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Abstract

The centromere is a specialized nucleoprotein structure of the
eukaryotic chromosome whose role is ensuring proper segregation of sister
chromatids during cell division. In centromeric chromatin, despite the
evolutionary conservation of proteins, DNA sequences are highly variable.
This paradox is now explained by the well-established knowledge that the
centromeric function is epigenetically specified and CENP-A, the
centromere-specific histone H3 variant, is the major determinant. Although
dispensable for centromeric function, satellite DNA has been proposed to
contribute to centromere stability and organization. In spite of their high
divergence, centromeric satellites share the presence of a common motif, the
so-called CENP-B box, which is recognized by CENP-B, the only known
centromeric protein that exhibits unequivocal DNA binding specificity.
However, the role of CENP-B in the epigenetic establishment of centromeric
chromatin remains controversial.

Although satellite DNA (highly repetitive DNA) is a common feature
of mammalian centromeres, in our laboratory we proved that, in Equus
species (horses, asses and zebras), satellite DNA is uncoupled from
centromeric function: beyond the classical satellite-based ones, several
centromeres are completely satellite-free, whereas many satellite DNA loci
are not centromeric, representing a powerful model system to investigate the
epigenetic centromeric function in relationship with satellite DNA.

Following the previous discovery of the only satellite-less centromere
of the horse (Wade et al. 2009, Purgato et al. 2015), we identified and
characterized by ChIP-seq with an anti-CENP-A antibody an extraordinarily
high number of satellite-less centromeres (16 out 31) in the donkey,
demonstrating that the presence of more than half of centromeres void of
satellite DNA is compatible with genome stability and species survival. The
presence of amplified DNA at some centromeres suggests that these arrays
may represent an intermediate stage toward satellite DNA formation during
evolution. As expected from the absence of satellite DNA, these satellite-less
centromeres lack any recognition site for CENP-B.

We characterized at the molecular level, the satellite-based
centromeres of the horse, identifying 37cen satellite as the major centromeric
satellite DNA sequence, which is organized in a head-to-tail fashion and is
transcriptionally active. Surprisingly, this satellite does not contain any
recognition site for CENP-B, suggesting a peculiar pattern of interaction
between CENP-B and centromeres in the equid species. Using a combination
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of ChIP-seq and cytogenetic approaches, we demonstrated that CENP-B
binds a novel satellite DNA family, the CENPB-sat, and that the genus Equus
is characterized by marked uncoupling between CENP-B and CENP-A. In
the horse, CENP-B domains are restricted to a subset of pericentromeres and
are excluded from the centromeric core. In the donkey and the Burchell’s
zebra, the progressive reduction and degeneration of binding sites have led to
the disappearance of detectable levels of CENP-B binding at all
chromosomes. On the other hand, in the Grevy’s zebra CENP-B is present
mainly at non centromeric chromosomal termini, interpreted as the relics of
ancestral inactivated centromeres, while CENP-B is undetectable at most
active centromeres. Taken together, our results suggest that the uncoupling
between the centromeric function and CENP-B that marked equid phylogeny
could explain the exceptional plasticity of equid centromeres.

These conclusions are supported by our finding in another model
organism, the rodent species Chinese hamster. As for the genus Equus, the
CENP-B binding motif is not contained in the major centromeric satellite,
which in this species corresponds to telomeric-like TTAGGG repeats. The
karyotype of Chinese hamster derives from chromosomal fusions and fission
events during karyotype evolution, which led to centromeric localization of
telomeric arrays. It is tempting to speculate that these rearrangements were
facilitated by the uncoupling between CENP-B and the centromeric function.

During my thesis work, I also studied another aspect of centromere
biology that is the localization of centromeres in the tridimensional nuclear
architecture. As previously described in the literature, a prominent feature of
the mammalian nucleus is the clustering of centromeres at the nuclear and
nucleoli periphery. However, it is a matter of debate whether centromere
clustering depends on the presence of satellite repeats or on the centromeric
function. Taking advantage of the variable satellite DNA localization in the
genus Equus, we demonstrated that the clustering phenomenon relies on the
presence of satellite repeats and not on the centromeric function.

Finally, I investigated the basis of the inhibition of meiotic
recombination which is exerted by the centromere, taking advantage of the
genus Equus. In particular, we demonstrated that a satellite-less centromere
exerts the same inhibitory effect on meiotic recombination as a classical
satellite-based centromere. This result suggests that the “centromere effect”
on meiotic recombination does not depend on the presence of satellite DNA.
During this analysis, we observed a peculiar phenomenon in horse
spermatocytes at the pachytene phase of meiosis: double-spotted centromeres
were detected on a few chromosome bivalents by immunofluorescence. The
number of these peculiar centromeres varied from 0 to 7 and inter- and intra-
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individual variability of their frequency was found. This observation could be
explained by different mechanisms: positional variation of the centromeric
domain of the two homologous chromosomes, misalignment of
pericentromeric and centromeric satellite DNA arrays during homolog
pairing or a combination of both.
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Introduction

1. THE CENTROMERE

The centromere is a specialized nucleoprotein structure of the
eukaryotic chromosome whose role is ensuring proper segregation of sister
chromatids during cell division. Actually, the centromere is the site of
kinetochore assembly and spindle fiber attachment.

Among Eukaryotes, three different types of centromeres have been
identified: regional centromeres, holocentric centromeres and point
centromeres (Clarke 1998, Choo 2000, Nagaki et al. 2005). Regional
centromeres, characteristic of higher eukaryotes, extend over large regions
(from tens to a few thousand of kilobase pairs) and cytologically appear as
distinct primary constrictions in metaphase chromosomes. These centromeres
generally consist of long stretches of highly reiterated DNA (satellite DNA)
and/or retrotransposable elements, spanning from tens of kilobases to several
megabases (Kalitsis and Choo 2012). On the other hand, holocentric
centromeres, peculiar of some plants, nematodes and insects, span the entire
chromosome and the whole chromosome acquires centromeric function
(Choo 2000, Nagaki et al. 2005). Finally, point centromeres, typical of S.
cerevisiae, cover only few hundred nucleotides and associated kinetochores
bind a single microtubule (Clarke 1998, Cleveland et al. 2003).

S. cerevisiae is the only eukaryotic organism in which the centromeric
function is entirely determined by the sequence (Clarke 1998, Cleveland et
al. 2003). As a matter of fact, in all eukaryotes, with the exception of this
yeast, we can describe the relationship between centromeric DNA sequence
and function with the so-called “centromere paradox” (Henikoff et al. 2001).
Although the centromeric function is well conserved along the evolutionary
tree, centromeric DNA sequences are highly divergent among taxa and also
between chromosomes of the same cell (Choo 2000, Henikoff et al. 2001,
Cleveland et al. 2003, Plohl et al. 2008,). Moreover centromeric DNA
sequences are not intrinsically sufficient to nucleate the centromeric function
(Choo 2000, Cleveland et al. 2003, Kalitsis and Choo 2012). Although,
mitotically stable human isodicentric chromosomes contain two identical,
well-separated regions of centromeric DNA, only one active centromere is
formed, suggesting that the centromeric sequence is not enough for
centromere establishment (Choo 2000, Marshall et al. 2008). Finally,
centromere formation can occur in hitherto non-centromeric chromosomal
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regions that are usually devoid of canonical centromeric repeated DNA (Choo
2000).

All these observations support the model of the “epigenetic
centromere” (Cleveland et al. 2003). According to this model, the centromere
is an epigenetic locus which behaves as a self-replicating protein complex
that resides on centromere DNA but is not determined by it (Cleveland et al.
2003, Allshire and Karpen 2008).

2. CENTROMERIC AND PERICENTROMERIC SATELLITE
DNA

Satellite DNA consists of tandem arrays of a repeated sequence, which
represents the monomer unit. As mentioned before, regional centromeres of
higher eukaryotes are classically associated with satellite sequences in spite
of the lack of a strict DNA sequence dependency. The presence of satellite
DNA is not restricted to the centromere but spread in the extended
pericentromeric region. In particular, pericentromeric satellite DNA far
surpasses centromeric satellite sequences in abundance, constituting up to
50% of genomes in certain cases (Jagannathan and Yamashita 2017, Garrido-
Ramos 2017).

Satellite sequences represent the most rapidly evolving DNA
sequences in eukaryotic genomes and are highly divergent even among
related species (Plohl et al. 2014). Their extraordinary variability is due to the
fact that sequence variants are easily fixed by expansion and contraction and
can arise de novo at new sites (Henikoff et al. 2001). In particular, it is well
accepted that satellite DNA, as well as many other repetitive sequences,
evolves through the so-called “concerted evolution”. Concerted evolution is
defined as the non-independent evolution of repetitive DNA sequences
resulting in a sequence similarity of repeating units that is greater within than
among species (Dover 1982, Elder and Turner 1995). This cohesive
evolution, resulting in intra-specific similarity and inter-specific divergence,
can be explained through the “molecular drive” model (Dover et al. 1982,
Garrido-Ramos 2017): new variants that appear by mutation of individual unit
are expanded by unequal crossing-over, gene conversion, transposition or
rolling-circle reinsertion of replicated extrachromosomal forms and
subsequently fixed in the population and finally in the species (Garrido-
Ramos 2017). The above-mentioned mechanisms lead also to sequence
homogenization of unit repeats in the genome. Actually, once a mutation
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appears in a unit, it can be spread and become predominant over the other
variants or it is eliminated while other variants expand (Plohl et al. 2012).

Despite the high divergence of satellite DNA, closely related species
often share satellite families. Actually, according to the “library hypothesis”,
related species may share an ancestral set of different satellite families which
can be differently expanded in each species, fluctuating in copy number
(Salser et al. 1976, Fry and Salser 1977). During the karyotype evolution
events that mark the phylogeny of related species sharing a common set of
satellite families, it has been demonstrated that satellite loci do not necessarily
evolve orthologously. (Warburton et al. 1996, Schueler and Sullivan 2006).

Surprisingly, although centromeric satellites are highly divergent,
they usually share unit repeat lengths that tend towards multiples of the
nucleosomal repeat length (Henikoff et al. 2001, Cleveland et al. 2003). It
was suggested that selection for nucleosomal length might sometimes
constrain evolution of centromeric satellites, consistent with their structural
role in the genome (Henikoff et al. 2001).

2.1. Repeat organization: the case of alpha satellite

Satellite sequences can be organized in stretches of single repeated
monomers or can form higher-order-repeat (HOR) units, which are tandem
arrays of larger units consisting of multiple basic repeat monomers. The
formation of HOR has been reported for different eukaryotes, ranging from
plants to metazoans (Navratilova et al. 2008, Garrido-Ramos 2017).

One of the best studied family of satellite DNA is the alpha satellite
(AS). AS was initially isolated from the genome of the African Green
Monkey Cercopithecus aethiops and then demonstrated to be the major
centromeric satellite family of simian primates (Maio 1971, Willard 1991,
Sujiwattanarat et al. 2015). AS is made by tandemly repeated AT-rich
monomers of about 170 bp, arranged in a head-to-tail fashion. In the human
genome, there are two different organizations of AS: the monomeric pattern
and the high-order-repeat pattern (Figure 1). The HOR pattern is found at the
centromere core, made by 2 to 34 head-to-tail HORs that reiterate tandemly
with 95-99% identity between copies (Willard and Waye 1987, Alexandrov
et al. 2001, Garrido-Ramos 2017). The HOR arrays characterize the primary
constriction of every chromosome with the exception of Y chromosome. The
HOR centromeric core is flanked by the AS arranged in the unordered
monomeric pattern. These pericentromeric monomers share 50-100%

4
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sequence identity and are frequently interrupted by interspersed elements
(Schueler and Sullivan 2006, Fukagawa and Earnshaw 2014, Garrido-Ramos
2017).
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Figure 1. Organization of human centromeres. A typical human chromosome is
schematically represented. Each small arrow represents a single satellite monomer. In the
centromeric core (Cen, cyan), AS is organized in an HOR array. In the pericentromeric
flanking regions (red), AS shows the monomeric unordered organization, frequently
interrupted by interspersed elements (SINEs and LINEs) (from Schueler and Sullivan
2006).

This structure is due to the progressive proximal expansion which
occurred during the evolution of the AS (Figure 2). Actually, primate
centromeres were demonstrated to evolve by amplification of AS sequences
in the inner core, which expands and moves the peripheral sequences
sideways, forming layers of different age in the pericentromeric area
(Shepelev et al. 2009). Thus, flanking monomeric satellite sequences
represent the remnants of ancestral centromeres of primate progenitors
(Alexandrov et al. 2001, Shepelev et al. 2009). It has been demonstrated that
homogenization of satellite sequences is limited to the centromeric core while
the ancestral units become more and more divergent. In particular, the
homogeneization is intrachromosomal and different chromosomes evolved a
specific type of HOR array (Alexandrov et al. 2001, Shepelev et al. 2009).
Initially, this organization was not detected in primates other than apes,
suggesting that the other primates carry only the monomeric organization of
the AS at their centromeres (Alexandrov et al. 2001). However, recently, it
has been demonstrated that this HOR organization of centromeric DNA is not
limited to human and hominoids and it has been proposed that the
establishment of high-order-repeat is a general event that can occur
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occasionally or frequently in the centromeres of all simian primates
(Sujiwattanarat et al. 2015, Cacheux et al. 2016).
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Figure 2. Progressive proximal expansion model for AS evolution. Successive
additions (colored rectangles) to the centromere occurred during primate evolution. Each
addition of new layers of AS moves previous centromeric DNA outward. An asterisk (*)
indicates the region of monomeric AS with functional centromere protein (CENP)-B
boxes. The image is based on data from the human X chromosome and dates are derived
from the accepted primate tree and from the phylogeny of L1 elements within AS
sequences (from Schueler and Sullivan 2006).

2.2. Bridging telomeres and centromeres: the Chinese hamster
example

It is well known that simple repetitive sequences, such as (TTAGGG),
in mammals and other vertebrate species, form the ends of linear
chromosomes, namely the telomeres, and are essential for the preservation of
chromosome integrity (Blackburn 1991). Interestingly, telomeric repeats can
be present also at intrachromosomal sites, probably as the result of
chromosomal fusions and fission events during karyotype evolution (Meyne
et al. 1990, Nanda et al. 2002).

In several organisms, ranging from vertebrates to plants,
intrachromosomal arrays of telomeric-like repetitions were expanded during

6
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evolution and invaded the centromeric domain, becoming a considerable
fraction of the centromeric satellite DNA (Bertoni et al. 1994, Nanda et al.
2002, He et al. 2013).

A remarkable example is considered by the rodent species, in which
TTAGGG repetitions constitute the telomeres of all chromosomes but are also
localized at most centromeres (Meyne et al. 1990). In particular, previous
works from our laboratory demonstrated that in Cricetulus griseus (Chinese
hamster, 2n = 11) all the centromeres, with the exception of Y chromosome,
comprise telomeric-like repetitions, detectable by FISH (Bertoni et al. 1996).
In addition, TTAGGG repetitions are also found at several interstitial sites. A
similar situation was detected also in a CHO-K1 derived cell line (CHO-PV),
where 17 out of 19 chromosomes contain telomeric-like repeats at the primary
constrictions (Bertoni et al. 1996).

2.3. Function of satellite DNA

The function of satellite DNA remains poorly understood in
eukaryotes, although it is important to distinguish between centromeric and
pericentromeric satellite sequences.

A large body of evidence demonstrated that both centromeric and
pericentromeric satellite DNA is transcribed in eukaryotes from yeast to
mammals and several roles of these transcripts in the epigenetic establishment
of centromeric chromatin have been identified in a number of species (Rosi¢
and Erhardt 2016). In particular, pericentromeric transcripts mainly
contribute to the maintenance of the heterochromatin environment in which
centromeres are embedded, while centromeric transcripts are involved in
CENP-A loading and kinetochore assembly (RoSi¢ and Erhardt 2016,
McNulty et al. 2017).

In addition, although dispensable for centromere specification,
centromeric satellite DNA might contribute to the stability of centromeres, as
predicted from the “centromere drive” theory (Malik and Bayes 2006, Kursel
and Malik 2018). This model is based on the asymmetry of female meiosis,
in which only one of the four meiotic products is retained in the egg.
Homologous chromosomes may compete for their inclusion in the egg via
their “centromere strength”, defined as the ability of their kinetochores for
recruiting microtubules. Since its proposal, this “strength” was attributed to
the presence of extended arrays of satellite DNA: the higher number of
repeats were present, the stronger recruitment of centromeric protein would

7
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occur (Malik and Bayes 2006, Fishman and Saunders 2008). Furthermore,
this hypothesis was supported by the work of Iwata-Otsubo and collaborators,
which demonstrates in mouse cell lines that “strong” and “weak” centromeres
in meiosis differed according to the extension of centromeric satellite DNA
arrays (Iwata-Otsubo et al. 2017, Kursel and Malik 2018). Nonetheless,
excessive accumulation of repeated arrays by “selfish” centromeres may be
harmful because of deleterious fitness consequences, directly as a result of
expanded or mismatched centromeric strengths or indirectly due to the
hitchhiking of deleterious alleles with driving centromeres (Kursel and Malik
2018). These deleterious effects were predicted to be counteracted by the co-
evolution between centromeric proteins and centromeric DNA, which avoid
an excessive expansion of the functional centromere. According to this
model, the pericentromeric satellites become more and more degenerated and
cannot be bound by centromeric proteins, since they have lost their
transmission advantage and evolve neutrally (Malik and Bayes 2006).

However, the extreme abundance of pericentromeric satellite DNA
compared to the centromeric one does not support the common view that
pericentromeric satellites are simply selfish parasitic sequences remained as
“fossils of centromere evolution” (Malik 2009, Jagannathan and Yamashita
2017). Actually, the maintenance of such extended arrays of satellite DNA
would be a too high burden for the cell (Jagannathan and Yamashita 2017).
To solve this controversy, Jagannathan and Yamashita recently proposed a
structural role in the tridimensional nuclear organization for pericentromeric
DNA, which could drive the formation of chromocenters in the nucleus
(Jagannathan and Yamashita 2017, see Paragraph “The tridimensional
nuclear architecture of centromeres”).

3. NEOCENTROMERES

The centromere has so far escaped comprehensive molecular analysis
due to its typical association with tandemly repeated DNA. It was clearly
demonstrated that, although satellite DNA is wusually associated to
centromeres, it is not necessary for specifying centromeric function. Actually,
functional satellite-free centromeres resulting from a centromerization event
have been described (Voullaire 1993, Choo 2000, Amor and Choo 2002,
Marshall et al. 2008, Piras et al. 2010, Purgato et al. 2015).

The term “centromerization” was coined by Choo to define the
process of centromere formation in a chromosomal region. Centromerization
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normally concerns the propagation of an existing centromere during
replication. Rarely, this phenomenon occurs in regions which are normally
non-centromeric. The ectopic centromere that appears occasionally in
hitherto non-centromeric chromosomal regions is called “neocentromere”
(Choo 2000, Amor and Choo 2002, Kalitsis and Choo 2012). Two different
types of neocentromeres have been identified: clinical neocentromeres and
evolutionary new centromeres. While clinical neocentromeres are sporadic
cases that are not fixed in the population, evolutionary new centromeres are
fixed in the species and represent an aspect of karyotype evolution.

Such neocentromeres must not be confused with the “classical” plant
neocentromeres first described by Rhoades and Vilkomerson (Rhoades and
Vilkomerson 1942). Actually, plant neocentromeres are accessory
centromeres coexisting with the functional normal centromere, their activity
is confined to meiosis and they do not form a typical kinetochore (Rhoades
and Vilkomerson 1942, Amor and Choo 2002, Dawe and Hiatt 2004).

3.1. Human clinical neocentromeres

Since the discovery of the first neocentromere (Voullaire et al. 1993),
more than 90 cases of human neocentromeres have been described (Marshall
et al. 2008, Kalitsis and Choo 2012). Generally, neocentromerization is a rare
rescue mechanism to avoid the loss of an acentric chromosomal fragment
originating from a chromosomal rearrangement. The majority of human
neocentric chromosomes derive from inverted duplications or interstitial
deletions. Beyond neocentromere formation, these chromosomal
rearrangements result in karyotype instability and are usually detrimental to
the individual, explaining why human neocentromeres are unusual and not
fixed in the population (Amor and Choo 2002, Marshall et al. 2008).

