the £ S L The
RNAmpuuﬁdmnuuNAChm&Conmm
25 kit (Zymao Research} and treated three tinwes with RQ1
RNase-free DNase (Promega)

For quantitative RT-PCR cxperiments we reverse
transcribed 2.5 pg of total RNA using oligo-d(T),;
primers and Revert Aid Premium First Strand c<DNA
synthesis kit (Fermentas) accoeding to the manufacturer’s
protocol.

The ¢DNA was PCR amplified using GoTaq qPCR
Master Mix (Promega) containing the appeopriste oligo-
nuckeotides (Additional file 2 Table $48). Oliganucleo-
tides «GFP-F and eGFP-R were used to detect the «GFP
transcript. GAPDH (glyceraldchyde  3-phosphate  de-
hydrogenase, primer pair GAPDH-F and GAPDH-R) or
PRKCI  (protein  kinase C  iota, pomer pair
bumcavPRKC-Real T-F  and  cavPRKC-Real T-R)  were
used as control penes for quantitative RT-PCRs carried
out with the ¢<DNA from HeLa cdls or horse immeortal
ﬁbmbhm. mp«uwly Each sample was prepared h

i (No ol

h’l’Cs)wvn neluded in the Roactl

were
(M)

Availability of supp g data
Thdmmwpmlqdwmuluoﬂhslnkhmh-
duded within the artide and s additional files.
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prised an initial de-
naturation at 95 'C for 2 min followed by 50 cyces at
95 °C for 15 5, 62 *C for 30 s and 72 °C for 30 s coupled
to flworescence detection. Experiments were repeated
twice for each transfected cell fine. Data were analyzed
with llenkonMadtorSnfhw! l.wdsohxptu—
sson were caboulated using the dard

cnmduuus&ngmqamzsymn
). Cycling g
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901, the level of exp in cells sfected with the
plasmid containing the wild type allele was used as
reference.

Statistical analysis

The correlation between the percentage of identity of
the ERE1 loci ancl the natural logarithm of the frequency
dpohmwﬂ\i:lociinu:h:hummudakuhﬁng

l'anm’; di ion coelficient.
omlﬁum of the difference of the -Ilcllc In-
s at the myastat in the p

dﬂn-nﬂ Unselected Thoroughbeeds was luudmlng
a Chi-Square test goodness of fis. The allelic frequencies
in the 75 Unselected Thoroughbreds were adopted as
expected values.
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The major horse satellite DNA family is @
associated with centromere competence

Fedenco Censti’, Riccardo Gamba', Aice Mazzagaet', Francesca M. Peras, Eleonon Cappelests, Elisa Sellony
Sokemon G Nergade, Elena Raimondi” and Elena Gulotta”

Abstract

Background: The centromene is The specialized locus raquined for comect chromosonme segregation duting cel
divsion. Tha DA of mast eukanyotic centromernss is composed of extended arays of 1andam repaats (sanellite
DNA) In 1he horse, we previousty showed that. although the centromers of chromasome 11 is camgletely devoid
of tandem repeat anays, ¥l ather certromeres are characterized by the presence of satellze DNA We solited theee
hoese satellne DNA sequences (37cen, 2P1 and EC137) arvd described their chromaosamal Jocalzanon in four species
aof the genus Equus

Results: In the woek presenved here, using the ChiPseq methodology, we showed tat, in the horse, the
37cen satefite binds CENP-A, the centromerespecific histoneH3 varant The 37¢en sequence tound by
CENP-A 13 GCorich wath 221 bip units organized i a head-to tal fashion. The physkal iroraction of CENP-A
wath 37cen was confirmed through skt blot expenments. immuno-FISH on stretched chromosomes and
chromatm fbres dernc o that the 1 of satelfite DNA stretches is varable and = not related to
the ceganization of CENP-A binding domains Finally, we proved that the certromeric satelite 37cen is
traniscriptionaly active

Concluslons: Our data offer new nsights mito the arganization of hone cenromeres. Although three
differers. satefite DNA famdies are cysogenetically kocated at centromeres, anly the 37cen family is assooated
1o the centromssic function. Moreover, similarly 1o other species, CENP-A binding domaire are varable in size.
The trarecrnptiondl competence of the 37cen saellite that we obsseved ados néw endence to the bypothesis
hat centromernc transcripls may be required foe cengromen function

Keywords: Horse genonme, Centromere, Satedite DNA, Next generaton sequending High resolution caogenstcs