Human clinical neocentromeres are functional centromeres which are
completely devoid of satellite DNA (Amor and Choo 2002, Marshall et al.
2008, Kalitsis and Choo 2012). They typically arise in gene-poor euchromatic
regions, with the exception of a small number of cases located in the
heterochromatic region of the long arm of chromosome Y. However,
heterochromatic markers have been detected at neocentromeres emerged in
euchromatic regions, suggesting that neocentromeres carry certain features of
heterochromatin (Amor and Choo 2002, Kalitsis and Choo 2012). Despite the
absence of sequence preference for neocentromere seeding, centromerization
does not occur apparently at random sites along chromosomes. It has been
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hypothesized that genomic “hotspots™ for centromerization exist in certain
region of the genome. These genomic locations may favor
neocentromerization because of specific epigenetic hallmarks or the
persistence of recombinogenic duplicons. Actually, it has been proposed that
regions of the genome with a high content of duplications are predisposed to
rearrangements, which then lead to neocentromere formation through
epigenetic changes in the chromatin after DNA repair (Marshall et al. 2008).

Rarely, human neocentromeres arise in an intact chromosome with the
pre-existing  centromere  still present, but inactivated. These
neocentromerization events do not result from chromosomal rearrangements
followed by centromerization. The active centromere has been repositioned
leading to the formation of a pseudodicentric chromosome (Marshall et al.
2008). Few cases have been reported in literature but, considering that they
do not cause clinical problems, they have been discovered serendipitously and
they could be more common than the statistics indicate (Marshall et al. 2008).
These pseudodicentric cases are very interesting because they could follow
the mechanism of formation of evolutionary new centromeres during
evolution.

3.2. Evolutionary new centromeres

Evolutionary new centromeres (ENCs) originate from centromere
repositioning. Centromere repositioning is the movement of the centromere
along the chromosome without marker order variation. This phenomenon was
described for the first time by Montefalcone and collaborators in primates
(Montefalcone et al. 1999). Since its discovery, it has become clear that
centromere repositioning is an important mechanism of karyotype evolution
ranked on equal ground with traditional chromosome rearrangements such as
inversion, translocation, deletions and insertions (Rocchi et al. 2012).

The majority of evolutionary new centromeres so far discovered are
associated to highly repetitive DNA (Montefalcone et al. 1999, Cardone et al.
2006, Rocchi et al. 2012). The first example of a satellite-less evolutionary
neocentromere was described in the horse by our laboratory (Wade et al.
2009). Later, other examples of satellite-free evolutionary new centromeres
have been reported in other mammalian species by our laboratory (Piras et al.
2010, Nergadze et al. 2018) and other groups (Shang et al. 2010, Locke et al.
2011, Tolomeo et al. 2017). These satellite-free neocentromeres are likely to
represent an “immature” stage of centromerization, suggesting a possible
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mechanism for centromere formation and maturation in higher eukaryotes
(Wade et al. 2009, Piras et al. 2010).

In figure 3 (Piras et al. 2010) the current four-step model explaining
neocentromere formation and maturation during evolution is depicted. The
first step would consist in the shift of the centromeric function in a new
position lacking satellite DNA, while the satellite DNA from the old
centromere remains in its original position. A subsequent step would be the
loss of leftover satellite sequences, relics of the old centromere. Finally, the
new centromere could reach its maturity by acquiring satellite DNA as in the
numerous evolutionary new centromeres described in several species (Piras
et al. 2010). Since several evolutionary neocentromeres, fixed within species,
are satellite-free, the accumulation of satellite sequences may simply be a
neutral process driven by the presence of heterochromatin in the centromeric
DNA (Piras et al. 2010). Recently, we found satellite-less centromeres
comprising novel tandem repetitions, suggesting that arrays may represent the
intermediate stage toward satellite DNA acquisition during evolution
(Nergadze et al. 2018).

b 4 > i
I T | r
A D

B C

p« Functional centromere without satellite DNA
Satellite DNA
B 4 Functional centromere with satellite DNA

Figure 3. Schematic representation of the four-step model for neocentromere
formation during evolution. (A) Acrocentric ancestral chromosome carrying satellite
DNA (yellow) at its terminal centromere (red). (B) Submetacentric chromosome derived
from centromere repositioning; this chromosome maintained satellite DNA sequences
(yellow) at the terminal position, coinciding with the old centromere site, while the
neocentromere (red) is devoid of repetitive sequences. (C) Submetacentric chromosome
derived from (B) in which the terminal satellite sequences have been lost. (D)
Submetacentric chromosome in its full “maturation” stage carrying satellite DNA (yellow)
at the centromere (from Piras et al. 2010).
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In the scenario depicted by this model, evolutionarily immature
centromeres, lacking satellite DNA, might be expected to be found in rapidly
evolving species (Piras et al. 2010). Works from our laboratory demonstrated
that centromere repositioning played an important role in rapid karyotype
evolution of the species belonging to the genus Equus (horses, asses and
zebras) (Carbone et al. 2005, Piras et al. 2009, Piras et al. 2010). Moreover,
in these species, several centromeres were proved to be completely satellite-
free (Wade et al. 2009, Piras et al. 2010). Therefore, the rapidly evolving
Equus species gave us the opportunity to catch snapshots of evolutionarily
new centromeres in different stages of maturity (Piras et al. 2010, Purgato et
al. 2015, Nergadze et al. 2018).

3.2.1. The centromeres of the genus Equus

The order Perissodactyla (odd-toed ungulate mammals) consists of
Ceratomorpha and Hippomorpha suborders. The suborder Ceratomorpha
includes Tapiridae (tapirs) and Rhinocerotidae (rhinoceroses) families, while
the suborder Hippomorpha comprises only the Equidae (horses, asses and
zebras) family. The Equidae family is now represented by the only extant
genus Equus, encompassing eight species: two horses (E. caballus and E.
przewalskii), two Asiatic asses (E. hemionus onager and E. kiang), one
African ass (E. asinus) and three zebras (E. grevyi, E. burchelli and E. zebra
hartmannae) (Piras et al. 2009) (Figure 4).

The karyotype of still extant species of Ceratomorpha is characterized
by high chromosome number (2n ranging from 52 to 84) and mostly
acrocentric elements. This arrangement is believed to correspond to the
Perissodactyl ancestral karyotype (Trifonov et al. 2008, Piras et al. 2009).
Actually, it was demonstrated that the rate of evolutionary rearrangements in
the Ceratomorpha was extremely low (Trifonov et al. 2008). The scenario
changed remarkably during the radiation of the genus Equus, emerged about
4-4.5 MYA according to recent phylogenetic studies (Orlando et al. 2013).
Speciation events occurred very rapidly in the evolutionary time scale and
were accompanied by extensive karyotype rearrangements. In fact,
karyotypes of equid species are extremely variable in chromosome numbers
(2n ranging from 32 to 66) and structure, with variable numbers of
metacentric and submetacentric chromosomes (Musilova et al. 2007,
Trifonov et al. 2008, Piras et al. 2009, Trifonov et al. 2012, Musilova et al.
2013).
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Figure 4. Phylogenetic tree of the genus Equus. Based on Trifonov et al. 2012 and
Orlando et al. 2013.

Centromere repositioning occurred at surprisingly high frequency in
the genus Equus and several evolutionary new centromeres were identified
(Carbone et al. 2006, Piras et al. 2009).

In 2009, following the sequencing of the horse whole-genome, the
centromere of chromosome 11 (ECA11) was proved to be completely devoid
of satellite DNA. This was the first satellite-free evolutionary neocentromere,
stably fixed within a species, to be discovered and characterized at the
molecular level (Wade et al. 2009). Recent studies show that the position of
ECA11 centromere is not fixed but slides within an about 500 kb gene desert
regions among individuals, giving rise to different positional alleles, defined
“epialleles” (Figure 5). This phenomenon is called “centromere sliding” and
we recently proved that the positions of centromeric domains are inherited as
Mendelian traits, but their position can slide in one generation being stable
during mitotic propagation of cultured cells (Purgato et al. 2015; Nergadze et
al. 2018). These data confirm the epigenetic nature of centromeres and prove
that centromeric domains are characterized by positional instability (Purgato
et al. 2015). The fact that CENP-A binding domains can move within
relatively restricted regions suggests that the centromeric function is
physically limited by epigenetic boundaries.
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Figure 5. Variable position of the centromere of horse chromosome 11 among
different individuals. DNA obtained by chromatin immunoprecipitation using an anti-
CENP-A antibody, from five different horse fibroblast cultures, was hybridized to a tiling
array covering the centromere region. y-axis, the log2 ratio of the hybridization signals
obtained with immunoprecipitated DNA versus input DNA; x-axis, genomic coordinates
on ECAL11. Positions of informative SNPs are indicated as black dots (a single nucleotide
of the SNP is enriched in immunoprecipitated DNA) and red dots (both SNP alleles are
present in immunoprecipitated DNA). Adapted from Purgato et al. 2015.

Following the identification of ECA11 neocentromere, a cytogenetic
analysis was carried out to investigate the distribution of satellite tandem
repeats in E. caballus, E. asinus, E. grevyi and E. burchelli (Piras et al. 2010).
In particular, the distribution of 37cen and 2PI (Anglana et al. 1996), the
major satellite DNA families in the four analyzed Equus species, was
analyzed by fluorescence in situ hybridization (FISH). In order to rule out the
possibility that other satellite families could not be detected, hybridization
with total genomic DNA was carried out as well. Figure 6 (Piras et al. 2010)
shows the results of these hybridization experiments. In E. caballus the
majority of centromeres contained both satellites, five chromosomes (1, 4, 5,
12 and X) showed only 37cen signals and chromosome 2 showed only 2PI
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signal. As expected from previous molecular results, the centromere of
ECA11 was the only one lacking any signal. The situation was quite different
in E. asinus, E. grevyi and E. burchelli. Actually, several centromeres were
devoid of satellite DNA at the cytogenetic level and satellite signals were
detected at several non-centromeric termini, probably corresponding to relics
of ancestral now inactive centromeres (Piras et al. 2010). In particular, nine
previously identified evolutionary new centromeres, namely the centromeres
of ECAI1l, EASS, EAS9, EASI11, EASI13, EAS15, EAS16/EBUI19,
EAS18/EBU20 and EAS19, were proved to be satellite-free at the cytogenetic
level (Carbone et al. 2006, Piras et al. 2009, Piras et al. 2010).

All these studies indicate that the genus Equus, providing both
satellite-free and classical centromeres, is a unique model for the study of
centromere function, organization and evolution.
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Figure 6. Schematic representation of satellite DNA distribution on metaphase
chromosomes of Equids. Distribution of FISH signals on horse (A), donkey (B), Grevy's
(C), and Burchell's (D) zebras chromosomes. Hybridization positive loci have been
marked in different colors on banded karyotypes from each species: loci hybridizing with
the 37cen probe only are labelled in green, 2PI positive loci are labelled in red and loci
hybridizing with both 37cen and 2PI are labelled in yellow. Hybridization with genomic
DNA probes, detecting total satellite DNA, is marked in blue (from Piras et al. 2010).
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4. CENTROMERIC PROTEINS

It 1s well accepted that the centromeric DNA sequences are unable to
specify centromeric function, resulting in high divergence of centromeric
sequences and failure to detect common motifs. On the other hand, there are
proteins that are specifically found only at centromeres and exhibit
conservation among different taxa (Henikoff et al. 2001, Westermann and
Schleiffer 2013).

Centromeric proteins can be generally classified as constitutive or
transient proteins. Constitutive proteins reside at centromeres at all stages of
the cell cycle. On the contrary, transient proteins associate with the
centromere during specific stages of the cell cycle (Saxena et al. 2002,
Przewloka and Glover 2009). Constitutive centromeric proteins are major
candidates for maintaining the centromeric function (Henikoff et al. 2001).

Centromeric proteins display dynamic behaviour during the cell cycle.
Actually, they serve as beacons that mark locations on chromosomes to which
kinetochore proteins recruit. At a certain point, centromeres become
kinetochores (Przewloka and Glover 2009). Indeed, centromeric proteins first
acquire the ability to engage key kinetochore components that in turn attract
proteins responsible of microtubule binding (Przewloka and Glover 2009).
The overall kinetochore comprises an inner layer, which assembles over
centromeric chromatin, a middle layer and an outer layer, which contacts
spindle microtubules (Cleveland et al. 2003, Santaguida and Musacchio
2009).

The history of centromeric proteins started when rheumatologists
identified patient sera that recognized the centromere regions of
chromosomes giving the so-called “speckled nuclear” pattern (Moroi et al.
1980). Those patients had a scleroderma-related syndrome known as
Calcinosis, Raynaud’s phenomenon, Esophageal dysmotility, Sclerodactyly
and Telengiectasia (CREST) syndrome (Earnshaw 2015). Thus, the
antibodies were termed CREST antibodies (Earnshaw 2015). Then it turned
out that other patients with only Raynaud’s phenomenon had antibodies that
recognized centromeres (Earnshaw 2015). This is the reason why now these
antibodies are called only anti-centromere antibodies (ACA) (Earnshaw
2015).

By immunoblotting with ACA sera, three major antigens were
identified and proved to be centromeric proteins. These were the first known
centromeric proteins to be recognized. They were designated CENPs
(CENtromere Proteins) and named CENP-A (the 17 kDa antigen), CENP-B
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(the 80 kDa antigen) and CENP-C (the 140 kDa antigen) (Earnshaw and
Rothfield 1985, Earnshaw 2015). The proteins were referred to as a “family”
not just because they were all at centromeres: ACA recognized some epitopes
shared by CENP-A and CENP-B and others shared by CENP-B and CENP-
C (Earnshaw and Rothfield 1985, Earnshaw 2015). The nature of these
mutual determinants is still unknown and may rely on yet-unidentified post-
translational modifications, in view of lack of sequence similarity (Earnshaw
2015).

4.1. CENP-A and CENP-C

CENP-A is the centromere-specific variant of the histone H3. In all
eukaryotes, CENP-A is the hallmark of functional centromeres, including
satellite-free centromeres, but is absent from centromeres that are mutated or
inactivated (Henikoff et al. 2001, Allshire and Karpen 2008). Moreover,
CENP-A depletion results in mislocalization of most kinetochore proteins,
explaining why CENP-A knock-out mice are not viable and show severe
mitotic problems (Howman et al. 2000, Allshire and Karpen 2008). On the
other hand, depletion of most kinetochore proteins has no effect on CENP-A
localization. In addition, overexpression of CENP-A results in its
mislocalization to normally non-centromeric regions and the formation of
ectopic kinetochores (Allshire and Karpen 2008). Thus, some have argued
that the ability to be bound by CENP-A is the epigenetic mark of centromere
function (Henikoff et al. 2001, Allshire and Karpen 2008, Piras et al. 2010,
Fachinetti et al. 2013).

Like all histones, CENP-A contains a globular histone fold domain,
which is highly conserved among eukaryotes and similar to the core domain
of histone H3, and a N-terminal tail, which is highly divergent among
different species (Henikoff et al. 2001) (Figure 7). Centromere targeting of
CENP-A is directed by the CENP-A targeting domain (CATD) located in the
histone-fold region (Allshire and Karpen 2008, Musacchio and Santaguida
2009, Fukagawa and Earnshaw 2014). The CENP-A nucleosome core is rigid,
but overall the DNA wraps less tightly than in conventional nucleosomes,
suggesting that CENP-A chromatin may organize in a distinct conformation
(Fukagawa and Earnshaw 2014). Conflicting models have been proposed for
the structure of CENP-A containing nucleosomes, and a spirited ongoing
debate concerns whether they are octameric or tetrameric (Fukagawa and
Earnshaw 2014). However, although the debate is still active, emerging data
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appear to support the existence of octameric CENP-A nucleosomes in vivo
(Fukagawa and Earnshaw 2014).

N-tail Core
H. sapiens CENP-A [ ]
M. musculus CENP-A [ ]
D. melanogaster Cid 1 ]
C. elegans CENP-A — ]
S. cerevisiae Cse4 [ ; ]
S. pombe SpCENP-A - 1

Figure 7. Schematic alignment of centromeric histones. Core domains (light blue) of
centromeric histones (CENP-A and its homologs) are highly conserved among different
species. On the contrary, N-terminal tails (indicated in different colors) are divergent even
between related taxa. Adapted from Henikoff et al. 2001.

Regional centromeres contain blocks of CENP-A nucleosomes that
are interspersed with blocks of canonical H3 nucleosomes (Allshire and
Karpen 2008, Santaguida and Musacchio 2009, Fukagawa and Earnshaw
2014). The centromeric core domain and the pericentromere are characterized
by a specific set of post-translational modifications. Histone H3-containing
nucleosomes at the centromere core have marks that are specific for
transcriptionally active chromatin, such as Lys4 and Lys36 methylation. In
addition, CENP-A itself can be modified (RoSi¢ and Erhardt 2016). On the
contrary, the flanking pericentromeric domains are highly heterochromatic
and characterized by trimethylation of Lys9 of histone H3 (H3K9me3) and
are associated with HP1 protein (RoSi¢ and Erhardt 2016).

CENP-A nucleosomes interact with a subset of the subunits of the
constitutive centromere-associated network (CCAN). The CCAN is a group
of proteins which associate with centromeric chromatin, providing a
structural core to recruit outer kinetochore and inner centromere proteins
(Hori et al. 2013) (Figure 8).

19



Introduction

iy

iy

Approx. 50 nm

o o o3

CENP-A H3

nucleosome nucleosome KMN CCAN

Figure 8. Schematic representation of recruitment of kinetochore components by
centromeric chromatin.CENP-A nucleosomes anchor the kinetochore to the centromeric
chromatin, forming a platform for sequential assembly of kinetochore components.
Recruitment starts from the CCAN and continues with the KMN (Knl1-Mis12-Ndc80)
network, which in turns contacts microtubules. Strong physical contacts between the inner
plate (IP) and the outer plate (OP) of the kinetochore are required. Adapted from
Santaguida and Musacchio 2009

Several models have been proposed for the geometric organization of
centromeric chromatin, such as the looping model, the solenoid model and
the boustrophedon model (Musacchio and Santaguida 2009, Ribeiro et al.
2010, Fukagawa and Earnshaw 2014) (Figure 9). According to the looping
model and the solenoid model, the centromeric chromatin forms an
amphipathic organization, with CENP-A nucleosomes on the exterior facing
the kinetochore (Allshire and Karpen 2008, Musacchio and Santaguida 2009,
Fukagawa and Earnshaw 2014). In the boustrophedon model, centromeric
chromatin arranges in a sinusoidal wave in a series of layers, stacked on the
top of each other (Ribeiro et al. 2010, Fukagawa and Earnshaw 2014).
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A) Solenoid model B) Looping model  C) Boustrophedon model
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Figure 9. Current models for the spatial organization of centromeric chromatin. The
three main models for describing the organization of centromeric chromatin are the
solenoid model (A), the looping model (B) and the boustrophedon model (C). Adapted
from Fukagawa and Earnshaw 2014.

CENP-C is a conserved essential inner kinetochore component and
belongs to the CCAN (Saitoh et al. 1992). It works either downstream from
CENP-A or in parallel with it in pathways of kinetochore assembly
(Earnshaw 2015). CENP-C has been reported to have DNA binding activity,
but appears to lack sequence specificity (Sugimoto et al. 1994). CENP-C
binds to both CENP-A and to the factors that recruit CENP-A to chromatin
(Earnshaw 2015). In addition, CENP-C interacts with CENP-B through two
domains containing Mif2 homologous regions, which are also responsible for
centromere localization (Suzuki et al. 2004).

CENP-C extends into the outer kinetochore, where it is responsible
for tethering the KMN network, which in turns contact microtubules. Thus,
CENP-C is an essential bridge between the inner and outer kinetochore
(Earnshaw 2015).
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4.2. CENP-B

CENP-B is a highly conserved centromeric protein which is primarily
located inner chromatin region beneath the kinetochore plates (Cooke et al.
1990). CENP-B specifically binds to a 17 bp sequence known as the CENP-
B box. Although other centromeric proteins are also DNA-binding proteins,
CENP-B is the unique centromeric protein which exhibits unequivocal DNA
sequence binding specificity (Fujita et al. 2015).

4.2.1. The CENP-B box

CENP-B was first demonstrated to specifically bind a 17 bp motif of
the human alpha satellite, termed CENP-B box (Masumoto et al. 1989, Muro
et al. 1992). Alphoid monomers with the CENP-B box were found in all the
known alphoid subclasses except the one from the Y chromosome (Masumoto
et al. 1989). Subsequent works demonstrated that only nine out of the 17 bp
of the CENP-B box are essential for the recognition by CENP-B (Masumoto
etal. 1993).

CENP-B boxes with those nine essential nucleotides were found in the
centromeric satellite sequences of different species, such as the minor satellite
in the house mouse Mus musculus (Masumoto et al. 1989), the 79 bp satellite
in the Asian mouse Mus caroli (Kipling et al. 1995), a minor subtype of the
alpha satellite in the African Green Monkey Chlorocebus aethiops (Yoda et
al. 1996), in other several primate species (Haaf et al. 1995, Kugou et al.
2016) and several other mammalian species (Wu et al. 1995, Haaf and Ward
1995, Fantaccione et al. 1995). In addition, beyond the nine essential
nucleotides, the CENP-B box of many species shows dyad symmetries
consisting mainly of a palindromic sequence of 4 bp in which the two halves
are separated by a 3 bp spacer (5° cttCGTTggaAACGgga 3°; human CENP-
B box with nucleotides of the palindromes in uppercase) (Stitou et al. 1999).
The CENP-B box is the only common motif shared by these centromeric
satellites, suggesting that CENP-B binding is a functionally important feature
of mammalian centromeres (Kipling and Warburton 1997).

To our knowledge, the only exceptions reported to date have been
found in the North African rodent Leminscomys barbarus and in the red-neck
wallaby Macropus rufogriseus (Stitou et al. 1999, Bulazel et al. 2006). In the
former case, the novel box is 19 bp long and conserves 12 of the 17 bp of the
human one but only 5 of the 9 essential nucleotides for CENP-B binding and
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the binding between this motif and the protein was not tested. Nonetheless,
the dyad symmetries become extended from four to seven nucleotides (5’
CtTAGTTTtggAAACTALG 3’; nucleotides of the palindromes in uppercase).
On the other hand, in the marsupial the novel box carries a GA dinucleotide
instead of CG at positions 13-14, therefore affecting two essential nucleotides
for CENP-B binding, although the protein was demonstrated to bind the box
anyway (Bulazel et a. 2006). However, it has been reported that marsupials
can carry amino acid substitutions in the CENP-B domain devoted to motif
recognition (Master thesis by Demetrio Turati).

H. sapiens ~cTTCGTtggAaaCGGGa

C. aethiops CTTCGTtggAaaCGGGa

M musculus aTTCGTtggAaaCGGGa

L——— M caroli tTTCGTctaAtgCGGGt

75 25 5-7 Mya

Figure 10. Alignment of identified CENP-B boxes in indicated mammalian species.
The nucleotides that are essential for CENP-B binding are highlighted in yellow.
Conserved bases are shown in upper-case letters. Adapted from Bulazel et al. 2006.

The CENP-B box contains two CpG dinucleotides and it is well
known that, in eukaryotes, CpG methylation is an epigenetic DNA
modification which is important for heterochromatin formation. Following
the observation that demethylation of centromeric satellite DNA resulted in
redistribution of CENP-B (Mitchell et al. 1996), it became clear that CpG
methylation affects CENP-B binding. Actually, CpG methylation of the
CENP-B box reduces the binding affinity between CENP-B and its binding
site nearly to the level of nonspecific binding because of steric hindrance
(Tanaka et al. 2005).

Recent data showed that CENP-B can be trimethylated at N-terminus
and this a-N-trimethylation can enhance its binding to the CENP-B box (Dai
et al. 2013). Since the methylation level increases after stress stimuli, such as
high cell density, arsenite treatment and heat shock, it was proposed that cells
may respond to these stresses by strengthening the interaction between
CENP-B and centromeric DNA, which might play an important role in
assembly, disassembly, and/or maintenance of centromere activity (Dai et al
2013).
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4.2.2. CENP-B structure

CENP-B gene comprises a single exon and encodes a polypeptide of
a molecular mass of about 65 kDa (Earnshaw et al. 1987, Sullivan and Glass
1991). CENP-B is a multidomain protein which is characterized by a DNA-
binding region at the N-terminus, a dimerization domain at C-terminus, two
acidic domains and, surprisingly, an endonuclease domain. This protein
appears to be quite “fragile” since different works reported the formation of
degradation products of CENP-B and mapped protease sensitive sites (Muro
etal. 1992, Yoda et al. 1992, Tan et al. 2014).

1 140 219 390 404 599

| [— HE

Figure 11. Schematic representation of CENP-B domains. CENP-B domains are
represented by boxes and lines. Lines represent flexible regions of the proteins. Major
domains involved in CENP-B activity are the DNA binding domain (yellow), the
endonuclease domain (grey), the acidic domains (red) and the dimerization domain (light
blue). Adapted from Sullivan and Glass 1991 and Kitagawa et al. 1994.

The DNA binding region covers the first 129 amino acids of the N
terminus and mediates the recognition of CENP-B box (Tanaka et al. 2001).
The structure of the complex of the DNA binding region of CENP-B (CENP-
Bi.129) and the CENP-B box was solved by X-rays crystallography by Tanaka
and collaborators (Tanaka et al. 2001). CENP-B ;29 is divided into four well-
defined regions: the N-terminal arm, domain 1, the linker loop and domain 2,
(Figure 11). Domains 1 and 2 have a helix-turn-helix motif and bind to
adjacent major grooves of DNA. In the structure proposed by Tanaka and
collaborators, the DNA binding region of CENP-B makes direct contacts with
the nine essential nucleotides of the CENP-B box (Figure 12). Reflecting the
conservation of the essential nucleotides of CENP-B box, the DNA binding
regions is totally conserved between human, mouse and primates (Yoda et al.
1996). According to very recent data, the DNA binding domain of CENP-B
specifically interacts with the CENP-A-H4 complex, but not with the H3-H4
complex, and CENP-B binding in the vicinity of CENP-A nucleosome
substantially stabilizes the CENP-A nucleosome on alphoid DNA in human
cells (Fuijta et al. 2015).
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Figure 12. Crystal structure of
CENP-B (1-129) N-terminal
domain complexed with the
CENP-B box. The N-terminal
arm, domain 1, the linker loop
and domain 2 are shown in blue,
light brown, magenta and cyan,
respectively. CENP-B binding
causes DNA bending. Adapted
from Tanaka et al. 2001.

Another extremely conserved region of CENP-B is the dimerization
domain, which extends over the C-terminal region of 599 amino acid residues
(Yoda et al. 1992, Kitagawa et al. 1995). Tawaramoto and collaborators
determined the crystal structure of the dimerization domain (CENP-Bs4.599)
(Tawaramoto et al. 2003) (Figure 13). CENP-Bs4g.599 1s composed of two
amphipathic a helices, which are folded into an antiparallel configuration,
and a flexible disordered C terminus, which is not involved in dimerization.
The CENP-Bs40.50¢ monomers dimerize to form an antiparallel, four helix
bundle (Tawaramoto et al. 2003) (Figure 14). The CENP-B dimer was shown
to be sufficiently stable to bundle together two CENP-B boxes distant up to
3.5 kb (Yoda et al. 1998). Since the CENP-B box sequence exists in every
alpha satellite repeat (171 bp) of human centromeres, a model for DNA
bundling by CENP-B dimer in the centromeric chromatin has been proposed:
as shown in figure 14, CENP-B may accommodate a pair nucleosomes,
between two CENP-B boxes tethered by the dimer (Yoda et al. 1998,
Tawaramoto et al. 2003).
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Figure 13. Crystal structure of CENP-B (540-599) dimerization domain. A)
Secondary structure of CENP-B (540-599) monomers: each monomer is characterized by
two o helices (a1 and a2), two loops (L1 and L2) and a disordered region (dashed line).
B-D) Three views of CENP-B (540-599) structure during dimerization: two monomers
dimerize to form an antiparallel four-helix bundle. Adapted from Tawaramoto et al. 2003.

The middle region of CENP-B is more variable among different
species and comprise two extended clusters exceedingly rich in glutamic and
aspartic acid residues (Earnshaw et al. 1987). These acidic domains are
responsible for anomalous migration of CENP-B on SDS-PAGE. Indeed, the
true molecular mass of CENP-B is about 65 kDa but migrates as a 80 kDa
protein (Earnshaw et al. 1987). The first acidic cluster is responsible for
interaction with CENP-C (Suzuki et al. 2004). This coding sequence of this
domain is extremely rich in GAA and GAG codons, both coding for
glutamate residues, which are often organized in short tandem repeats of the
same triplet. It is worth reporting that a recent analysis on this first acidic
domains in several tens of species belonging to seven mammalian orders
revealed the existence of a great intra- and inter-order variability in the
number and in the distribution of GAA and GAG stretches, resulting in
variations in the overall number of glutamate residues (Master thesis by
Demetrio Turati).
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Interestingly, CENP-B is characterized also by an endonuclease
domain which belongs to the DDE superfamily of endonucleases, so called
because of the three conserved amino acids that are vital for functionality.
These domains are found in transposable elements of the pogo superfamily,
such as the human Tigger elements, which share an unexpected sequence
similarity with CENP-B (Kipling and Warburton 1997). Notwithstanding,
this domain in CENP-B is not likely to be still active and it is only a trace of
evolutionary history (Marshall and Choo 2012).
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Figure 14. A model for DNA bundling by CENP-B dimer in centromeric chromatin.
Orange ribbons with arrowheads indicate 171-base pair o-satellite repeats, which are
wrapped into centromeric nucleosomes. A CENP-B dimer tethers together two CENP-B
boxes, forming a loop containing two nucleosomes. Adapted from Tawaramoto et al.
2003.

4.2.3. Controversial role of CENP-B in the centromere

In spite of the fact that CENP-B was the first centromeric protein to
be cloned (Earnshaw et al. 1987), little is known on CENP-B function and its
exact role remains controversial (Earnshaw 2015). Actually, the CENP-B box
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appears to be the only feature shared by centromeric satellites at the sequence
level and both the CENP-B box and alphoid DNA sequence are required for
de novo Mammalian Artificial Chromosome (MAC) formation and
centromere assembly (Ohzeki et al. 2002, Okada et al. 2007), tempting
speculation that CENP-B binding is functionally involved in centromere
specification. On the other hand, active human neocentromeres and Y
chromosomes from many species lack both CENP-B box and bound protein
(Choo 2000, Amor and Choo 2002). Recently, lack of detectable levels of
CENP-B binding have been reported also for autosomal centromeres of
different primate species, confirming the lack of CENP-B boxes in
subfamilies of alpha satellite DNA (Kugou et al. 2016, Suntronpong et al.
2016). Conversely, inactive centromeres of pseudodicentric chromosomes
retain CENP-B, suggesting that its deposition is not sufficient for
centromerization (Choo 2000). Moreover, CENP-B is not essential, since
CENP-B knock-out mice are viable although they exhibit abnormal, lower
body and testis weights for at least 10 weeks or uterine dysfunctions,
suggesting an unknown possible role in the physiology of the reproductive
tract (Hudson et al. 1998, Fowler et al. 2000).

These discrepancies led to the hypothesis that the protein could be
functionally redundant or dispensable (Choo 2000). On one hand, it was
suggested that Tigger elements could provide a functional redundancy for
CENP-B and partially explain the lack of deleterious effects when CENP-B
is absent (Kipling and Warburton 1997, Hudson et al. 1998, Casola et al.
2008). However, more recent studies state that CENP-B works alone without
functionally redundant partners, since putative CENP-B paralogues are not
present at mammalian centromeres (Marshall and Choo 2012).

A very recent study supported the theory of functional redundancy,
suggesting that a key player of centromere specification might be the DNA
secondary structure rather than its primary sequence. As shown in the work
by Kasinathan and Henikoff (Kasinathan and Henikoff 2018), both
centromeric satellites and satellite-less neocentromeres are predicted to adopt
non-B-form conformations. In centromeric satellites harboring the CENP-B
box, CENP-B mediates the DNA bending required for such conformation. On
the other hand, centromeres lacking CENP-B binding sites are enriched in
dyad symmetries which induce DNA to adopt the non-B-form. Therefore, the
functional redundance of CENP-B is no more based on the presence of
paralogues, but on sequence peculiarities of centromeric sequences which
make up to the lacking of CENP-B binding sites.
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Furthermore, Marshall and Choo proposed that, rather being
dispensable for mitotic centromere function, the role of CENP-B at
centromeres may be related to the theory of the CENP-A mediated meiotic
drive (Marshall and Choo 2012). According to Marshall and Choo,
accumulation of CENP-B box containing satellite sequences would increase
CENP-A incorporation in the centromere through the presence of CENP-B
and be selected via meiotic drive (Marshall and Choo 2012). This could
explain why Y chromosomes are devoid of CENP-B boxes in all known
mammal species (Marshall and Choo 2012). In this scenario, CENP-B is
dispensable, because absence of CENP-B leads only to absence of meiotic
drive, but at the same time it is conserved in mammals because of the same
selection mechanism during meiosis (Marshall and Choo 2012). This
hypothesis could also explain the accumulation of satellite sequences during
the maturation of evolutionary new centromeres (Marshall and Choo 2012).

Recent data on human centromeres suggest that CENP-B stabilizes
CENP-A and CENP-C maintenance at centromeres, increasing the
centromere strength and fidelity of chromosome segregation (Fachinetti et al.
2015, Mohibi et al. 2015). In particular, according to the model proposed by
Fachinetti and collaborators, CENP-C is recruited to centromeres by two
parallel pathways: the CENP-A dependend pathway, based on the interaction
between CENP-C and CENP-A carboxyl terminal tail, and the CENP-B
dependent pathway, which relies on the binding between CENP-C and the
first acidic domain of CENP-B. These two pathways are both required since
the artificial depletion of CENP-B in human and mouse cells causes a 50%
reduction of CENP-C at centromeres with subsequent increase of
missegregation frequency, suggesting that CENP-B might be involved in the
recruitment and in the retention of CENP-C at centromeres. (Fachinetti et al.
2015).

Interestingly, very recent data demonstrated that CENP-B mediates
the SUMO-dependent recruitment of Daxx chaperon complex at centromeres
(Morozov et al. 2017). This complex mediates the incorporation of H3.3, a
histone variant which is involved in the maintenance of heterochromatin
structure at telomeres, centromeres and pericentromeres (Jang et al. 2015). As
direct consequence of its role in the recruitment of H3.3, CENP-B depletion
causes a disruption of the H3K9me3 environment around centromeres, with
subsequent erosion of pericentromeric heterochromatin and genome
instability (Morozov et al. 2017). A contribution of CENP-B in
heterochromatin formation has been highlighted also by the discovery that
inactive pericentromeric arrays of alpha satellite from human centromeres are
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actually transcribed and their long non coding transcripts still associated with
CENP-B, participating in the formation of heterochromatin pericentromeric
environment (McNulty et al. 2017).

5. THE TRIDIMENSIONAL NUCLEAR ARCHITECTURE OF
CENTROMERES

A growing body of evidence suggests that the compartmentalization
of the genome in the tridimensional nuclear architecture is essential for the
modulation of genome expression and for the establishment and maintenance
of cellular identity during differentiation (Solovei et al. 2016).

As reviewed in Solovei et al. 2016, in the tridimensional nuclear
space, chromatin is subdivided into two main compartments, called A and B,
which are spatially segregated in the nucleus. Within compartments
chromatin is organized in spatial units, such as topologically associated
domains (TADs), lamina-associated domains (LADs), nucleulus-associated
domains (NADs) or pericentromere-associated domains (PADs). TADs are
functional units which act as functional modules for physical interaction
between regulatory elements, while LADs, NADs and PADs have structural
roles in anchoring the genome within the nucleus (Solovei et al. 2016).

According to their functional role, A and B compartments closely
correspond to active euchromatin (EC) and inactive heterochromatin (HC),
respectively. The concepts of “euchromatin” and “heterochromatin™ were
introduced by Emil Heitz (Heitz 1928) upon the cytological observation that
some chromosomal regions, termed “heterochromatin”, remained condensed
even during interphase while others, referred as “euchromatin” underwent
postmitotic decondensation in the nucleus (Straub 2003). As proposed by
Heitz, further studies revealed that this cytogenetic classification reflected
functional features: euchromatin was demonstrated to be the active fraction
of the genome, is gene-rich and replicate early in S-phase, while
heterochromatin is transcriptionally inactive, gene-poor and replicate late in
S-phase. In addition, euchromatin and heterochromatin are differentially
marked by interspersed repetitive sequences, with the majority of SINEs
residing in euchromatin while LINEs and LTR are mostly found in
heterochromatin (Solovei et al. 2016). This functional separation is mirrored
in the compartmentalization of chromatin in the nuclear architecture. Indeed,
euchromatin occupies the nuclear interior, while heterochromatin is
predominantly restricted to the periphery and nucleoli (Figure 15, reviewed
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in Solovei et al. 2016). Since EC and HC domains are alternated along
chromosomes, chromosomes are folded in order to weave between the two
compartments. This nuclear organization is strongly conserved across taxa
and cell types, with only few exceptions (Solovei et al. 2009, Solovei et al.
2016). During differentiation, a reshaping of the nuclear architecture occurs:
the B inactive compartment expands, as result of progressive gene silencing,
and the degree of segregation between euchromatin and heterochromatin
increases.
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Figure 15. Euchromatic and heterochromatic chromosome regions and their spatial
separation in the nucleus. a) Euchromatin (EC, green) and heterochromatin (HC, red)
domains have complementary profiles regarding SINEs, genes, LINEs/LTR, A/B
compartments, replication timing and LADs. The example of human chromosome 1
(HSA1) is reported. b) Compartmentalization of EC and HC in the nucleus. c) Examples
of EC and HC localization in different mammalian nuclei revealed by active (H3K4me3)
and inactive (H3K27me3) chromatin immunostaining, hybridization with probes for
LINEs and SINEs, and visualization of gene-rich (HSA17, 19, 20) and less gene-rich
(HSA1-5, X) chromosomes. d) Replication pattern of different compartments in different
eukaryotes. (from Solovei et al. 2016)
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In eukaryotes, centromeres and pericentromeric sequences usually
aggregate in clusters in the tridimensional nuclear architecture and this
phenomenon is called “centromere clustering”. This clustering was observed
in different cell types and taxa, ranging from lower eukaryotes, to plants, flies
and mammals (Jones 1970, Nokkala and Puro 1976, Manuelidis 1984, Haaf
and Schmid 1991, Funabiki et al. 1993, Jin et al. 1998, Weierich et al. 2003,
Mayer et al. 2005, Fang and Spector 2005). Centromere clusters are
cytologically visible as dense nuclear bodies, termed “chromocenters”, which
were firstly described at the beginning of the 20™ century by Baccarini as foci
strongly stained by nucleic acid dyes in plant nuclei (Baccarini 1908).

Chromocenters are found in the B compartment of heterochromatin,
being characterized by DNA methylation and a panel of epigenetic
modifications associated with chromatin compaction and transcriptional
repression (Jagannathan and Yamashita 2017). In particular, in the
mammalian nuclear architecture, centromere clusters are preferentially
positioned at the nuclear periphery or around nucleoli (Weierich et al. 2003,
Solovei et al. 2016). For example, in human and mouse lymphocyte nuclei,
in human monocytes and human fibroblasts most centromere clusters are
found at the nuclear periphery and centromeres were located at the periphery
of the respective chromosome territory (Weierich et al. 2003, Solovei et al.
2004a). Nonetheless, differences in their tridimensional arrangements have
been reported, depending on cell type and cell cycle stage (Figure 16). For
instance, in mouse olfactory neurons, pericentromeric foci coalesce in
centrally located foci (Clowney et al. 2012, Solovei et al. 2016). Similarly,
following post-mitotic chromatin reorganization in mouse Purkinje cells in
the cerebellum, nucleoli and chromocenters initially move inwards and fuse.
In later stages, some centromeric clusters dissociate and return to the nuclear
periphery (Manuelidis 1984, Solovei et al. 2004b, Solovei et al. 2016). During
rod cell differentiation in nocturnal mammals, an inversion of euchromatin
and heterochromatin nuclear positions occurs and thereby chromocenters
coalesce in the nuclear interior (Solovei et al. 2009, Solovei et al. 2016). In
addition, clustering of the kinetochore regions and their nuclear position
change with the cell cycle stage in the same way in different cell types: a large
fraction of centromeres is in the nuclear interior during early G1 without
clustering, in late G1 and early S centromeres shift to the nuclear periphery
and form clusters and the highest degree of centromere clustering is found in
GO cells (Solovei et al. 2004a).
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Figure 16. Position of chromocenters in different cell types. a) Conventional nucleus
with peripheral HC and internal EC. Chromocenters localize at the periphery or around
nucleulus. At least two major tethers of peripheral HC (LADs) binding are identified, the
LBR (Lamin B receptor)-dependent and LA/C (lamina-costituent Lamin A/C)-dependent
tethers. b) Repositioning and silencing of olfactory receptor in olfactory neurons during
their differentiation. During this nuclear reshaping, chromocenters coalesce and repressed
alleles relocate and cluster in large foci positioned in the HC zone around chromocenters.
(c) Postmitotic reorganization of nucleoli and chromocenters in nuclei of Purkinje cells in
the cerebellum (d) Nuclear inversion in rod cells of nocturnal mammals, as reported in
Solovei et al. 2009. Rod photoreceptors stop proliferation at PS—P6 when they still have a
conventional nuclear organization with HC adjacent to the nuclear periphery. In
postmitotic rods, chromocenters and HC fuse in the nuclear interior, while EC relocates to
a thin peripheral shell. (Adapted from Solovei et al. 2016)

34



Introduction

In higher eukaryotes, the role of chromocenters, comprising both
centromeric and the extendend blocks of “junk” pericentromeric satellite
DNA, remains controversial (Jagannathan and Yamashita 2017). A possible
explanation is given by the observation that the disruption of chromocenters
resulted in a dramatic increase in micronuclei formation, thereby resulting in
accumulation of DNA damages, chromosomal breaks and damages to the
nuclear envelope integrity (Jagannathan and Yamashita 2017). Thus,
chromocenters have been proposed to play a critical role in encapsulating the
full genome in a single nucleus, acting as anchors in genome
compartmentalization (Jagannathan and Yamashita 2017).