Although the centromeric function Is highly conserved

Background
hmmnb.luyuﬁmlh:mnn(dugmomeh
constituted

through eukaryotes, centromeric satellite DNA is rapidly

by
DNA. nn;mmmqumm»
quences can give rise 1o satellite bands in gradient cen-
trifugation experiments when they have a different GC
spared to bulk g b DNA (1) therefore,
they were defined “satellte” DNA. In mest cukaryotic

“.,onmbehg:pumwﬁc((r-ﬂl.m
following our initsal descri of ace
plndydewldo(ummalmhlnlhhmrlvlmlm
examples of naturally occurring satellite-less  centro-
metes were ohserved In plants and animals {10-13),
ﬂme chservations  rakse d\c challenging  question

chromosames, these non-coding sequences are the man h ric and p ric satellites have
DNA P of ric and pert a functional role. A b of hypothy have been
heterochromatin [2-6], pmpuudboupl-ndu i by the majority of

of lange stretches of satellite
* Con = L ewrs ' DNA.SudlmDNAmyhclllwtbcdhngMmmo-
Tqus conestuan nmwre specific hiuom CENP-A (the main wmic
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[141 In addition, centromenic repetitive DNA, typically
devoid of active gemes. may aid the formation of a
heterochromatic environment which would r-vour lhe
stability of the ch during mitosis and

6, 7, 15). In several species, centromwric satellite DNA
Is transcribed and it has been suggested lhn u.u. tan-

Page kD

Sequence reads were aligned through Bowtie 2.0 [22]
to the horse reference genome (EquCab20, 2007
refease). Peak-calling was performed with the default
parameters of MACS 2010 software (23] using the
input reads as control dasaset and applying stringent ori-
tetia (30 Materiaks and Methods) to seloct significantly

scripts may play a role s h h
T: p of the seems to be
p for ch o nndCENPAhndlng
dwmmavumbdﬂndmpmﬂclkxihknf
fold that allows assembly or stabilization of the kineto-
dmpmmsandmnmmmmonalnronaulm(
of ch pendently of the primary DNA
sequence [16-18),

In & previous work, we Isolated two barse sateflites,
I7cen and 2P, from a genomic libeary in lambda phage
[19], and § gated thelr ch | distribation
four equid species [10]. More recently [20], we described
a new horse satellite, EC137, which is Jess abundant than

iched regions [24]. A toeal of 1705 regloas mapping
on 1462 unplaced coatigs were significantly enriched, as
shown in Addstional file 1: Table S1.

The sequence of the 1706 enriched regions was down-
loaded from the nadeotide database [25] and compared
with the MultAlin software [26], to all known equine re-
petitive elements, retrieved from the Repbase database
(27, 28); 97 % (1633/1705) of these repetitive fragnsents
consisted of the 37cen astellite (SAT_EC at [28]). 1n alf
these regions the 37cen 221 bp wnits were organized in
a head-to-1all fashlon.

Welhcanllpdﬂ\etndsﬁnmmpulmdhm

in with the consensus

37cmand2l’landnmﬂfpu-lmmmncm In!behone

scqumoe of 3cen (SAT_EC at |28]), of the perken-

37cen, 2P1 and EC137 are or i

ally, at all primary murktlm with the exception of
the centromsere of chromosome 11 which is completely
satellite-free [9, 10, 21), In this work, we applied next-
w ion DNA seq 1§ and high-resal cyto-
genetic approaches to ldentify the satellite repeat bearing
the centromeric function in the horse and we proved
that this satellite is transcriptionally active.

Results and discussion
Molecular identification of the functional centromeric
satelite DNA
The aim of the present work was to define the satel-
lite DNA repeats b g the i function in
the horse. To this purpon an anti-CENFP-A antibody
{9, 21] was used In g
with chromatin from horse skin prsmary fibroblasts.
DNA pmfnd from immunopnclplmed and from
<hi {impat)
was pllr!d-end nqucm:ed dlrwgh an [Mumina HiSeq
000 phtform. A total of 78207302 and 41,155,660
high-quality reads were obtained from ChIP and input
samples, mmuwly It ks important to remind that
most are ot bied due
to their highly repetitive nature and that all mammalian
genome cata bases include a “virtwal” chromosome,
named “unplaced”, compased of contigs containing highly
repetitive DINA xq\xmn(anumlmo(ui&hnlocalﬂl

satellite 2P1 (SAT2pl at (28]) :md of the
ERE-1 P that is intersp

ot the genamse (EREL at [28]); we also aligned lhvm
with the seq of the perd w satellive
EC137 (GenBank [X026961, |m|) The alignment was
performed using the Razersd software [29] allowing
20 % of mismatches. The number of reads was nor-
malised to take Into account the total number of
reads in each sample and the length of the consensus
sequence; raw read counts are repocted in Additional
file 2: Table S2. To quantify the enrichment of these
sequences in CENT-A bound  chromatin, we calou-
Inted the ratio betwoen normalized read counts in the
Immunapeecipitated and in the input DNA (Fig 1a,
left panel). A 65-fold enrichment was observed for
lhr!‘cmnﬂh:ZledEleﬂmundnmpfm&d
in the ch in, while EREl was
equally rzptumd in the two fractions. These results
demonstrate that 37cen is the main functional centromeric
satedlite sequence,