Despite the conservation of centromere clustering across eukaryotes
and its proposed role in the tridimensional nuclear architecture, it is matter of
debate whether this phenomenon relies on the presence of satellite DNA or
on the epigenetically-defined centromeric function. It has been proposed that
similarly typed sequences exhibit a high affinity to each other, thus driving
the separation of compartments within the nucleus (Solovei et al. 2016). In
particular, highly repetitive sequence might self-associate, acting as dominant
seeds to promote segregation of heterochromatin and euchromatin within the
nucleus (Krijger and de Laat 2013, Solovei et al. 2016). This mutual attraction
could be tentatively attributed to chromocenter bundling proteins, such as
HMGALI identified in mouse and D1 in Drosophila, which can cross-link
DNA molecules on multiple chromosomes and promote chromocenter
formation (Jagannathan and Yamashita 2017).

On the other hand, recent studies in Candida albicans suggested that
the basis of centromere clustering depends on epigenetically defined function
and not on the primary DNA sequence (Burrack et al. 2016). Candida
albicans 1s an organism with epigenetically-inherited centromeres which are
made by about 3 kb central core sequences lacking any common motif,
flanked by inverted repeats, short tandem repeats and transposon-associated
repeats (Sanyal et al. 2004, Burrack et al. 2016). Despite the lack of satellite
DNA characteristic of higher eukaryotes, these centromeres form clusters in
the nucleus. Taking advantage of strains carrying 20 different
neocentromeres, Burrack and collaborators demonstrated that, surprisingly,
neocentromeres clustered with active native centromeres. On the contrary, in
the wild type strain, or rather prior to neocentromere formation, region where
neocentromeres could form did not exhibit strong interactions with other
centromeres (Burrack et al. 2016), demonstrating that in this organism the
basis of clustering is epigenetic.
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In addition, the presence of mammalian species with centromeres
lacking satellite DNA, such as the ones of the genus Equus, raises the question
whether these satellite-free centromeres might participate in chromocenters
and how satellite-free chromosomes are correctly partitioned in the nucleus.

6. THE “CENTROMERE EFFECT” ON MEIOTIC
RECOMBINATION

The meiosis is a specialized form of cell division of a diploid cell in
which a single round of DNA replication is followed by two nuclear divisions.
During the first one, called Meiosis I, the homologous chromosomes pair,
recombine and then segregate to opposite poles. In the second division,
named Meiosis I1, sister chromatids are separated and the overall process ends
with the formation of four nuclei, each containing a complete haploid set of
chromosomes.

A key step of meiosis is recombination between homologous
chromosomes, which occurs in Prophase I and has the dual role of driving
immediate chromosome segregation and generating novel variants for long
term evolution. Prophase I is divided in four different phases, namely
leptonema, zygonema, pachynema and diplotema (Figure 17, Baudat et al.
2013).
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Figure 17. The four phases of meiotic Prophase I. The chromosomes begin to condense
and meiotic recombination starts with the formation of double-strand breaks (DSBs)
during leptonema. Synapsis between homologs starts at zygonema and the pairing is
complete in pachynema. DSBs are progressively resolved by recombination and cross-
overs between homologs could be visualized as chiasmata during diplonema. Adapted
from Baudat et al. 2013.

During zygonema, homologous chromosome pair and form a bivalent
structure and this process is coupled with the establishment of the
synaptonemal complex (SC) (Baudat et al. 2013, Da Ines and White 2015).
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The synaptonemal complex is a zipper-like protein structure which forms
between pairs of homologous chromosomes (Figure 18). It is highly
evolutionary conserved, being a key structure of meiosis from yeast to
mammals (Zickler and Kleckner 1999, Gao and Colaiacovo 2018). The
synaptonemal complex is composed by a central element and two rod-like
lateral elements, joined together by transverse filaments (Syrjénen et al. 2014,
Fraune et al. 2016).
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Figure 18. The mammalian synaptonemal complex. (A) Tripartite ultrastructural
appearance in which transverse filaments bridge between a midline central element and
lateral elements that coat the chromosome axes. Electron micrograph from Kouznetsova
et al. 2011. (B) Model for assembly of the mammalian SC from its key components.
SYCP1 forms the transverse filaments, with its N- and C-terminal regions located in the
central and lateral elements respectively. The central element also contains SYCEI,
SYCE2, SYCE3 and TEX12, while the lateral elements contain SYCP2 and SYCP3.
Adapted from Syrjénen et al. 2014.

Homolog pairing is essential for meiotic recombination, which solves
the double-strand breaks (DSBs) induced in leptonema. In particular, DSBs
can be resolved by either crossovers (COs) or non-crossover mechanisms.
Cross-overs consist of reciprocal exchanges between homologs, while non-
crossovers involve only a unidirectional transfer of genetic information over
short intervals and therefore have only a limited, local effect on genetic
diversity (Baudat et al. 2013).

Since only a small fraction of DSBs are processed as COs, a highly
regulated genetic control determines both CO homeostasis and their
distribution along chromosomes (Capilla et al. 2016). In particular, it is well
known that at least one CO is required per chromosome pair (Jones and
Franklin 2006). Moreover, the presence of a CO influences the positioning of
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other CO events on the same chromosome, in a phenomenon called CO
interference (Jones and Franklin 2006).

A peculiar region for the regulation of CO positioning is the
centromere. As a matter of fact, the centromere exerts a direct, negative effect
on meiotic recombination, both within itself and on proximal regions (Beadle
1932, Mather 1938, Choo 1998). This effect is termed the “centromere effect”
and it is conserved across eukaryotes (Choo 1998). Crossover suppression
ranges from 5-fold to >200-fold in different organisms (Talbert and Henikoff
2010). The precise mechanisms responsible for this phenomenon are still
controversial, though it has been hypothesized that selective pressure to
reduce crossing over near the centromere would be strong. Indeed,
recombination events too close to the centromere may disrupt pericentric
sister chromatid cohesion, having dramatic impact on kinetochore
functionality (Talbert and Henikoff 2010).
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Aims of the work

Although dispensable for centromeric function, satellite DNA has been
proposed to contribute to the stability of centromeres and their clustering in
the tridimensional nuclear architecture. Despite their high divergence,
centromeric satellites share a common motif, the CENP-B box, which is
recognized by the centromeric protein CENP-B, the only known centromeric
protein that exhibits DNA binding specificity. In spite of the high
conservation of CENP-B protein and its binding motif across mammals, this
protein appears dispensable for the centromeric function, giving rise to the
so-called “CENP-B paradox”. Thus, the interconnected roles of both satellite
DNA and CENP-B are still an open issue.

Even though tandemly repeated DNA is a common feature of
mammalian centromeres, in Equus species satellite DNA is uncoupled from
centromeric function: beyond classical satellite-based centromeres, several
centromeres are satellite-free and many satellite DNA loci are not
centromeric. Thus, equid species represent a powerful model system for the
study of the epigenetic establishment of the centromeric function.

Previous work from our laboratory demonstrated that also the rodent
Cricetulus griseus carries peculiar centromeres, characterized by large
clusters of telomeric-like repeats as well as chromosome-specific families of
satellite DNA, suggesting a particular organization of centromeric satellite in
this species.

The aims of this work were:

1. to characterize satellite-based centromeres of Equus caballus, identifying
the major centromeric satellite DNA sequence;

2. to verify the presence of satellite-free centromeres in Equus asinus, to
analyze their DNA sequence organization, positional stability and
transmission;

3. to investigate the role of the CENP-B protein in the epigenetic
establishment of centromeric chromatin in the genus Equus, focusing on
the analysis of CENP-B gene and protein product, the study of CENP-B
distribution with respect to other centromeric proteins and the
identification of its binding sites in Equus caballus, Equus asinus, Equus
grevyi and Equus burchelli;

4. to characterize the CENP-B binding pattern in Cricetulus griseus,
focusing on the identification and the distribution of its binding sites;
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to test whether the basis of centromere clustering depends on the primary
DNA sequence (satellite DNA) or on the centromeric function, taking
advantage of the presence of satellite-less and satellite-based
centromeres in Equus caballus and Equus asinus;

to test whether the “centromere effect” on meiotic recombination is
related to presence of satellite DNA or to the centromeric function. To
investigate the phenomenon of “double-spotted” centromeres at meiosis.
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1. CELL CULTURE

Horse (Equus caballus), donkey (Equus asinus), hinny (Equus burdo,
hybrid of stallion and jenny), mule (Equus mulus, hybrid of jack and mare)
and human (Homo sapiens) fibroblasts were isolated and established from
skin biopsies under sterilized conditions. Grevy’s zebra (Equus grevyi)
primary fibroblasts were purchased from Coriell Repositories. Burchell’s
zebra (Equus burchelli) primary fibroblasts were kindly provided by Prof.
Mariano Rocchi from the University of Bari (Bari, Italy). As far as Part 2 is
concerned, primary fibroblast cell lines from DonkeyB, HorseA, HorseC,
Horse D and Hinny were established from skin or testis biopsies of adult
animals from Cornell University and kindly provided by Professor Douglas
F. Antczak. HorseD fibroblasts were obtained from testicular tissue of a
freshly castrated. MuleA, MuleB, and MuleC cell lines were derived from
three mule conceptuses from normal pregnancies recovered on days 32-34
after ovulation via uterine lavage, as described (Adams and Antczak 2001).
Immortalization of the MuleA fibroblast cell line was carried out as described
in Vidale et al. (2012).

Primary fibroblasts were cultured in high-glucose DMEM
(EuroClone) medium supplemented with: 20% fetal calf serum (EuroClone
or Biowest), 2x NEAA (non-essential amino acids, EuroClone or Biowest),
2mM L-glutamine (SIGMA), 1x penicillin/streptomycin (SIGMA). Mule
immortalized fibroblasts were grown in the same medium of primary
fibroblasts supplemented with G418 sulphate (Invivogen) at the final
concentration of 0.4 mg/ml.

HelLa cells were cultured high-glucose DMEM (EuroClone) medium
supplemented with: 10% fetal calf serum (EuroClone), 1x NEAA (non-
essential amino acids, EuroClone), 2mM L-glutamine (SIGMA), 1x
penicillin/streptomycin (SIGMA).

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

2. DNA EXTRACTION

Whole genomic DNA from horse, donkey, Grevy’s zebra and
Burchell’s zebra fibroblasts was extracted according to standard procedures
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(Sambrook and Maniatis, 1989). The equine BAC clones of interest, 37cen
and CENPB-sat DNA probe were extracted from 10 ml of bacteria cultures
with the Quantum Prep Plasmid miniprep kit (BioRad), according to supplier
instructions.

3. PCR AND SEQUENCING

The details of the PCR amplification and sequencing of donkey
satellite-less centromeres, reported in Part 2, can be found in the attached
paper.

The primer pairs listed in Table 1 were used for amplification of the
DNA segment of the coding sequence of CENP-B gene. The PCR was carried
out in a 25 pl-final volume with 50-200 ng of genomic DNA, 20 pmol of each
primer, 0.2 mM dNTPs (Fermentas), 1x Colourless Buffer (Promega) and 0.4
units of GoTag® DNA polymerase (Promega). We used this thermal profile:
95°C for 2 min followed by 35 cycles at 95°C for 40 s, appropriate annealing
temperature for 40 s and 72°C for appropriate extension time and a final
extension cycle at 72°C for 10 min. The PCR products were electrophoresed
through a 1% agarose gel.

PCR products were either treated with Exol and FastAP (Thermo
Scientific) or gel extracted using PCR Clean and Gel extraction kit (Promega)
according to the manufacturer’s protocol and then TA cloned using pGEM-T
Easy vector (Promega). Sanger-sequencing was carried by the BMR
Genomics company or by the GATC Biotech company.

Fl aagaattcgccaccATGGGCCCCAAGCGGCGGCAGCTGACGTTCC
F2 AGGATGGGCCCCAAGCGGCGGCAGCTGACG

F3 GTCAAGGGCATCATCCTCAAG

F4 TGCTTTCGTGAGGCTGGCTT

R1 2aggatccttGCTTTGATGTCCAAGACCCCGAACT

R2 CACGCCAGCCGGTCGTACTC

R3 GAGGGCAGTGGTGATAGTGG

R4 2aggatccttGCTTTGATGTCCAAGACCCCGAACT

Table 1. Sequence of the primers used to amplify and sequence CENP-B CDS. Tails
containing restriction sites are written in lowercase.
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4. ANTIBODIES

The ChIP-seq experiments described in Parts 1 and 2 were performed
using a polyclonal antibody against human CENPA protein (Wade et al. 2009,
kindly provided by Prof. Mariano Rocchi, Universita di Bari) or a human
CREST serum whose CENP-A specificity was previously demonstrated
(Purgato et al. 2015).

The immunofluorescence experiments described in Parts 3, 4, 5 and 6
were performed with the following antibodies: anti-CENP-B ab84489
(Abcam), anti-CENP-B sc-22788 (Santa Cruz Biotechnology Inc.), anti-
CENP-B H00001059-BO1P (Abnova), anti-CENP-A sheep serum against the
horse protein CENP-A (kindly provided by Professor Kevin F. Sullivan from
NUI Galway, Galway, Ireland), the human CREST serum previously
described, a rabbit anti-CENP-C polyclonal antibody (Wade et al. 2009), anti-
B23 antibody (B0556, Sigma) anti-SCP3 antibody (Abcam, ab15093) and
anti-MLHI1 antibody (BD Pharmingen, 551091). ChIP-seq experiments
described in Parts 3 and 4 were performed with anti-CENP-B sc-22788 (Santa
Cruz Biotechnology Inc.), the anti-CENP-A sheep serum previously
described, the polyclonal antibody against human CENPA protein (Wade et
al. 2009) and the human CREST serum previously described (kindly provided
by Dr. Claudi Alpini from “Fondazione [.R.C.S.S. - Policlinico San Matteo).

5. WHOLE PROTEIN EXTRACT PREPARATION AND
WESTERN BLOTTING

To obtain total protein extracts for Western Blotting, about 3 million
cells were washed twice with cold PBS and resuspended in a lysis buffer (50
mM Tris-HCI pH 6.8, 86 mM B-mercaptoethanol, 2% SDS) and boiled for 10
minutes. Proteins were then separated by SDS-PAGE on a 7.5%
polyacrilamide gel and blotted to nitrocellulose membranes (Amersham™
Hybond™-ECL, GE-Healthcare) according to standard methods. The
proteins on the filter were blocked incubating the membranes with 7.5% Skim
Milk in PBST at 4°C for 8 hours on the rocket. The anti-CENP-B sc-22788
antibody, diluted 1:750 in 7.5% Skim Milk in PBST was incubated at 4°C for
15 hours on the rocket, followed by three 10 minutes washes with PBST at
4°C. The secondary antibody (HRP conjugated anti-rabbit for sc-22788),
diluted 1:5000 in the blocking solution, was incubated for 1 hour at 4°C,
followed by three 10 minutes washes with PBST at 4°C. To detect the protein
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labeled to the antibody we used the BIO-RAD Clarity™ Western ECL
Substrate kit following manufacturer’s protocol. The exposition, from few
seconds to 3 minutes, was performed using chemioluminescence films (GE
Healthcare, Amersham Hyperfilm ECC), which were then developed and
fixed. Subsequently, the membrane was washed in PBST at 4°C for 15 hours,
on the rocket, for the immunodetection of a tubulin, used as loading control.
The membrane was blocked with 7.5% Skim Milk in PBST at 4°C for 2,5
hours on the rocket. The anti- a tubulin antibody [DM1A] ab7291 (Abcam),
diluted 1:5000 in 7.5% Skim Milk in PBST was incubated at 4°C for 1 hours
on the rocket, followed by three 10 minutes washes with PBST at 4°C.
Secondary antibody incubation and detection was performed as previously
described for CENP-B immunodetection.

6. IMMUNOFLUORESCENCE

Primary fibroblasts were harvested, washed once with phosphate-
buffered saline and re-suspended at a concentration of 4x10* cells/mL in
0.075M KCI for 20 minutes at 37°C. The cell suspension was then
supplemented with 25mM sucrose for 20 minutes at room temperature. 100
ul of cell suspension were cyto-spun (BHG Hermle Z380) onto slides at 1250
rpm for 8 minutes. Slides were fixed in cold methanol for 4 minutes on ice
and then incubated in 1x PBS supplemented with 0.05% Tween-20 (PBST).
Incubation with the anti-CENP-B ab84489 and sc-22788, diluted 1:80 in
PBST, was performed for 2.5 hours at 37°C. Incubation with the anti-CENP-
C polyclonal, diluted 1:100 in PBST, was performed for 1 hour at 37°C.
Incubation with the anti-CENP-A polyclonal or human CREST serum,
diluted 1:250 in PBST, was performed for 1 hour at 37°C. Slides were then
washed three times for 5 minutes in PBST at room temperature. Secondary
antibodies (FITC conjugated anti-rabbit, Alexa488 conjugated anti-mouse,
Texas Red conjugated anti-mouse, Alexa488 conjugated anti-human,
Alexa488 conjugated anti-sheep and rhodamine conjugated anti-sheep),
diluted 1:100 in PBST, were added and incubated for 1 hour at 37°C. After
two washes in PBST at room temperature, chromosomes were counterstained
with DAPI (0.2 pg/ml) and mounted with Fluorescence Mounting Medium
(Dako). Digital grey-scale images for fluorescence signals were acquired with
a fluorescence microscope (Zeiss Axioplan) equipped with a cooled CCD
camera (Photometrics). Pseudocoloring and merging of images were
performed using the IpLab software.
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7. CENPB-sat PLASMID VECTOR CONSTRUCTION

The portion of the CENPB-sat comprising the CENP-B box and
lacking identity regions with the 37cen satellite was amplified from horse
genomic DNA using the following primer oligonucleotides containing EcoRI
and Sall adapters required for cloning purposes: CENPBsat-F 5’-
ATTGAATTCCCTTTCTGACATAGGTGCTTTCTG-3" and CENPBsat-R
5’- ATTGTCGACGCTTTAGGACTTCTGCTTCTG-3’. PCR products were
digested with EcoRI/Sall and cloned in the pSVal plasmid (Nergadze et al.
2009) using the same procedure described by Nergadze and collaborators to
obtain an 8-copies-array of the cloned portion (Nergadze et al. 2014).

8. FLUORESCENCE IN SITU HYBRIDIZATION

Metaphase spreads preparation was performed as described in Piras et
al. 2010. Briefly, mitotic cells were mechanically detached by blowing the
medium on the dish surface. Then the cells were harvested, centrifuged and
incubated with 10 ml KCl1 0.075M at 37°C for 20 minutes and fixed in cold
methanol: acetic acid (3:1) overnight. The fixative was changed two times
and cells were spread onto glass slides.