To better deline the sequence actually bound by
CENP-A, we deduced o consensus from the 33902776
reads mapping on the 37cen reference (Additional file 2:
Table 52). The consensus is shown as logo kn Fig 1a
right panel. Although 20 % of mismatches were allowed
lncd:cm;ﬂm??ommds.hnadydehedcomn
sus is very similar to the peeviously reported
suggesting that 37cen units are highly conserved both in

at the o that lack ¢ assign-  CENP-A bound and unbound DNA,

ment. Therelore, in lhc EquCab2.0 rels W AT rich has been considered a typical feature of
we expected (o identify most of the e re- ic ch in [30], h this idhes has beens
peats binding CENP-A in “unplaced” igs. Each ly a subject of debate [8]. The GC content of
contig Is identified by 4 ber which is lated o 37cen Is 53 % thas confirming that GC rich is com-
s genomic location. patible with the centromeric function.
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To further confirm the assoclation o(tbe's‘.‘cmutdr
lite DNA with centromeric function, horse ¢

These results d that, although at horse
© ic and pesic regions the different sat
ihody  clie famalies form a mosaic of led seg-

was immunoprecipitated with the anti-CENP-A

9, 21]. Purified immunopredpitated and inpat DNA
was blotted and hybridieed with probes for 37cen, 2P1
and ERE-1 repeats {Fig 1b). The results showed that the
ITcen hybridization sigaal was more intense in immuno-
precipieated than In inpat DNA; coaversely, the signal
intensity obtasned after hybridization with the 2P1 and
ERE-1 probes was comparable or even lower in immu-
nopeecipitated than in inpat DNA blots. The Integrated
Densstometric Value (IDV) of signals was calculated with
the Imagef 148v software [31]. As reported in Fig. 1b,
right panel, the ratio between immunopeecipitated and
nput values foe 37cen was comprised between 1.8 and
2.5 condirming that this satellite is eariched in CENP-A
bound ch On the opp no enrichment of
2P1 and ERE-1 repeats was observed.

ments |20, only the 37cen family is m\vhv:d in the
centromwenic function, This situation is simdar to that pre-
viously described in other species, such as humans, where
alphs satellite only & bound by CENP-A whereas other
sarellite familios seems to play an accessoey function [6).

Transcription of the 37cen satelite

A large body of evid d that ¢ ic
and percentromenc satellite DNA &5 transcribed in a
number of species from yeast to mammals [18], We ana-
lysed, by means of RNA-seq, the transcriptomse profile of
# hoese fibroblast coll lime in order to search for 37oen
transcripta. Out of the 59000294 RNA-seq seads ana-
lysed. we detected 9803 reads corresponding to the con-
sensus sequences of 37cen (Fig. 2). The alignment with a
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Pig. 2 Tranecription of the $70m satebite by iNA-seq The graph mporn the numitey of reads comesponaag 90 the comenun wquences of
30, bl Beta TUB), pacesin kinase C kot P9I, tedomesyse ANA component (TERCL thywmidine binase (TR0

--._.__
PRKCI TERC ™

o "

A total ber of 99 stretched chromasomes

3Tcen dimer was performed using the R 3 sofy
[29) and allowing 20 % of mi hes, We also 4
the ber of reads P o to 442 e loeg tran-

scripts from four geows: TUBE (tubulin beta) PRKCE
(protein kimase C lota), TERC (telomerase RNA compe
ment) TK (thymudine kinase) (Fig. 2). The results show
that the number of 37cen reads is comparable or higher
than that observed for the analysed genes.