Fluorescence in situ hybridization (FISH) was performed as described
in Piras et al. 2010. Briefly, CENPB-sat satellite probe and whole genomic
DNA were labeled by nick-translation with Cy3-dUTP or Alexa488-dUTP.
For each slide, 250 ng of satellite and/or 25 ng of labelled whole genomic
DNA in 50% hybridization solution were used. The probes were applied and
both the probe and the metaphase spread preparation were simultaneously
denatured on a hot block at 72°C for 3 minutes and 30 seconds. Hybridization
was carried out overnight at 37°C. We then performed three post-
hybridization washes of 5 minutes in 50% formamide, followed by three
washes of 5 minutes in 2xSSC at 42°C. Chromosomes were counterstained
with DAPI (0.2 pg/ml) and mounted with Fluorescence Mounting Medium
(Dako). Digital grey-scale images for fluorescence signals were acquired with
a fluorescence microscope (Zeiss Axioplan) equipped with a cooled CCD
camera (Photometrics). Pseudocoloring and merging of images were
performed using the IpLab software. Chromosomes were identified by
computer-generated reverse DAPI banding according to the standard

karyotypes.
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9. IMMUNO-FISH ON METAPHASE SPREADS

After image acquisition, immunofluorescence slides were washed in
2xSSC for 10 minutes at room temperature and then fixed in cold methanol:
acetic acid (3:1) for 15 minutes. The DNA probe was then applied and the
slides were treated as for FISH experiments.

10. CHROMATIN IMMUNOPRECIPITATION

For each IP reaction at least 10 million cells were collected,
centrifuged at 1700 rpm for 7 minutes and pooled. Formaldehyde, at the final
concentration of 1%, was directly added to the pool of cells and left rocking
100 rpm at 26°C for 15 minutes. To quench formaldehyde, glycine was added
to the final concentration of 0,125 M and left rocking at 26°C for 10 minutes.
The pool was then centrifuged at 800 rcf for 5 minutes at 4°C to obtain a
pellet, which was stored at -80°C for at least one night. The pellet was thawed
gradually on ice and washed twice with PBS 1x supplied with Protease
Inhibitor Cocktail (Roche).

The pellet was resuspended in ChIP lysis buffer (SDS 0,25%, 50 mM
Tris-HCl pH 8, 10 mM EDTA pH 8) with PIC (Protease Inhibitor Complex),
and divided into aliquots of 20 million cells per 650 ul. Resuspended cells
were sonified with Branson Sonifier 250 to obtain fragments of 200-800 bp;
the fragments size was checked on agarose gel.

Samples were centrifuged for 10 minutes at maximum speed at 4°C to
collect the cross-linked sonicated chromatin. Each IP reaction was performed
in 1250 pl of 10 million cells each. Therefore supernatant was brought to
volume with Dilution buffer (0,5% Nonidet P40, 10 mM Tris-HCI pH 7,5,
2,5 mm MgCl2, 150 mM NaCl) supplied with PIC inhibitor.

Pre-clearing was performed with A/G beads (Protein A Sepharose™
4 Fast Flow/Protein G Sepharose™ 4 Fast Flow, GE Healthcare), previously
treated with a blocking buffer (phosphate-buffered saline containing
sonicated E. coli genomic DNA 500 ng/ul and BSA 10 mg/ml) for 1 hour at
4°C on shacking. Then, after centrifugation at 4000 rpm for 5 minutes at 4°C,
the supernatant was recovered and beads discarded. 240 pl of the supernatant
were saved as Input (20% of the total chromatin used for each IP). The
remaining was divided into aliquots and incubated first with the antibody of
interest at 4°C overnight, followed by incubation with previously treated A/G
beads for 3 hours at 4°C on the rocket. Samples were then centrifuged for 2
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minutes at 1200 g at 4°C and the supernatant was removed. The beads were
washed 5 times with cold ChIP wash buffer (0,25% SDS, 1% TritonX-100, 2
mM EDTA pH 8, 150 mM NacCl, 20 mM Tris-HCI pH 8) and the last wash
with cold ChIP final wash buffer (0,25% SDS, 1% TritonX-100,2 mM EDTA
pH 8, 500 mM NacCl, 20 mM Tris-HCI pH 8). After discarding completely
the last wash, the immunocomplexes were eluted adding ChIP elution buffer
(1% SDS, 100 mM NaHCO3, 40 pug/ml RNase A). Samples were incubated
at RT for 15 minutes, then at 37°C for 1 hour and finally reverse cross-linked
at 65°C, over-night. The day after the DNA was purified and eluted using the
kit Promega (Wizard SV Gel and PCR Clean-up System) according to the
manufacturer's instructions.

After purification the DNA was quantified using the Quantus™
Fluorometer (Promega) with the QuantiFluor® ONE dsDNA System
(Promega) according to manufacturer’s instruction.

11. SLOT BLOT

Scalar amounts (0.5 ng, 1 ng, 2 ng) of immunoprecipitated and Input
DNAs were transferred to nylon membranes (Amersham HybondTM-N, GE
Healthcare) through a Minifold II apparatus (Schleicher and Schuell) and
were denatured in NaOH 0.4 M/NaCl 0.6 M for 15 minutes at room
temperature. The membranes were hybridized at 64°C for 18 hours in Church
buffer containing the **P-a[dCTP]-labeled DNA probes (Megaprime DNA
Labelling System, GE Healthcare kit), generated from the following DNA
fragments: (1) 7 kb EcoRI/Sacl 37cen fragment and (i1) a 7.2 kb EcoRI/Sacl
2PI fragment, extracted from the plasmid clones described previously
(Anglana et al. 1996; Piras et al. 2010); (ii1) a 441 bp PCR-amplified fragment
from horse genomic DNA, spanning a previously described ERE-1 insertion
(Hill et al. 2010), were obtained using the 5’-
CAAATGAATCAGCTCACCCTT-3’ and 5’-ATAGGATCCTGAG
AGACAACTTGCCACA-3’ primers; (iiii) a telomeric probe, (TTAGGG)s ,
previously prepared in our laboratory and described in Bertoni et al. 1994.

Post-hybridization washes were as following: twice in 2x SSC-0.5%
SDS, 15 minutes and once in 0.2x SSC-0.5% SDS, 30 minutes at 64°C. The
probe signal was detected exposing the filter over-night and the images were
obtained wusing Cyclone Storaege phosphor system (Packard). The
densitometric analysis was performed with the Imagel] 1.48v software.
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Another exposition was performed for 5-10 days using traditional
photographic films (Hyperfilm MP), which were then developed and fixed.

12. NEXT-GENERATION SEQUENCING OF ChIP
EXPERIMENTS

An aliquot of DNA purified from immunoprecipitated or input
chromatin was paired-end sequenced through an Illumina HiSeq2000 or
HiSeq2500 platform by by IGA Technology Services (Udine, Italy). The
length and the number of reads obtained in each dataset regarding Parts 3 and
4 are reported in Table 2. Details on the sequencing experiments of Parts 1
and 2 can be found in the attached papers.

Sample Read Total number of Notes
length (bp) reads

Horse CENP-B ChIP 100 27,682,380

Horse CENP-B Input 100 55,359,526

Donkey CENP-B ChIP 100 29,797,622

Donkey CENP-B Input 100 126,605,282

Grevy’s zebra CENP-B 125 19,020,884

Grevy’s zebra CENP-A 125 32,468,528

Grevy’s zebra Input 125 24,488,430

Burchell’s zebra CENP-B 125 26,347,730

Burchell’s zebra CENP-A 125 24,326,822

Burchell’s zebra Input 125 19,102,434

Horse CENP-A ChIP 100 42,683,528 HorseC CENP-A
ChIP in Part 2.

Horse CENP-A Input 100 45,821,170 HorseC CENP-A
Input in Part 2.

Donkey CENP-A ChIP 100 44,267,364 DonkeyB CENP-
A ChIP in Part 2.

Donkey CENP-A Input 100 37,434,334 DonkeyB CENP-
A Input in Part 2.

CHO CENP-B ChIP 125 27,621,076

CHO CENP-B Input 125 33,440,796

CHO CREST serum ChIP 125 21,182,738

CHO CREST serum Input 125 37,809,056

Table 2. Read length and total number of reads obtained from the sequencing of ChIP-
seq experiments (Part 3 and Part 4).

48



Materials and Methods

13. RNA-seq

Total RNA was extracted from 6 million cells using the miRNeasy
Mini Kit (QIAGEN) according to manufacturer’s protocol. The quality of the
extracted RNA was evaluated by electrophoresis through a 1% agarose gel.
An aliquot of RNA was paired-end sequenced by IGA Technology Services
through the Illumina HiSeq2500 platform. 40 million reads were requested
for each sample. The length and the number of reads obtained in each dataset
are reported in Table 3.

Sample Read length (bp) Total number of reads = Notes

Horse 125 59,090,294 Dataset used in
Parts I and 3.

Donkey 125 79,164,582

Table 3. Read length and total number of reads obtained from the sequencing of
RNA-seq experiments.

14. BIOINFORMATIC ANALYSIS OF SEQUENCING DATA

Details of the bioinformatics analysis of sequencing data of Parts 1
and 2 are reported in the attached paper.

As far as Part 3 is concerned, for the identification of the CENP-B
bound satellite from the horse reference genome, reads from the ChIP-seq
experiment with the anti-CENP-B antibody on horse primary fibroblasts were
aligned to the horse reference genome (EquCab 2.0, 2007 release) with Bowtie
(version 1.1.2), using the single end mode and £ = 10 correction in order to
refine the mapping of reads from satellite repeats (Langmead et al. 2009). Peak
calling on the sequencing data was then performed through MACS14 (version
1.4.1). Stringent criteria were arbitrarily applied: chrUn selection, fold
enrichment > 8, -10Log;o(p-Value) >100 and FDR (%) < 1. The 57 top-ranked
regions were analyzed through Tandem Repeat Finder (Benson et al. 1999)
(Table 3). For each region, Tandem Repeat Finder reports one or more classes
of tandem repeats, providing a consensus for each class. The 425 bp consensus
sequence of CENPB-sat was obtain by Multalin alignment of all the 59
identified consensus sequences containing a canonical CENP-B box.
Consensus sequences other than CENPB-sat identified by Tandem Repeat
Finder were analyzed using RepeatMasker (http://www.repeatmasker.org/)
(Table 4).
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chr start end Length  -10Log; Fold FDR  Satellite DNA
(bp) (p-value)  enrichment (%)  families

chrUn 33874464 33887158 12695 1239.81 11.21 0 Functional CENPB-sat
chrUn 71614738 71622796 8059 3100 9.99 0 Functional CENPB-sat
chrUn 110961147 110964445 3299 3100 9.61 0 Functional CENPB-sat
chrUn 117211357 117214356 3000 3100 9.6 0 Functional CENPB-sat
chrUn 82122665 82128068 5404 3100 9.5 0 Functional CENPB-sat
chrUn 54812843 54845204 32362 1503.41 9.45 0 Functional CENPB-sat
chrUn 72051332 72054373 3042 3100 9.29 0 Functional CENPB-sat
chrUn 91274650 91279027 4378 3100 9.2 0 Functional CENPB-sat
chrUn 101795688 101799360 3673 3100 9.19 0 Functional CENPB-sat
chrUn 94942932 94947038 4107 3100 9.1 0 Functional CENPB-sat
chrUn 97854352 97858229 3878 3100 9 0 Functional CENPB-sat
Functional CENPB-sat
chrUn 114321027 114324151 3125 2099.4 8.84 0 2P1
chrUn 72542211 72549683 7473 3100 8.76 0 Functional CENPB-sat
chrUn 105093860 105097109 3250 3100 8.73 0 Functional CENPB-sat
Functional CENPB-sat
chrUn 73982079 73989070 6992 3226.07 8.71 0 2P1
chrUn 93732892 93736918 4027 3100 8.68 0 Functional CENPB-sat
chrUn 67249865 67260632 10768 3100 8.67 0 Functional CENPB-sat
chrUn 97242262 97246111 3850 3100 8.6 0 Functional CENPB-sat
chrUn 90074831 90079410 4580 3100 8.59 0 Functional CENPB-sat
chrUn 83871324 83873940 2617 3100 8.57 0 Functional CENPB-sat
Functional CENPB-sat
Degenerated CENPB-
sat
chrUn 49208565 49216007 7443 1584.48 8.52 0 2P1
chrUn 75011879 75018743 6865 3100 8.52 0 Functional CENPB-sat
chrUn 70779673 70787915 8243 3100 8.46 0 Functional CENPB-sat
Degenerated CENPB-
sat
chrUn 63171762 63175412 3651 623.55 8.43 0 2P1
chrUn 66165502 66177256 11755 2558.77 8.4 0 Functional CENPB-sat
chrUn 67433207 67443916 10710 3100 8.37 0 Functional CENPB-sat
chrUn 112717344 112720649 3306 3100 8.36 0 Functional CENPB-sat
chrUn 74855626 74859946 4321 3100 8.34 0 Functional CENPB-sat
chrUn 105016617 105020096 3480 3100 8.32 0 Functional CENPB-sat
chrUn 96783313 96787107 3795 3100 8.29 0 Functional CENPB-sat
chrUn 109111816 109115169 3354 3100 8.28 0 Functional CENPB-sat
Functional CENPB-sat
chrUn 114682903 114686026 3124 3100 8.28 0 2P1
chrUn 65558641 65561764 3124 3100 8.26 0 Functional CENPB-sat
chrUn 74891764 74898613 6850 3100 8.24 0 Functional CENPB-sat
chrUn 100562408 100566192 3785 3100 8.24 0 Functional CENPB-sat
chrUn 96066658 96070674 4017 3100 8.23 0 Functional CENPB-sat
chrUn 84177172 84182335 5164 3100 8.22 0 Functional CENPB-sat
chrUn 80163195 80167137 3943 3100 8.21 0 Functional CENPB-sat
chrUn 92957610 92961928 4319 3100 8.21 0 Functional CENPB-sat
chrUn 92038299 92042736 4438 3100 8.19 0 Functional CENPB-sat
chrUn 115562128 115565201 3074 3100 8.17 0 Functional CENPB-sat
chrUn 116479316 116482452 3137 3100 8.17 0 Functional CENPB-sat
chrUn 103010170 103013844 3675 3100 8.16 0 Functional CENPB-sat
chrUn 93347995 93352279 4285 3100 8.15 0 Functional CENPB-sat
chrUn 97074723 97078518 3796 3100 8.15 0 Functional CENPB-sat
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Simple repeats

chrUn 73660504 73662578 2075 3138.48 8.14 0 Functional CENPB-sat
chrUn 113226530 113229779 3250 3100 8.12 0 Functional CENPB-sat

Functional CENPB-sat
chrUn 97975453 97979320 3868 1440.33 8.1 0 2PI
chrUn 106204234 106207770 3537 3100 8.1 0 Functional CENPB-sat
chrUn 77599200 77605346 6147 3100 8.09 0 Functional CENPB-sat
chrUn 92798774 92803115 4342 3100 8.09 0 Functional CENPB-sat
chrUn 70299321 70308126 8806 3100 8.07 0 Functional CENPB-sat
chrUn 95774383 95778362 3980 3100 8.07 0 Functional CENPB-sat
chrUn 111501421 111504497 3077 3100 8.06 0 Functional CENPB-sat
chrUn 112437155 112440412 3258 3100 8.06 0 Functional CENPB-sat
chrUn 84795813 84800812 5000 3100 8.04 0 Functional CENPB-sat
chrUn 102517076 102520774 3699 3100 8.02 0 Functional CENPB-sat

Table 4. Peak calling enriched genomic regions. For each peak, chromosome (chr),
genomic coordinates on EquCab2.0 (start, end), length, statistical parameters (-10Log;o(p-
value), fold enrichment and % FDR), satellite DNA families identified through Tandem
Repeat Finder and RepeatMasker analysis.

To evaluate enrichment, genomic abundance or transcription of
different satellite families, reads deriving from ChIP-seq or RNA-seq
experiments of both Part 3 and Part 4 were mapped on a custom reference
genome, made by the fasta sequences of the desired satellite monomer units,
by Bowtie2.0 (Langmead and Salzberg 2012), using the single end mode and
default parameter. In Part 3, ES22 (in RepBase) and AH010654.2 (NCBI
Nucleotide) were used as reference sequences of 2PI satellite. SAT2PI in
RepBase was not used since it is a wrong update of the 2PI sequence described
in Piras et al. 2010: it contains both 22 bp units, corresponding to 2PI, and 419
bp units corresponding to degenerated CENPB-sat sequences. Count data from
resulting BAM files were obtained using idxstats command from the Samtools
package (Li et al. 2009).

De novo assembly of the CENP-B box environment was performed
using the MEME-ChIP tool (Machanick and Bailey 2011) available in the
MEME Suite web portal (http://meme-suite.org). We adopted a “consensus-
walking” strategy starting from raw ChIP reads of the ChIP-seq experiments
performed with the anti-CENP-B antibody. Using the canonical CENP-B box
(5> NTTCGNNNNANNCGGGN 3’) as a bait, we fished ChIP reads
containing the box at three known positions in the read length: at the
beginning, in the middle and at the end of the read. This selection procedure
allowed us to have three groups of reads with a common pivot, the CENP-B
box, at known positions. Each group of reads was analyzed with MEME-ChIP
to detect common motifs beyond the always shared CENP-B box. MEME-
ChIP identifies three short consensus motifs for each group of reads. All the
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identified short motifs aligned to the CENPB-sat reference and we could
derive the final species-specific consensus sequence by “consensus walking”.
In Part 4, read alignment and peak calling was performed as described
above for Part 3 (Table 5). Tandem Repeat Finder analysis provide us 20
consensus sequences of the repeated unit containing a G16>A box. By
Multalin alignment of these consensus sequences we derived the consensus
sequence of the repeated unit of this satellite. The KE379478:2296633-
2297147 region comprises neither CENP-B boxes nor telomeric-like repeats.
It consists of 9.2 tandem repetitions of a 42 bp repeat, sharing up to 51.6% of
identity with the monomers of the SatCHS5 satellite sequence deposited in
NCBI Nucleotide (Accession numbers: AJ131828.1 and AJ131829.1).

Scaffold Start End Length -10Log,y  Fold FDR Satellite families
(bp) (p-value) enrichment (%)
Saula satellite
KE376648 5515096 5516148 1053 736.82 4.7 0 Telomeric-like
KE379478 2296633 2297147 515 580.32 22.47 0 SatCHS5

Saula satellite

KE379717 17398 19257 1860 1330.59 17.79 0 Telomeric-like
KE381306 44 771 734 1004.49 6.34 0 Saula satellite
KE383256 3 6755 6753 3100 21.39 0 Saula satellite
KE383440 3 574 572 3100 119.09 0 Telomeric-like

Table 5. Peak calling enriched genomic regions. For each peak, scaffold, genomic
coordinates on criGril (start, end), length, statistical parameters (-10Log;o(p-value), fold
enrichment and % FDR), satellite DNA families identified through Tandem Repeat Finder
analysis.

15. 3D-FISH, 3D-IMMUNOFISH AND FISH ON RETINA
CRYOSECTIONS

3D-FISH experiments were performed using the procedure
described by Solovei and Cremer (Solovei and Cremer 2010). Briefly,
fibroblasts were grown on 20x20 mm coverslips till confluence, to obtain the
majority of cells in GO phase. Coverslips with cells were rinsed in 2 changes
of 1x PBS at 37°C. Cells were fixed in 4% paraformaldehyde in PBS (pH 7.0)
for 10 minutes at room temperature, adding a drop of 0.5% Triton X-100 in
1x PBS in the last minute of incubation. Coverslips were then washed three
times with 1x PBS supplemented with 0.01% Tween-20 for 5 minutes at room
temperature and subsequently permeabilized with 0.5% Triton X-100 in 1x
PBS for 20 minutes at room temperature. Cells were equilibrated in 20%
glycerol in 1x PBS for at least 1 hour at room temperature. Cells were then
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treated with four cycles of freezing in liquid nitrogen (15-30 sec), thawing
gradually at room temperature and soaking again with 20% glycerol.
Coverslips were then washed three times with PBS/0.01% Tween-20 for 10
minutes at room temperature and incubated in 0.1M HCI for 5 minutes at
room temperature, changing the solution one time. Cells were rinsed in
2xSSC and equilibrated in 50% formamide in 2xSSC for at least 30 min at
room temperature or few days at 4°C.

The equine BAC clones of interest (Table 6) as well as the 37cen
satellite probe and whole genomic DNA were labeled by nick translation with
Cy3-dUTP, FITC-dUTP or Texas Red-dUTP using a slight modification of
the procedure described by Piras et al. (Piras et al. 2010). Briefly, 50 ng of
labelled whole genomic DNA or 37cen satellite and 125 ng of BAC probe in
50% formamide hybridization solution were used for each 24x24 mm
coverslip. The probes were directly mounted on the coverslip, sealed with
rubber cement and then both probe and cells were denatured on a hot block
simultaneously, 3 minutes at 75°C. Hybridization was carried out in a water
bath for two days at 37°C. Post-hybridization washes were 3 washes of 10
minutes in 2x SSC at 37°C followed by a 5 minutes wash in 0.1x SSC at
62°C. Nuclei were counterstained with DAPI 2 pg/ml.