From these data we cannot infer the level

(46 meta- oc wab tric and 53 ic) was
examined, a representative panel of which & shown in
thuwwmmdl&qwnfupeﬂmu
can oaly be considered semi-q the
of the 37cen sequence app d highly ble among
dhromosomes, extending in some instances over a large
pcnuemmmcrepnn(vdmanmm Fig 3a) or being
confined to the primary constriction. As ex-

of single 37cen units nor the fraction of transcriptionally

active units. It has been suggested that centromseric tran-

s‘dpu mnay have an impact oo development, cell differ-
and

P to envi | stemuedi 14, 6]
and it & generally agreed thu:rlpuon competence
Isap for © g and kineto-

chm awembly [32-34]. Emerging evidence saggests
that satellite transcripts may act both i cis and i trans
{5, 35|, Therefore, in the horse system, it is tempting to
speculate that 37cen RNA may play a role not only at
satellite-based contromeres bus also at the satellite-less
centromere of cheomesame 11,

Our peevious FISH analyses, on stretched chromosomes
and combed DNA fibres, demonstrated that hoese
© 1c and peric regions display a mo-
saic arrangement ol' different salzllhe DNA families I‘wl
To analyse the physical organization of the cent
domains, we carried out immuno-FISH cxperiments. on
Hanicall hed b using 37cen as
FISH probe (nd in Fig, 3a) and & previously tested [21]

pw.wd lhc CREST sigmals always colocalized with the
F7oen  fuocescence, however, no  clear  correation

d to exist by y and jon of the
F7cens and the CREST signals.

These results suggest that, at horse centromeres, the
size of CENP-A binding domatns Is not refated to the
extent of satellite DNA stretches: these finding are in
agreement with the well described inter- and intra-
specific variability of the molecular oeganization of
eukaryotic centromeres (6]

To define mare precisely the refationship between
F7cen and the centromeric function, & higher-resalution
I FISH analysis wis peef d oo harse ch
tin fibres. A total sumber of 25 extended fibres was ana-
lysed. some representative examples of which are
reported in Fig. 3b. Dufferent arrangements of CENP-A
domains were observed: although 60 % of the fibres
(15/25) showed CENP-A binding covering the whole
length of the 37cen positve region (1 in Fig. 3b), in
28 % {7/25) of the cases (U in Fig 3b) CENP-A do-
nsalns appeared as blocks of varlable leagth inter-
mlndcd into A7cen stretches. The observation of the

¢ of CENP-A at centromeres

CREST serum (green in Fig. 3a) to mark the ¢

P
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the ne high resolut wephologic ipproach in th t ontamn er by ot
uman <el I v Dvosopéuila 136 Our ChIP ilts n wed chromosome Fig )
see Fig. 1al demonstrated that only fraction of all
gonar repeats ssociated witl ROy Conclusions
unction; tl letection of th withal I peimary constrction of mammaliae WIS
CENP-A binding (L in Fig 3k n 12 (3/25) of is typically embedded in a constitutive hetevochromsatic
the fibres further confirmed this result; this fraction  environment characterized by long arvays of tandemly
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repeated satellite DNA. Centromeric satellite repeats are
extremely variable in length and compaosition. not anly
between ardd within species but also among chromo-
somes of the same individual [7]. The horse is pecaliar
among lian species b the of
ch 11 is completely devold of satellite DNA
{9, 10, 21). Satellite-based hcne centromenes are constl-
tuted by the two major classes of oquid satellize DNA,
37cen and 2P, flanked by the pericentromeric accessory
satellste ECL37 [20]. In the present paper, we proved that
only the GC rich 37cen sequence is associated with the
centromeric function and is transcriptionally active. We
also showed that the horse shares with other species a
similar molecul, keation of © s, relying
on CENT-A blacks of variable length smmersed in long
satellite DNA stretches [36).

Pageooin

input DNAs were extracted with the “Wizard Genomic
DNA Parification Kit® {Promega) according to the mana-
facturer’s instructions,

Immunoprecipitated  and  input  DNAs  were  then
paired-end sequenced through an Illuming HiSeq2000
platform by IGA Technolagy Services [37], Sequence
reads were aligned o the howse reference  genome
(EquCab2.0, 2007 release) with Bowtie 20 [22] and
peak calfing was perfi d the soft MACS
version 2010 20120605 [23], using default parameters.
Stringent criteria [24] were applied to identify signifi-
cantly enriched regions: fold enrichment > 5, pile-up »
100, -log, dlp-value) > 100, -logolg-value) > 100,

To quantify the ber of reads sponding to
wach repetitive element, the reads from hmmnnpr«lpl—
tated DNA and input DNA were mapped to 4 reference

The significance of satellite DNA at lian cen-
tromeres has so far been clusive because satellite-less

are perfectly functional |9, 21]. In the horse,
the presence of satellite-based together with a satellite-
less centromere makes this species a particularly suitable
model for future stadies on the role of centromeric tan-
dern repeats.

Methods

Ethics statement

Horse DNA, RNA, ch and ch
plsmoﬂalud&unymwﬂyuﬂhhhdpnm
fibroblast cell lines [21]. These cell lines were established
from skin samples taken from amimals not specafically
sacrificed for this study; the animals were being proc-
essed as part of the normal work of the abattairs,

Coll s
Horse skin pesmary fibroblasts were were cultured in
DMEM mediam (EuroClone) supplemented with 20 %
foetal bovine serum, 2 mM L-glutamine, | % peniillin/
yei mdzi...... "aminom’tmﬂ‘c
vn!hS\OO, Cytog I d that
lhrodllnahdlﬁloldmndaldnummrnmbtr
(2n = 64) and a normal karyotype

h Pradip (ChIP) and sequencing
(ChiP-seq}

Chmmaun was prepared from horse primary fibro-
blasts, fi g cross-linki wllh 1% Idehyd,
and somunom L ion was perfi d

d by the of 37 cen
["SAT_EC" on repbase, [27, B]). 2P1 ("SAT2p" oo
repbase). ERE-1 (“EREI" on repbase) and ECIZY
(GenBank JX026961). The alignment was performed
with the Razers3 software [29] using all of the reads
from the paired-end sequencing as a whole single-end
dataset; the mapping was carried out using default
parameters with prion of p Identity thresh-
old (-lnpﬂna)uhld\msmmw For cach sequence
type aralysed. read counts fram immunoprecipitated and
input DNA were calculated with the "SAM/BAM to
Counts 100" tool, available on the Galaxy platform [38],
Each read count value was normalized with respect to the
mﬂmhrduﬂaﬂmﬂnk@hdhrﬁm

quence, To wch due to i
umﬂmm&hnmbmw«nm&drud
counts in the immunoprecipitsted and input samples was
caloulated.

Slot-blot analysis

DNA purified from ch ipitated with

llw.-anu CENP-A antibody [9, 2l|mdmpm DNA
ferred to mylon h (A "

HybdeM- GE Healthcare) through a Minifold 1l

apparatus (S(Mhu and Schuell) and denatured. The
mwemwbeanes were hybridized ot 64 °C for 18 b in Charch
buffer containing one of the following “P-a[dCTP)-
Isbelled probes, gemerated by random primer labelling:
a4 7 kb EcoRl/Sacl 37cen fragment and a2 72 kb
EcoRlUSacl 2P1 fragment [10f; a 441 bp PCR-ampidied

from horse g ic DNA, ing an ERE-1

using a purified C[NP-A polydoml 19, 21}, raised
against the N-terminus of human CENP-A, kindly
provided by Prof. Mariano Rocchi (University of Bari),
The immunocomplex was purified using A/G beads
(nPratein A Sepharose™ 4 Fist Flow/Protein G Sepharase™
4 Fast Flow, GE Healtheare). After reverse cross-Unking,
camied out ught at &5 °C, ipitated and

lnsemon[nl

After hybesdization, the b were washed twice
in 2x SSC, 0.5 % SDS for 15 min &t 64 "C and once in
0.2x $5C, 0.5 % SDS for 30 min at 64 ‘C. Radioactive
signals were & ‘uﬂna hosphorimager (Cyclane,
Packard) and the densl walysis wis performed
with the Image) 148y software IJlL
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RNA extraction and sequencing (RNA-seq)
RNA extraction from whole cells was performed using
QIAzal Lysis Reagent (QIAGEN) ding to the man-

i s instructi To elimi DNA i
tiors, RNA was treated twice with RNase-free DNgse-1
(Pramegal, and then purified with the RNA Clean and
Concentration kit (ZYMO Research). After lbrasy peep-
aration using lllumina TruSeq Stranded Total RNA with
Ribao-Zevo GOLD, d-ensdtmchNAwup-mdnd

d by IGA Technology Senvices [37] through an
llumina HiSeq2000 platiorm.

RNA-seq reads were mapped, with the same
Razers3 parameters as the ChIP and input datasets,
on a telerence composed of a dimer of the 37cen
COMRSENSELS nqmu ('SAT ECT om repbase) nnd on
a42 bp loag g of the followt
TUBH (XM oomuns. nuckotides mmm PRKCI
(XM _014732748.1, nucleotides 605 to 1046), TERC
(NR_0O1566.1 nuckeotides 9 to 450), TK (XM_001491081.5
nudeotides 26 to 467). The same length was used for each
sequence i order to have comparable read counts without
normalization.

Immumno-FISH

Mochanicall hed chs Aod

y and
chromatin  fibres were prepared as previously  de-
scribed (20, 21]. Immunofluorescence was carried out
using a CENP-A enriched CREST serum [21] for
CENP-A detection, and a plhsmid containing the
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	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). Pericentromer...
	Figure 3 – Schematic representation of different DNA sequences in different centromere types (adapted from Plohl et al., 2014).