In case of immuno-FISH for centromere immunostaining, the
immunofluorescence part was performed before the glycerol equilibration. In
particular, the primary antibody (CREST serum, diluted 1:200 in a 4% BSA,
0.01% Tween-20 in PBS blocking solution) was incubated for 1 hour at room
temperature. Coverslips were then washed three times with PBS/0.01%
Tween-20 for 5 minutes at room temperature. The secondary antibody
(Alexa488 or rhodamine-conjugated anti-human) was incubated for 1 hour at
room temperature and then washes were repeated.

Immunodetection of nucleoli was performed after the FISH protocol.
Cells were incubated for 1 hour with the anti-B23 antibody (B0556, Sigma)
diluted 1:100 in the blocking solution at room temperature. Secondary
antibody (Alexa647-conjugated anti-mouse, diluted 1:500 in the blocking
solution) was incubated 1 hour at room temperature.

As far as horse retina is concerned, cryosections were dried up for 30
minutes at room temperature and then re-hydrated in Na Citrate buffer for a
minute and transferred into the same pre-warmed up to 80°C buffer in water
bath and incubated for 30 minutes. Crysections were then equilibrated in 2x
SSC and incubated in 50% FA/SSC for 30-60 min. The section was covered
with a chamber and the labeled probe was loaded. Cells and labeled probes
were simultaneously denatured on hot block at 80°C for 3 minutes.
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Hybridization and post-hybridization washes were performed as previously
described.

Stacks of optical sections through whole nuclei and retina sections
were collected using a Leica TCS SP5 confocal microscope equipped with
Plan Apo 63x%/1.4 NA oil immersion objective and lasers with excitation lines
405, 488, 561, 594, and 633 nm. Stacks were obtained with axial distance of
200 nm between optical sections. Dedicated Imagel plugins were used to
compensate for axial chromatic shift between channels in confocal stacks and
to create RGB stacks (Walter et al. 2006, Ronneberger et al. 2008, Van der
Werken et al. 2017).

BAC clone EquCab2.0 coordinates Localization
ECA EAS
CH241-21D14 chrl11:27,639,936 — 27,829,952 ECA11 cen EAS13 q dist
CH241-232117 chrl11:46,749,358-46,973,150 ECAll qdist  EAS13 cen
CH241-20K22 chr19:4,913,928-5,070,194 ECA19 qprox EASS cen

Table 6. Equine BAC clones with horse genomic coordinates and cytogenetic
localization on horse (ECA) and donkey (EAS).

16. IMMUNOFLUORESCE AND IMMUNO-FISH ON HORSE
PACHYTENE SPREADS

Pachytene spreads were prepared starting from testes samples from
three different horses, using a modified version of the protocol described in
Peters et al. 1997. Testes were cut in small pieces (about 1 cm®) and frozen at
-80°C. Thin slices of frozen tissue were cut and immediately hydrated with
ice-cold PBS 1x. The samples were then homogenized using a scalpel blade.
All the procedure was carried out on ice. Cell suspension diluted 1:10 in a
hypothonic KC1 75mM solution and incubated on ice for 13 minutes. About
50 pl of this suspension was applied on a glass slide that had been dipped just
before in the fixative solution. Fixation with 1% formaldehyde, 0.015%
TritonX-100 (pH 9.8) was used for the preparation of slides for
immunofluorescence with the anti-CENP-A antibody. Fixation with 4%
paraformaldehyde (pH 10) in 1x PBS, 0.015% TritonX-100 was used for the
preparation of slides for immunofluorescence with the CREST serum. Slides
were then kept in a humid chamber for 8 minutes at room temperature in the
case of formaldehyde fixation and for 30 minutes at room temperature in the
case of paraformaldehyde fixation.
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Slides were permeabilized in 1x PBS supplemented with 0.005%
Tween-20 for 25 minutes. Incubation with the anti-SCP3 antibody, diluted
1:200, anti-CENP-A sheep serum (diluted 1:100 in PBST) or CREST serum
(diluted 1:250 in PBST) was performed for 1 hour at 37°C. Incubation with
the anti-SCP3 antibody, diluted 1:200, CREST serum (diluted 1:250 in
PBST) and anti-MLH1 antibody (diluted 1:50 in PBST) was performed for
14 hour at 4°C. The secondary antibodies (rhodamine conjugated anti-rabbit,
Alexa488 conjugated anti-sheep, Alexa488 conjugated anti-human,
Alexa647 conjugated anti-human, Alexa488 conjugated anti-mouse) were
diluted 1:100 in PBST and incubated for 1 hour at 37°C.

For immuno-FISH, after immunofluorescence image acquisition,
slides were denatured in 70% formamide in 2x SSC for 5 minutes at 74°C,
treated with sodium thiocyanate 1M for 3 hours at 65°C and denatured again
in 70% formamide in 2x SSC for 2 minutes at 74°C. Slides were then
dehydrated for 2 minutes in cold 70% ethanol, 2 minutes in 70% ethanol at
room temperature, 2 minutes in 90% ethanol at room temperature, 2 minutes
in 100% ethanol at room temperature. Probe preparation was then performed
as described above. Hybridization was performed for 48 hours at 37°C. Post-
hybridization washes were: 5 minutes in 2x SSC supplemented with 0.05%
Tween-20 at 42°C, three washes of 5 minutes in 4x SSC supplemented with
0.05% Tween-20
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PART 1
THE MAJOR HORSE SATELLITE DNA FAMILY IS
ASSOCIATED WITH CENTROMERE COMPETENCE

In Equus caballus all the centromeres, with the exception of the one
of chromosome 11, are satellite-based. Previous work from our laboratory
demonstrated that 37cen and 2PI are the most abundant satellite DNA
families in this species and either one or both these satellites are present on
all chromosomes, except chromosome 11, and only at primary constrictions
(Piras et al. 2010).

To identify the satellite DNA repeats bearing the centromeric
function, we performed a ChIP-seq experiment with an anti-CENP-A serum
on horse primary skin fibroblasts. We proved that, in the horse, 37cen is the
satellite DNA family bound by CENP-A and thus endowed with the
centromeric function. The 37cen sequence bound by CENP-A is GC-rich with
221 bp units organized head-to-tail. The association between 37cen and
CENP-A was confirmed through slot blot experiments, in which I was
involved directly. In addition, we showed by RNA-seq that the centromeric
satellite 37cen is transcriptionally active, adding new evidence to the
hypothesis that centromeric transcripts may be required for centromere
function. All these results were published in 2016 on Molecular Cytogenetics
(see the attached publication).
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PART 2
BIRTH, EVOLUTION, AND TRANSMISSION OF
SATELLITE-FREE MAMMALIAN CENTROMERIC
DOMAINS

In previous work, we described the first example of a natural satellite-
free centromere on Equus caballus chromosome 11 (Wade et al. 2009).
Cytogenetic data suggested that, in Equus asinus, several centromeres are
satellite-free, while many satellite DNA loci are not centromeric (Piras et al.
2010). Thus, we investigated the satellite-free centromeres of Equus asinus
by ChIP-seq with anti-CENPA antibodies.

We identified an extraordinarily high number of centromeres devoid
of satellite DNA (16 of 31), namely the centromeres of EAS4, EASS, EAS7,
EASS8, EAS9, EAS10, EAS11, EAS12, EAS13, EAS14, EAS16, EASIS,
EAS19, EAS27, EAS30 and EASX.

These satellite-less centromeres spanned 54-345 kb and contained
one or two CENPA binding domains. Similar to what we described for the
centromere of horse chromosome 11 (Purgato et al. 2015), the presence of
two domains is due to different epialleles on the two homologs. The analysis
of epiallele transmission in hybrids (three mules and one hinny) showed that
centromeric domains are inherited as Mendelian traits, but their position can
slide in one generation. Conversely, the position of the centromere is stable
during mitotic propagation of cultured cells.

The sequences of the 16 donkey satellite-less centromeres were
assembled by both NGS approach and Sanger method. Sequence analysis
demonstrated that all of them lay in LINE- and AT-rich regions. In addition,
five centromeres (EAS8, EAS9, EAS16, EASI8, and EASI9) were
characterized by novel tandem repetitions of sequences that are single copy
in the horse genome.

Our results demonstrate that the presence of more than half of
centromeres void of satellite DNA is compatible with genome stability and
species survival. The presence of amplified DNA at some centromeres
suggests that these arrays may represent an intermediate stage toward satellite
DNA formation during evolution. The fact that CENPA binding domains can
move within relatively restricted regions (a few hundred kilobases) suggests
that the centromeric function is physically limited by epigenetic boundaries.

These results were published in 2018 on Genome Research (see the
attached publication). In particular, I was involved in sequence assembly and
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contributed to immunoprecipitation experiments and RT-PCR experiments to
prove the presence of tandem repetitions in the subset of centromeres
described above.
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PART 3
CENP-B IN THE GENUS Equus

Results

CENP-B is the only known centromeric protein that exhibits
unequivocal DNA binding specificity, recognizing the so-called CENP-B
box. In spite of the high conservation of CENP-B protein and its binding motif
across mammals, this protein appears dispensable for the centromeric
function, giving rise to the so-called “CENP-B paradox”. The aim of this
work was to shed light on the role of the CENP-B protein in the epigenetic
establishment of centromeric chromatin in mammals, taking advantage of the
model system of the genus Equus, given the extraordinary plasticity of their
centromeres. Indeed, the genus Equus provides us the opportunity of
evaluating the association between CENP-B, satellites and centromeres in a
system characterized by the coexistence of both satellite-associated and
satellite-free centromeres.

1. CENP-B GENE AND PROTEIN

In order to characterize CENP-B in the genus Equus, we examined its
gene structure and protein product in Equus caballus (horse, ECA), Equus
asinus (domestic donkey, EAS), Equus grevyi (Grevy’s zebra, EGR) and
Equus burchelli (Burchell’s zebra, EBU).

Among these equid species, a high-quality genome assembly at the
chromosomal level is available only for the horse (Wade et al. 2009), while
only draft sequences of the donkey genome comprising unassembled
scaffolds are available (Orlando et al. 2013, Huang et al. 2015, Renaud et al.
2018). In the EquCab3 assembly of the horse, the locus of CENP-B is entirely
present, maps at chr22:19,582,683-19,584,500 and the coding sequence of
CENP-B is annotated (XM_023626169). On the other hand, the coding
sequence of CENP-B gene was partial in the donkey genome scaffolds.
Indeed, the predicted donkey CENP-B protein (XP_014722562.1) is partial
and lacks the first three amino acids. No CENP-B gene record was available
for the other species. Thus, we assembled the CENP-B coding sequence of
these species, using both Sanger sequencing and NGS data obtained in our
laboratory (see Materials and Methods).
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As for all studied mammals, all the equid CENP-B genes were found
to contain no introns. A comparative analysis of the CENP-B gene in the four
Equus species revealed that at position 1288 an in-frame GAG insertion can
be observed in the donkey, in the Grevy’s zebra and in the Burchell’s zebra
compared to the horse, while, at position 1408 an in-frame GAG deletion is
found in the donkey compared to the other three species (Figure 1A). Indeed,
the CENP-B gene codes for a 605 amino-acid long protein in the horse and
the donkey while in the Grevy’s zebra and in the Burchell’s zebra the CENP-
B protein contains 606 aa. The in-frame insertions and deletions occur in the
1210-1407 region encoding the first one of the two acidic domains of CENP-
B (Sullivan and Glass 1991, Kitagawa et al. 1994), which are exceedingly
rich in glutamic acid and coded by clusters of GAG and GAA codons repeated
from two to six times (Figure 1A).

Moreover, we detected 9 single nucleotide differences in the CENP-
B coding sequences of these species: eight are silent while one determines an
alanine-to-valine substitution at position 275 in the donkey protein with
respect to the other three species (Figure 1B).

It must be underlined that the DNA binding domain and the
dimerization domain of all the equid CENP-B proteins are identical to those
of human and of nearly all the other mammalian species studied so far (see
Introduction), suggesting that in equids CENP-B is functional and able to
recognize a canonical CENP-B box.
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CENP-B expression was detected in all the four species by western
blotting. However, its amount is different in the four species. As shown in
Figure 2, the amount of CENP-B is similar in the horse and in the donkey.
The Grevy’s zebra shows a higher expression level of CENP-B, compared to
horse and donkey. On the contrary, the amount CENP-B in the Burchell’s
zebra is lower than that of horse and donkey.

3988
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Figure 2. Expression of CENP-B protein in the four equid species. Western blotting
analysis on whole nuclear extract from horse (ECA), donkey (EAS), Grevy’s zebra (EGR)
and Burchell’s zebra (EBU). The band corresponding to CENP-B was detected at 80 kDa
and the one of the a tubulin loading control was detected at about 55 kDa.

2. ABSENCE OF CANONICAL CENP-B BOXES IN THE HORSE
MAJOR CENTROMERIC SATELLITE AND IN THE
SATELLITE-LESS CENTROMERES

It is well described in literature that CENP-B boxes are contained in
centromeric satellites. Surprisingly, sequence analysis of the horse major
centromeric satellite 37cen (Cerutti et al. 2016) revealed that no CENP-B
recognition motifs are contained in this satellite family. No CENP-B binding
sites were detected also in 2PI satellite, the other highly represented satellite
DNA family of equid species (Piras et al. 2010).

The extraordinarily high number of satellite-less centromeres in these
equid species (Wade et al. 2009, Piras et al. 2010, Nergadze et al. 2018) raises
the question whether CENP-B boxes might be present at such centromeres.
We searched for the presence of CENP-B recognition sites in the sequences
of the satellite-less centromeres that we previously assembled, namely the
unique horse satellite-less centromere (Wade et al. 2009) and the 16 satellite-
free centromeric domains of E. asinus (Nergadze et al. 2018). No CENP-B
boxes were detected within these centromeric domains.
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3. LOCALIZATION OF THE CENP-B PROTEIN

Recent data suggested that CENP-B contributed to the fidelity of
segregation by interacting with both CENP-A and CENP-C (Fachinetti et al.
2015). In particular, CENP-B was shown to mediate a pathway for CENP-C
recruitment and maintenance at centromeres. Artificial depletion of CENP-B
in human and mouse cell lines resulted in dramatic reduction of CENP-C
levels, thus increasing chromosome missegregation frequency (Fachinetti et
al. 2015).

In order to test this hypothesis in our model system, we initially
analyzed the localization of CENP-B with respect to that of CENP-A and
CENP-C by immunofluorescence on metaphase spreads from primary
fibroblasts of E. caballus, E. asinus, E. grevyi and E. burchelli. As in the horse
(Wade et al. 2009), in the three other equid species, CENP-A and CENP-C
marks all primary constrictions (Figure 3 and 4).

In E. caballus (2n=64), CENP-B signals could be detected at the
primary constriction of nine pairs only: three metacentric (2, 6 and 10) and
six acrocentric chromosomes (17, 18, 21, 23, 24 and 29) (Figure 5). The signal
intensity varies significantly among different chromosomes. By double
immunofluorescence experiments, we demonstrated that all CENP-B signals
co-localized with CENP-A and CENP-C signals, confirming their
centromeric position at cytogenetic level (Figure 3A, Figure 4A). However,
the signals do not show the typical specked pattern of the ones of CENP-A
and CENP-C but are broad and surround the dots of CENP-A and CENP-C,
suggesting an extended pericentromeric localization for CENP-B. Indeed,
CENP-B signals cover the whole primary constriction, while CENP-A and
CENP-C, as expected (Blower et al. 2002, Allshire and Karpen 2008,
Fukagawa and Earnshaw 2014), localize on the outer centromere region
(Figure 6). Differently from CENP-B, the intensity of CENP-A and CENP-C
signals did not vary between different chromosomes and did not correlate
with CENP-B level (Figure 3A and 4A).

In E. asinus (2n=62), no CENP-B signal could be detected, while all
centromeres were labeled by CENP-A and CENP-C (Figure 3B and 4B). In
order to rule out that technical problems may be responsible for the lack of
signals on donkey chromosomes, we examined CENP-B localization in a
fibroblast cell line from E. burdo (hinny), a domestic equid hybrid that is the
offspring of a horse stallion and a jenny donkey. It is important to remind that
in the hinny hybrid half of the chromosomes derive from the horse and half
from the donkey. In hinny metaphase spreads, we could detect only nine
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CENP-B labeled chromosomes, which correspond to the chromosomes
identified in the horse (Figure 7). Thus, we confirmed that only nine horse
chromosomes are labeled while no donkey chromosome is cytogenetically
marked by CENP-B.

In E. grevyi (2n=46), the majority of CENP-B signals are uncoupled
from CENP-A and CENP-C (Figure 3C and 4C). In particular, CENP-B
localizes at the p arm terminus of eight metacentric chromosomes (1, 2, 5, 10,
13, 14, 15 and 16), at both the centromere and the p arm terminus of two
metacentric chromosomes (6 and 12) and at the q arm terminus of three
acrocentric chromosomes (20, 21 and 22) (Figure 8). Polymorphism
regarding signal presence can be observed in chromosomes 2, 13 and 16,
where only one homolog displayed CENP-B signal (Figure 8). As for the
horse, the signals have a spot-like appearance, differently from the speckled
pattern of CENP-A and CENP-C (Figure 3C and 4C).

Finally, in E. burchelli (2n=44), as in the donkey, no CENP-B signals
could be detected, whereas CENP-A and CENP-C signals are homogeneous
among all the centromeres (Figure 3D and 4D).
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Figure 3. Localization of CENP-B and CENP-A in the four equid species. Double
immunofluorescence with an anti-CENP-B antibody (red) and an anti-CENP-A serum
(green) on DAPI-stained metaphase chromosomes from horse (A), donkey (B), Grevy’s
zebra (C) and Burchell’s zebra (D).
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Figure 4. Localization of CENP-B and CENP-C in the four equid species. Double
immunofluorescence with an anti-CENP-B antibody (red) and an anti-CENP-C serum
(green) on DAPI-stained metaphase chromosomes from horse (A), donkey (B), Grevy’s
zebra (C) and Burchell’s zebra (D).
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Figure 5. Identification of chromosomes with CENP-B signal in the horse. In the panel
above, CENP-B signals (green) on pseudocolored chromosomes (blue). In the panel

below, computer-generated reverse DAPI banding.

DAPI CENP-A CENP-B

Figure 6. Pattern of CENP-B signals in the horse. Inmunofluorescence with an anti-
CENP-B antibody (red) and an anti-CENP-A serum (green) on DAPI-stained metaphase
chromosome from horse.
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Figure 7. Localization of CENP-B in the hinny. On the left, immunodetection of CENP-
B signals (green, arrows) on DAPI-stained metaphase chromosomes from hinny. On the
right, DAPI image converted to black and white is shown. Chromosomes with CENP-B
signals are identified.
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Figure 8. Identification of chromosomes with CENP-B signal in the Grevy’s zebra.
For each line: above, CENP-B signals (green) on pseudocolored chromosomes (blue);
below, computer-generated reverse DAPI banding
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4. CHARACTERIZATION OF THE CENP-B BOUND
SATELLITE

4.1. ChIP-seq identification of the CENPB-sat satellite in the horse
genome

In order to characterize the CENP-B binding sites in the horse
genome, we performed a ChIP-seq experiment with an antibody against the
centromeric protein CENP-B to immunoprecipitate the chromatin extracted
from E. caballus skin primary fibroblasts, using EquCab2 assembly as
reference sequence. It must be underlined that the majority of satellite DNA
sequences cannot be placed in the genome assembly and, thus, highly
repetitive DNA sequences lacking chromosome assignment are included in a
“virtual” chromosome, named “unplaced” (chrUn); since CENP-B boxes are
known to be contained in satellite sequences, we focused our analysis on
“unplaced” contigs. We chose the EquCab2 assembly rather the EquCab3.0
one since, in this last assembly, many contigs derived from satellite-based
centromeric domains were placed in the genome and removed from the
chrUn. We preferred to focus our analysis to the overall unplaced scaffolds
of EquCab2.0 to avoid the assembly bias present in EquCab3.

Applying specific stringent criteria for peak calling (see Materials and
Methods), 57 highly enriched regions, spanning 2-32 kb, of chrUn were
identified (see Materials and Methods, Table 4). Sequence analysis
demonstrated that these regions are composed by tandem repeats of up to 76
repetitions of an about 425 bp unit, comprising a canonical CENP-B box (5’
TTTCGTCTGAGCCGGGT 3’). The consensus sequence of the repeated unit
of this novel satellite family, from now called the CENPB-sat satellite, is
shown in Figure 9 as a logo. Its GC content is 50.5%.
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Figure 9. Consensus sequence of the unit of the CENPB-sat satellite. Logo of the

consensus sequence of CENPB-sat. The CENP-B box is highlighted with a cyan
background.

It should be pointed out that seven of these 57 enriched regions contain
also CENPB-sat monomers with a degenerated CENP-B box as well as
CENPB-sat arrays interrupted by stretches of 2PI satellite. The 2PI satellite,
previously described in our laboratory (Piras et al. 2010), is composed by 22
bp tandem repetitions and known to be pericentromeric in the horse (Piras et
al. 2010, Cerutti et al. 2016). Thus, the intermingling between CENPB-sat
and 2PI arrays suggests that these two satellite DNA families may be spatially
related and confined to the pericentromeric regions of the horse. This
hypothesis is further supported by the results presented in the following
paragraphs.
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We previously showed that the major centromeric satellite DNA
family of the horse, 37cen, does not contain any CENP-B box. However, a
224 bp fragment of CENPB-sat which does not contain the CENP-B box
shares 72% identity with the 221 bp unit of 37cen (Figure 10). It is therefore
tempting to hypothesize a common evolutionary origin between these two
different satellite DNA families. On the contrary, no relationship with other
known equid satellite DNA families was detected.

CENPB-sat [ T

37cen

268
GGAAA
GCAGA

CENPB-sat
37cen

ATGGCNTTTCAGCTGCCTTTGTA'
ACTGCGTTTCACAGGCCTTTGGA.

249
ACAGTTTATGGCTTGTCTCCCATTGAAGGATGGAGGCAGT
\GATGCTGTGGGGCCCAACTCGCCCTTTGGARAGAAGCCTGC

CENPB-sat
37cen

350 412

CENPB-sat GCTTTGTGCCTTCCACCTCTAGAGCAATGGAGGGCACGGCTGAGAGCAAAGGGGCCTTTCTGA
37cen ACGTTGTGCCTTTCAGCTCTAGGGCAAAGTAGCACACCCAGAGCAGAAGTCCTACTTCAGCCA

Figure 10. Identity region between CENPB-sat and 37cen. In the upper part of the
figure, schematic representation of CENPB-sat with the CENP-B box (red) and 37cen; the
identity region is the yellow one. In the low part of the figure, alignment between the
identity regions of CENPB-sat and 37cen. Coordinates of CENPB-sat are reported. High
consensus nucleotides and low consensus nucleotides are shown in red and blue,
respectively.

4.2. Genomic abundance of CENPB-sat

ChIP-seq experiments with the same anti-CENP-B antibody were
performed on the chromatin extracted from skin primary fibroblasts of E.
asinus, E. grevyi and E. burchelli. We could evaluate the genomic abundance
of CENPB-sat with respect to the other satellite DNA families among the four
species by comparing normalized read counts in the input DNA (Figure 11).
Input reads from each species were thus aligned on the horse CENPB-sat, 2PI
and 37cen sequences. As control, we used the ERE-1 retrotransposon, which
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is interspersed throughout the equid genomes and is expected not to be
enriched (Cerutti et al. 2016, Nergadze et al. 2018).

The results of this analysis show that the CENPB-sat satellite is
present in all the species but with very different genomic abundance. The
Grevy’s zebra is the species with the highest genomic representation of this
satellite, followed by the horse. In the donkey and Burchell’s zebra genome,
CENPB-sat is very poorly represented (Figure 11).

Furthermore, we detected differences in the genomic abundance of
both 37cen and 2PI, confirming our previous cytogenetic results (Piras et al.
2010). Indeed, 37cen is highly represented in the genomes of the horse, where
it was shown to be associated with centromere competence (Cerutti et al.
2016), and well represented in the donkey genome. On the contrary, it is
nearly absent in both Grevy’s and Burchell’s zebra. On the other hand, 2PI is
the most abundant satellite DNA family in all the four species, but its levels
progressively decrease from the horse, to the donkey, to the Grevy’s zebra
and finally to the Burchell’s zebra (Figure 11). As expected, the genomic
abundance of ERE-1 retrotransposon was similar in the four species (Figure
11).
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Figure 11. Genomic abundance of the different satellite DNA families in in horse
(ECA), donkey (EAS), Grevy’s zebra (EGR) and Burchell’s zebra (EBU). ERE-1
retrotransposon is used as control.

4.3. CENPB-sat is the CENP-B bound satellite

To test whether CENPB-sat, which contains the CENP-B box, is
actually bound by CENP-B, we aligned the reads from input DNA and
immunoprecipitated DNA from each species to the horse CENPB-sat
sequence. As control, we used the ERE-1 retrotransposon, which is
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interspersed throughout the equid genomes and is expected not to be enriched
(Cerutti et al. 2016, Nergadze et al. 2018).

The CENPB-sat satellite is enriched in all the immunoprecipitated
samples, demonstrating that it is bound by CENP-B in all these species (Table
1). However, it should be noted that the enrichment observed in the donkey
and the Burchell’s zebra is based on a small number of reads (Figure 11).
Conversely, ERE-1 was equally represented in the immunoprecipitated and
in the input DNA, as expected (Table 1).

CENP-B bound chromatin

E. caballus E. asinus E. grevyi E. burchelli
CENPB-sat 6.3 1.8 6.8 4.1
ERE-1 0.9 1.1 1.1 1.2

Table 1. Fold enrichments of CENPB-sat in CENP-B bound chromatin of horse (E.
caballus), donkey (E. asinus), Grevy’s zebra (E. grevyi) and Burchell’s zebra (E.
burchelli). Enrichment values were measured as the ratio between normalized read counts
(RPKM) in immunoprecipitated and input DNA. ERE-1 retrotransposon is used as control.

The low enrichment of CENPB-sat in the donkey immunoprecipitated
chromatin could be due to the fact that only a fraction of the small number of
the CENPB-sat copies is bound by CENP-B, presumably because of sequence
degeneration that impaired the recognition by CENP-B.

To test this hypothesis, we evaluated the conservation of the CENP-B
box in the genomes of the four species. We deduced a consensus of the CENP-
B box sequence starting from the Input reads mapping on the horse CENPB-
sat. As shown in Figure 12A, in the horse the CENP-B box is highly
conserved, meaning that the majority of boxes found in the horse genome are
functional. In the Grevy’s zebra and in the Burchell’s zebra, the box is mainly
conserved and a few mutations are observed in essential nucleotides. On the
other hand, in the donkey the box is mainly mutated in two essential
nucleotides (C4>T and C13>T). However, as expected, the canonical box is
the only one enriched in the CENP-B bound chromatin (Figure 12B),
suggesting that sequence degeneration could be the cause of the poor binding
of CENP-B to CENPB-sat.
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Figure 12. Conservation of the CENP-B box in the genomes of the four species. A)
Logos of the consensus sequence of the CENP-B box in the genomes of horse (ECA),
donkey (EAS), Grevy’s zebra (EGR) and Burchell’s zebra (EBU). In the upper part of the
panel, a logo showing the 9 essential nucleotides for CENP-B binding is shown. B)
Enrichment of the four variants of the CENP-B box in the CENP-B bound chromatin in
donkey. The enrichment was measured as ratio between normalized read counts in
immunoprecipitated and input DNA.

It is important to remind that CENPB-sat was identified from the horse
genome, which is the only well assembled genome among equids. However,
it is well known that satellite sequences are extremely divergent, even among
closely related species. Although CENPB-sat was demonstrated to be bound
by CENP-B in all the four equids, we could not exclude that the non-caballine
species could have another satellite containing the CENP-B box which is not
present in the horse.

To this end, for each non-caballine species, we de novo assembled the
sequence environment around the conserved CENP-B box using raw ChIP
reads (see Materials and Methods). We could derive an unbiased species-
specific consensus of the sequence environment around the CENP-B box. In
particular, we could assemble a 153 bp consensus for the Grevy’s zebra, a
154 bp consensus for the Burchell’s zebra and a 118 bp consensus for the
donkey. All the derived species-specific consensus sequences match to the
horse CENPB-sat (86%, 86% and 88% identity for E. asinus, E. burchelli and
E. grevyi, respectively). This strategy allowed us to exclude that these equid
species carry a different species-specific CENPB-sat.

In conclusion, CENPB-sat is the satellite bound by CENP-B in all the
four species. However, it is important to underline that, since the copy number
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and conservation of this sequence is highly variable, the amount of DNA
bound CENP-B protein varies from very high (horse and Grevy’s zebra) to
undetectable (donkey and Burchell’s zebra) in immunofluorescence
experiments.

4.4. Functional annotation of CENPB-sat

Previous results from other species demonstrated that the presence of
the satellite embedding the CENP-B box was coupled with the centromeric
function (Masumoto et al. 1989, Kipling et al. 1995, Kipling and Warburton
1997). To test whether this is true for equid CENPB-sat, we took advantage
of ChIP-seq experiments with an antibody raised against the centromeric
protein CENP-A that we previously performed on the same cell lines
(Nergadze et al. 2018, PhD thesis by Francesco Gozzo). In horse, Grevy’s
zebra and Burchell’s zebra, the enrichment of CENPB-sat is very low (Table
2). Conversely, CENPB-sat is highly enriched in the CENP-A bound
chromatin of the donkey. It is important to remember that the genomic
amount of CENPB-sat is very low in this species. The high enrichment of
CENPB-sat in the CENP-A bound chromatin means that a high fraction of
the few copies of CENPB-sat resides in centromeric cores.

37cen is enriched in the horse, confirming our previous results (Cerutti
et al. 2016), and in non-caballine species (Table 2). It is important to remind
that the genomic amount of 37cen is extremely low in the two zebras,
therefore the high enrichment of 37cen means that the few copies of 37cen
mainly localize in the centromeric core. On the other hand, the enrichment of
2Pl in the CENP-A bound chromatin is very low in the four species.
Regarding the horse, this result is in agreement with the notion that 2PI
resides mainly at pericentromeric positions (Cerutti et al. 2016). As far as the
non-caballine species are concerned, 2PI is observed both at non centromeric
and centromeric positions, in accordance with the low enrichment values of
2PI in these species. As expected, ERE-1 retrotransposon is not enriched in
all the immunoprecipitated samples.
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CENP-A bound chromatin

E. caballus E. asinus E. grevyi E. burchelli
CENPB-sat 1.4 17.4 1.7 1.4
2P1 1.5 1.2 1.3 1.1
37cen 1.7 2.1 16.0 16.9
ERE-1 1.1 1.0 1.0 1.0

Table 2. Fold enrichments of CENPB-sat in CENP-A bound chromatin of horse (E.
caballus), donkey (E. asinus), Grevy’s zebra (E. grevyi) and Burchell’s zebra (E.
burchelli). Enrichment values were measured as the ratio between normalized read counts
(RPKM) in immunoprecipitated and input DNA. ERE-1 retrotransposon is used as control.

Centromeric and pericentromeric satellites are transcribed in a number
of species from yeast to mammals (RoSi¢ and Erhardt 2016). In agreement
with this notion, we demonstrated that the horse major centromeric satellite
37cen is transcribed as well (Cerutti et al. 2016). We evaluated the
transcription of CENPB-sat in comparison with the other satellite DNA
families by analyzing the RNA-seq data obtained from total RNA of horse
and donkey primary fibroblast cell lines and described in the attached paper
(Cerutti et al. 2016). As shown in Figure 13, differently from 37cen and 2PI,
very few reads corresponding to CENPB-sat transcripts were observed.
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Figure 13. Transcription of CENPB-sat, 37cen and 2PI. Expression values of CENPB-
sat, 37cen and 2PI and protein kinase C iota (PRKCI) are reported as RPKM.
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It is well known that the centromeric and pericentromeric chromatin
is characterized by specific histone modifications that were suggested to
mediate centromere specification and kinetochore assembly (Fukagawa
2017). We characterized the epigenetic profile of CENPB-sat in comparison
with 37cen and 2PI satellite, taking advantage of a panel of ChIP-seq
experiments performed in our laboratory with antibodies against different
chromatin markers (H3K9me3, H3K4me3, H3K4me2, H3K36me?2,
H4K20mel and RNA polymerase II) on a horse fibroblast cell line (PhD
thesis by Riccardo Gamba, PhD thesis by Marco Corbo). As reported in Table
3, all the satellite DNA families are characterized by the H3K9me3
heterochromatic signature and by low, if any, enrichment of markers
associated to transcriptionally permissive and active chromatin (H3K4me3,
H3K4me2, H3K36me2, H4K20mel, RNA polymerase II).

H3K9me3 H3K4me3 RNApolll H3K4me2 H3K36me2 H4K20mel

CENPB-

sat 4.3 1.3 0.9 0.2 0.1 0.9
37cen 3.8 1.3 0.9 0.2 0.1 1.0
2PI 5.2 1.6 1.1 0.2 0.1 1.1
ERE-1 1.0 1.2 1.3 0.6 1.3 1.2

Table 3. Enrichment values of different satellite families in different epigenetic
modifications of chromatin in horse. Enrichment values were measured as the ratio
between normalized read counts (RPKM) in immunoprecipitated and input DNA. ERE-1
is used as control.

4.5. Chromosomal localization of CENPB-sat

As mentioned above, satellite DNA sequences are not completely
placed in the genome assemblies or frequently misassembled. Thus, we could
not derive any information on the chromosomal localization of CENPB-sat
from ChIP-seq data. To this end, we cloned the 246 nucleotides of the repeat
unit, containing the CENP-B box and lacking the identity region with 37cen
(Figure 10), in a plasmid vector. The plasmid was used as probe in FISH
experiments on metaphase chromosomes from E. caballus, E. asinus, E.
grevyi and E. burchelli (Figure 14).

In E. caballus, CENPB-sat was localized at the primary constriction
of five meta- or submeta-centric chromosomes (2, 6, 8, 10 and X) and sixteen
acrocentric chromosomes (14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 27, 28,
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29, 30, 31) (Figure 14A and 15A). In addition, we performed two-color FISH
experiment on metaphase chromosomes with CENPB-sat and total horse
genomic DNA as probes. As demonstrated in Piras et al. 2010, total genomic
DNA labels all the satellite DNA loci, in particular all the centromeres with
the exception of the one of ECA11. The intensity of these signals is always
high with the exception of ECA2. On the contrary, on this chromosome, the
CENP-B signal is very strong (Figure 16A and 17).

Since the number of chromosomes carrying CENPB-sat exceeds the
number of CENP-B  positive  chromosomes  identified by
immunofluorescence, we performed immuno-FISH experiments with the
anti-CENP-B antibody and CENPB-sat as probe. All the above described
eighteen CENP-B signals colocalized with CENPB-sat FISH signals.
However, on some centromeres, we could detect CENP-B sat signals only,
indicating the lack of detectable CENP-B binding at these loci (Figure 18A
and B). It is important to note that in this immuno-FISH experiment some of
the signals previously observed in FISH experiments (Figure 14A and 15A)
were not detected due to the differences in sensitivity and resolution between
FISH and immuno-FISH.

In E. asinus, hybridization signals of CENPB-sat were detected only
at the primary constriction of chromosome 3 (Figure 14B and 17). CENPB-
sat FISH signals are very weak and thus images were collected with a higher
exposition compared to the horse. The two-color FISH experiment with
CENPB-sat and total donkey genomic DNA showed that, similarly to the
horse, the EAS3 centromere carries a well-defined signal of CENPB-sat
whereas the genomic DNA signal at this locus is very faint compared to the
other ones. This observation confirms that the genomic abundance of this
satellite family is very low in this species. It is worth remembering that in the
donkey we could not detect any CENP-B signal by immunofluorescence
(Paragraph 3), suggesting that at the EAS3 CENPB-sat locus many CENP-B
box are mutated and thus not functional in recruiting CENP-B at sufficient
levels to be detected by immunofluorescence (Figure 16B and 17).

In E. grevyi, CENPB-sat was located at one non-centromeric end of
twelve meta- or submeta-centric chromosomes (1p, 2p, 5p, 6p, 7p, 8p, 10p,
12p, 13p, 14p, 15p and 16p) and four acrocentric chromosomes (19q, 20q,
21q and 22q) and at the centromeric region of metacentric chromosomes 6
and 12. In addition, polymorphism regarding the intensity of CENPB-sat
signals was detectable between the two homologs in several chromosome
pairs (EGR2, EGR13, EGR16 and EGR19). In particular, in chromosomes 13
and 19, we could detect the hybridization signal on only one homolog of the
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chromosome pair (Figure 15B). These results fit with immunofluorescence
data, where we could observe polymorphism for the presence of CENP-B
signals at EGR2, EGR13 and EGR16 (Figure 8). Differently from the horse
and the donkey, the two-color FISH experiment showed perfect
colocalization between the zebra genomic DNA signals and the ones of
CENPB-sat. In other words, differently from the other species, there were no
genomic DNA signals without underlying CENPB-sat signals, thus
confirming the high genomic abundance of this satellite DNA family in this
species (Figure 16). In addition, it is worth noticing that in EGR14 two
extended blocks of satellite DNA (genomic DNA hybridization) are present
at the p terminus and CENPB-sat signal overlaps only with the most telomeric
one (Figure 17).

As for E. caballus, the number of CENPB-sat carrying chromosomes
exceeds the number of chromosomes identified by immunofluorescence
(Paragraph 3). Immuno-FISH experiments showed a few hybridization
signals without underlying detectable CENP-B binding (Figure 18C and D).
As for E. caballus, the number of CENPB-sat hybridization signals is lower
than that previously detected by FISH.

In E. burchelli, no hybridization signal of CENPB-sat was detected at
all, while signals following hybridization with genomic DNA were detected
as already described in Piras et al. 2010, confirming the extreme paucity of
this satellite family within the genome of the Burchell’s zebra (Figure 14D
and 16D).
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.

Figure 14. FISH localization of CENPB-sat (red) in metaphase chromosomes from
horse (A), donkey (B), Grevy’s zebra (C) and Burchell’s zebra (D).
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Figure 15A. Localization of CENPB-sat on horse chromosomes.
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Figure 15B. Localization of CENPB-sat on Grevy’s zebra chromosomes
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Figure 16. FISH localization of total genomic DNA (green) and CENPB-sat (red) on
metaphase chromosomes from horse (A), donkey (B), Grevy’s zebra (C) and
Burchell’s zebra (D). White arrows point ECA2 (A), EAS 3 (B) and EGR14 (C)
chromosomal pairs.
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Figure 17. Total genomic DNA signals (green) and CENPB-sat signals (red) on ECA2,
EGR14 and EAS3.
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Figure 18. Localization of CENP-B protein and CENPB-sat on horse (A-B) and
Grevy’s zebra (C-D) metaphase chromosomes. On the left (A-C), CENP-B signals
(green) on pseudocolored chromosomes of horse (A) and Grevy’s zebra (C). On the right
(B-D), the same metaphase after hybridization with CENPB-sat probe (red).
Immunofluorescence signals could not be detected after FISH. White arrows point to
chromosomes with CENPB-sat signal but without CENP-B signals.
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Discussion

CENP-B is the only known centromeric protein that exhibits
unequivocal DNA binding specificity, mediating the recognition of a target
site, named the CENP-B box, which comprises nine essential nucleotides
correctly spaced within a 17 bp motif (5° nTTCGnnnnAnnCGGGn 3°). The
CENP-B binding site represents the only common motif shared by the highly
divergent centromeric satellites of mammals. This extreme conservation
reflects the total conservation of the functional domains of CENP-B, namely
the N-terminal DNA binding domain and the C-terminal dimerization
domain. In spite of the high conservation of CENP-B and its binding site, this
protein appears dispensable for centromeric function. This “CENP-B
paradox” is still an open issue and the role of CENP-B in the epigenetic
establishment of centromeric chromatin remains controversial.

In order to shed light on the role of this elusive protein, we
investigated the binding pattern of CENP-B in the genus Equus, given the
extraordinary plasticity of equid centromeres. Indeed, exceptionally frequent
centromere repositioning events mark the rapid karyotypic radiation during
the phylogeny of equid. The result is that equids are characterized by
centromeres at different maturation stages, ranging from classical satellite-
based centromeres to “immature” satellite-less centromeres. In addition,
blocks of satellite DNA uncoupled from centromeric function are frequently
present at chromosomal termini, representing relics of ancestral inactivated
centromeres or traces of satellite loci exchange during karyotype
rearrangements. Since it is well described in the literature that CENP-B
binding sites are comprised in centromeric satellites, the genus Equus provide
the opportunity to evaluate the association between CENP-B, centromeres
and satellites.

This work focuses on E. caballus (horse), E. asinus (domestic
donkey), E. grevyi (Grevy’s zebra) and E. burchelli (Burchell’s zebra). These
species were chosen as representatives of different scenarios of uncoupling
between satellite DNA and centromeric function and karyotypic
rearrangements. In the horse (2n=64), all the centromeres, with the exception
of the one of chromosome 11, are satellite-based and the major centromeric
satellite families is 37cen (Wade et al. 2009, Piras et al. 2010, Cerutti et al.
2016). In the donkey (2n=62), an extraordinary high number of satellite-less
centromeres is present (16 out of 32), while satellite DNA loci are either
centromeric or non centromeric (Piras et al. 2010, Nergadze et al. 2018). A
high number of chromosomal fusion events led to the highly similar
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karyotypes of Grevy’s zebra (2n=46) and Burchell’s zebra (2n=44) and,
according to the available comparative karyotypes, the two species share 13
autosomal chromosomal pairs. They are characterized by several satellite-less
centromeres as well as non centromeric satellite DNA loci (Musilova et al.
2007, Piras et al. 2010, Musilova et al. 2013). However, the distribution of
satellite DNA loci strongly differs between the two species: in the Grevy’s
zebra, the majority of satellite DNA loci are found at non centromeric
chromosomal termini, while in the Burchell’s zebra satellite DNA is mainly
present at satellite-based centromeres or at subcentromeric regions with only
few non centromeric loci at terminal positions (Piras et al. 2010). Thus, these
species represent four different scenarios for unraveling the role of CENP-B
and the evolution of its binding sites.

1. Equid CENP-B proteins are functional and can recognize a
canonical CENP-B box

The analysis of the coding sequences of CENP-B in four equid
species, namely E. caballus (horse), E. asinus (domestic donkey), E. grevyi
(Grevy’s zebra) and E. burchelli (Burchell’s zebra), confirmed the extreme
conservation of this protein among mammals. In particular, the two functional
domains of CENP-B — the N-terminal DNA binding domain and the C-
terminal dimerization domain — are totally identical to those of the other
mammalian species studied so far, suggesting that in the genus Equus CENP-
B is functional and able to dimerize and bind a canonical CENP-B box.

Besides the functional domains, the entire protein appeared highly
conserved among the four species, since only three amino acid differences
were detected. The first one was an alanine-to-valine substitution in the
endonuclease domain of the donkey with respect to the other equid species as
well as human and mouse protein (Earnshaw et al. 1987, Sullivan and Glass
1991). Previous data from our laboratory showed that this mutation is present
also in the two Asiatic asses Equus hemionus onager and Equus kiang
(Master thesis by Demetrio Turati), suggesting that this mutation probably
arose during the divergence of the lineage of asses. Although alanine and
valine have different structural properties, reciprocal substitutions of these
amino acid are tolerated and buffered by tertiary interactions in the overall
structure of alpha helices (Gregoret and Sauer 1998), suggesting that this
change does not impact the functionality of the protein. In addition, this
substitution occurs in the endonuclease domain, which is likely to be inactive,
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being considered only a trace of the evolutionary history of this protein
(Marshall and Choo 2012). Thus, this domain is supposed to be prone to
accumulate mutations because amino acid changes should not alter the overall
function of the protein.

The other two differences concern the first acidic domain. This gene
region is rich in GAG and GAA triplets coding for glutamate residues that are
organized in short tandem repeats. In particular, E. caballus and E. asinus
miss a glutamate residue at different positions with respect to the two zebras,
because of the deletion of a codon in a GAG stretch. Previous data from our
laboratory demonstrated that different species of mammals are characterized
by a surprising high variability in the length of GAG and GAA clusters,
leading to the hypothesis that this region might be subjected to copy number
variation due to DNA polymerase slippage during DNA replication (Master
thesis by Demetrio Turati). Moreover, the human protein, which consists of
599 amino acids, is 7-8 amino acid shorter than the equid CENP-B proteins.
These additional residues are aspartate or glutamate residues of the two acidic
domains. Interestingly, the first acidic domain is involved in the interaction
with CENP-C and we might hypothesize that the length variability of the
acidic domain among mammals could be an evolutionary driving force to
modulate the interaction network of CENP-B. Structural studies will be
required to test whether this variability affects protein functionality.

We can conclude, from sequence data, that horse and the donkey
CENP-B are likely to be functional and should recognize a canonical CENP-
B box, according to literature data.

In addition, CENP-B is expressed in all the four species but, whereas
the horse and donkey showed similar amount of expressed protein, a
reduction of CENP-B expression is observed in the Burchell’s zebra and an
increase of CENP-B expression is found in the Grevy’s zebra.

2. Peculiarities of CENP-B binding in the genus Equus

It is well described in literature that CENP-B boxes are contained in
centromeric satellites and represent the only common motif shared by these
highly divergent sequences (Kipling et al. 1995, Kipling and Warburton
1997). Conversely, these motifs have never been detected in “single-copy”
clinical neocentromeres, confirming the association between CENP-B
binding sites and centromeric satellite families (Choo 2000, Saffery et al.
2000, Amor and Choo 2002).
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Sequence analysis of the extraordinarily high number of equid
satellite-less centromeres (one in the horse and 16 in the donkey)
demonstrated that these centromeric domains lack any CENP-B recognition
motif. Thus, we proved the absence of CENP-B on mammalian evolutionary
satellite-free centromeres, confirming what had been previously described for
clinical neocentromeres (Choo 2000, Saffery et al. 2000, Amor and Choo
2002).

However, we uncovered a surprising deficiency of CENP-B
recognition motifs also in the main satellite DNA families of the genus Equus,
namely 37cen and 2PI (Piras et al. 2010). Furthermore, 37cen is the major
centromeric satellite of the horse, building the centromeric core of satellite-
based centromeres in this species (Cerutti et al. 2016). To our knowledge, this
is the first reported case of lack of the CENP-B box in a centromeric satellite
DNA family.

On the other hand, in the horse genome assembly EquCab2 we
identified a functional novel equid satellite DNA family which contains a
functional CENP-B box in which the previously identified nine essential
nucleotides for CENP-B binding are conserved (5’ tTTCGtctgAgcCGGGt
3°). This satellite, termed CENPB-sat, is made by tandemly repeated 425 bp
monomers, arranged in a head-to-tail fashion. Differently from the majority
of centromeric satellites, it is not AT rich, since the content of AT is nearly
equal to that of GC nucleotides. Sequence analysis suggested that this novel
family is evolutionary related to 37cen, since a 224 bp fragment of CENPB-
sat which does not contain the CENP-B box shares 72% identity with the 221
bp unit of 37cen. Thus, we might speculate a common evolutionary origin for
the two satellites. Otherwise, CENPB-sat is not related at the sequence level
with 2PI satellite family. Nonetheless, CENP-B and 2Pl seem to be
intermingled in the horse genome. Indeed, there are arrays or CENPB-sat,
with either functional or degenerated CENP-B boxes, interrupted by stretches
of 2PI satellite.

It should be noticed that all these satellite sequences share the same
epigenetic landscape, in particular the H3K9me3 signature, confirming the
heterochromatic environment of satellite DNA in mammals. However, RNA-
seq analysis demonstrated that, differently from 37cen and 2PI (Cerutti et al.
2016), CENPB-sat is not transcribed in horse and donkey fibroblasts.

We demonstrated that the CENPB-sat is the one bound by CENP-B in
E. caballus, E. asinus, E. grevyi and E. burchelli. However, its genomic
abundance widely varies in these species, roughly recapitulating the
differential expression of the protein. Indeed, the Grevy’s zebra is the species
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with the highest genomic abundance of this satellite, followed by the horse.
The genomic amount is dramatically reduced in the donkey and in the
Burchell’s zebra, which is the species with the lowest amount of this satellite.
In addition, although equid CENP-B proteins are predicted to be functional
as in the other mammals, these species exhibit four different scenarios
according to the binding pattern of this elusive protein and the distribution of
its binding sites. Surprisingly, all these binding patterns differ from the typical
mammalian one, where CENP-B localizes at all primary constrictions with
the exception of Y chromosome, suggesting an unconventional role of CENP-
B in the genus Equus.

1) In E. caballus (2n=64), CENPB-sat is not present at all centromeres
but localizes, at FISH resolution, only at the primary constrictions of five
meta- or submeta-centric chromosomes (ECA2, ECA6, ECA8, ECA10 and
ECAX) and sixteen acrocentric chromosomes (ECA14, ECA15, ECA16,
ECA17, ECA1S8, ECA19, ECA20, ECA21, ECA22, ECA23, ECA24,
ECA25, ECA26, ECA29, ECA30 and ECA31). This satellite is not highly
abundant in the horse genome. CENPB-sat is the one embedding the
conserved CENP-B box and recognized by CENP-B, as demonstrated
through ChIP-seq. Surprisingly, not all satellite loci are bound by CENP-B at
such levels to be detected by immunofluorescence, suggesting that this
satellite is undergoing sequence degeneration, losing the ability to be
recognized by the protein. Indeed, CENP-B can be detected by
immunofluorescence at the primary constriction of only 9 out of 32
chromosome pairs, suggesting that CENP-A and CENP-B are uncoupled in
this species.

The wide and heterogeneous appearance of CENP-B signals, in
contrast with the speckled pattern of CENP-A, suggests a broad binding
domain comprising both the centromeric core and the pericentromere. In
particular, CENP-B covers the whole primary constriction including the inner
region, differently from CENP-A and CENP-C. The pericentromeric
localization of CENP-B is demonstrated by the fact that the CENPB-sat is
enriched at very low levels in the CENP-A bound chromatin. In addition, our
previous data demonstrated that the centromeric core of satellite-based
centromeres is made by arrays of 37cen, which is not bound by CENP-B
because of the absence of binding sites. Thus, in the horse, the domains of
CENP-A and CENP-B are separated and satellite-based centromeres are
made by a core of 37cen, flanked by pericentromeric arrays of CENPB-sat
intermingled with 2PI satellite. In addition, in this system, despite the lack of
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detectable levels of CENP-B at the majority of centromeres, all the primary
constrictions are marked by CENP-C and, at the immunofluorescence
resolution, the intensity of CENP-C signals does not correlate with the
intensity of CENP-B signals. Thus, our data contradict the hypothesis that
CENP-B is directly involved in the targeting and maintenance of CENP-C at
centromeres (Fachinetti et al. 2015), suggesting that its interaction with
CENP-B is dispensable and not universal.

2) In E. asinus (2n=62), the situation completely changes. The
majority of centromeres are devoid of satellite DNA and thus lack binding
sites for CENP-B. Indeed, CENPB-sat is poorly represented in the donkey
genome, while 2PI and 37cen are well represented both at satellite-based
centromeres and at the remnants of ancestral centromeres. The CENPB-sat
satellite sequence could be detected, at FISH resolution, only at the primary
constriction of EAS3, where a faint signal could be distinguished. In the
donkey lineage, this satellite probably underwent sequence degeneration: the
CENP-B box is highly divergent and accumulated mutations in essential
nucleotides (C4>T and C13>T substitutions). These variant boxes are likely
to prevent CENP-B binding, since only the canonical non-mutated boxes are
functional. The low enrichment of CENPB-sat in the CENP-B bound
chromatin is a further evidence of the degeneration of this satellite and its
progressive failure to recruit CENP-B: the majority of CENPB-sat loci are no
more functional and only a minor fraction of these is still able to recruit the
protein. These very few sites appear to be mainly present at satellite-based
centromeres, given the enrichment of CENPB-sat in the CENP-A bound
chromatin.

A loss of functional CENP-B binding sites is supported also by the
absence of detectable CENP-B signals on donkey chromosome by
immunofluorescence. We can reasonably hypothesize that the amount of
bound protein is too low to be detected by immunofluorescence and a
considerable fraction of protein remains unbound. Moreover, in the hinny,
CENP-B signals are detected only on the chromosomes corresponding to the
ones identified in the horse, while no chromosome deriving from the donkey
parent was labeled. This observation confirmed that the DNA binding sites
rather than the protein itself are responsible for lack of binding. Nonetheless,
it should be remarked that the amount of CENP-B protein is similar in horse
and donkey. Thus, it is still an open issue whether the unbound donkey protein
could exert an additional function that is unrelated to the centromeric one.
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3) In E. grevyi (2n=46), 2Pl and CENPB-sat are the major satellite
DNA families, while 37cen is very poorly represented. Surprisingly, CENPB-
sat mainly resides at non centromeric positions, labeling a non-centromeric
end of nine submeta- or meta-centric chromosomes (EGRI1p, EGR2p,
EGR5p, EGR7p, EGR8p, EGR10p, EGR14p, EGR15p and EGR16p) and of
three acrocentric chromosomes (EGR20q, EGR21q and EGR22q). EGR6 and
EGR12 show both the pter and the primary constriction labeled by CENPB-
sat. EGR13p and EGR19q display a polymorphism, being only one homolog
of the chromosome pair labeled by the satellite probe. Despite this non-
centromeric localization, the Grevy’s zebra is the non-caballine species with
the highest conservation of the CENP-B box. Accordingly, the majority of
CENPB-sat loci are bound by CENP-B, which is highly expressed compared
to the other equid species. To our knowledge, this is the first report of such
extreme spatial uncoupling between CENP-B and centromeric function,
suggesting a different role for this elusive protein.

4) Although E. burchelli (2n=44) shares many karyotype
rearrangements with E. grevyi, the scenario of CENP-B distribution is totally
different, with interesting similarities with the donkey. In particular, the poor
representation of the CENPB-sat is extreme in this zebra. On the other hand,
the CENP-B box is highly conserved in the essential nucleotides for CENP-
B binding while the sequence environment in which it is embedded is
dramatically divergent, suggesting that this satellite is becoming more and
more degenerated and being lost from its genome. In fact, CENPB-sat cannot
be detected by FISH, suggesting that only degenerated remnants of this
satellite still exist. In this species, the major satellite DNA family is indeed
2PI, although the total satellite DNA content of this genome is quite low,
confirming previous cytogenetic data (Piras et al. 2010). As for the donkey,
the paucity of CENP-B binding sites is reflected by the absence of detectable
protein binding by immunofluorescence. It is worth noticing that this species
is the one with the lowest detected protein expression, suggesting that the
losing of CENP-B binding sites and the reduction of expression are two
interconnected phenomena, and thus confirming CENP-B dispensability.
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3. Satellite DNA and karyotype evolution in the genus Equus

According to the current model, the ancestral karyotype of
Perissodactyla mainly comprises acrocentric chromosomes and, during the
radiation of equids, many fusion and centromere repositioning events
reshaped the karyotypes of these species (Trifonov et al. 2008, Musilova et
al. 2013). E. caballus is considered the closest species to the equid ancestor,
being characterized by the highest diploid number and the highest number of
acrocentric chromosomes. However, fusion and centromere repositioning
events occurred also in the horse, leading to the appearance of its metacentric
chromosomes (Trifonov et al. 2008, Wade et al. 2009, Trifonov et al. 2012,
Musilova et al. 2013). ECA11 is the most striking example, deriving from a
centromere repositioning event which led to an immature centromere lacking
satellite DNA (Carbone et al. 2006, Wade et al. 2009).

In E. caballus, CENPB-sat is mainly found at pericentromeric
position of acrocentric chromosomes. Indeed 16 out of 18 acrocentric
chromosome pairs carry this satellite DNA family, while only few meta- or
submeta-centric chromosomes are labeled by CENP-B sat (5 out of 14
chromosomal pairs). It is important to remind that the horse acrocentric
chromosomes are supposed to correspond to unaltered equid ancestral
chromosomes. In E. asinus, EAS3, corresponding to ECA 2q+3q, is the only
chromosome with CENPB-sat, at centromeric position. Interestingly, the
syntenic group ECA 2q+3q is maintained in all the equid species with the
exception of the horse, suggesting that in this case EAS3 reflects the ancestral
configuration (Myka et al. 2003, Trifonov et al. 2008, Trifonov et al. 2012).
In E. grevyi, the majority of chromosomes (16 out of 23 pairs) exhibits
CENPB-sat at a non-centromeric chromosomal terminus. Comparing the
position of the “ancestral” horse centromere to the CENPB-sat localization
on the orthologous EGR chromosome, four different situations appear:

A) maintenance of CENPB-sat at the locus orthologous to the
“ancestral” ECA centromere (EGR6cen, EGR12cen, EGRI16pter and
EGR8pter), supporting the knowledge that the blocks of satellite DNA at non
centromeric position are the remnants of an ancient inactivated centromere
(Piras et al. 2010). Figure 19A shows the EGR16 case;

B) presence of CENPB-sat at the opposite terminus with respect to the
“ancestral” ECA centromere (EGR6pter, EGR20qter, EGR2Iqter and
EGR22qter). Figure 19B shows the EGR22 example;

C) loss of CENPB-sat (ECA15, ECA16, ECA18, ECA19, ECA21,
ECA22 and ECA25). According to Musilova et al. 2013, the corresponding
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ancestral chromosomes underwent fusion events in the zebra lineage. We
might hypothesize that CENPB-sat was lost during fusion. CENPB-sat is
absent also in EGR3, which is co-linear with the above mentioned EAS3 in
which CENPB-sat is localized at the primary constriction. Figure 19C shows
the EGR11 case;

D) presence of CENPB-sat on the p terminus of some metacentric
EGR chromosomes and absence on the ECA orthologs (EGR2, EGRS,
EGR13, EGR14 and EGR15). Surprisingly, also the ECA orthologous
chromosomes are metacentric. All the horse metacentric chromosomes,
which derived from centromere repositioning events relative to the
perissodactyl ancestral karyotype (Trifonov et al. 2012) (ECA1, ECAA4,
ECA7, ECA9, ECAI11, ECA12, ECA13), lack CENPB-sat. This observation
leads to the speculation that the EGR CENPB-sat loci might correspond to
ancestral centromeres and suggests that these horse repositioned centromeres
accumulated satellite DNA families other than CENPB-sat (Piras et al. 2010).
Figure 19D shows the example of EGR15.
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Figure 19. Position of CENPB-sat in ECA-EGR orthologous chromosomes. CENPB-
sat is represented with a red rectangle. A) Example of maintenance of CENPB-sat at
ancestral position in horse (ECA24) and Grevy’s zebra (EGR16). B) Example of presence
of CENP-B sat at discordant positions in horse (ECA30) and Grevy’s zebra (EGR22). C)
Example of loss of CENPB-sat from the ancestral position (ECA19) in Grevy’s zebra
(EGR11). D) Example of maintenance of CENPB-sat at a terminus of Grevy’s zebra
(EGR15) and loss in horse (ECA9).
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It 1s tempting to speculate that a progressive uncoupling between
CENP-B and centromeric function marked equid phylogeny. In accordance
with the library hypothesis for satellite DNA evolution (Salser et al. 1976,
Fry and Salser 1977), these equid species share a common set of satellite
DNA families which underwent expansion or shrinkage in the different
species. In Figure 20 a possible model is proposed. We might hypothesize
that ancestral centromeric DNA was composed by arrays of CENPB-sat
intermingled with 2PI stretches (Figure 20A). In this context CENP-B and
CENP-A domains would have been overlapped, as for the other mammals. A
trace of this arrangement is still found in ECA2, where CENPB-sat (Figure
14B and 17) and 2PI (Piras et al. 2010) reside at the primary constriction.
During evolution, 37cen could have arisen through amplification of the
portion of CENPB-sat which lacks the CENP-B box and also nowadays
shares a high identity with 37cen. In the horse, these 37cen arrays would have
been expanded in the centromeric core becoming able to recruit CENP-A, as
previously demonstrated at the molecular level (Cerutti et al. 2016).
Subsequently, CENPB-sat and 2PI would have been pushed out towards the
pericentromere, leading to the uncoupling between CENP-A and CENP-B
domains described above (Figure 20B). CENPB-sat is still present at the
primary constriction of a subset of chromosomes but is becoming more and
more divergent and thus losing the ability to recruit CENP-B (Figure 20C).
Progressive sequence degeneration is demonstrated by the presence of
CENPB-sat loci no more able to recruit CENP-B at the immunofluorescence
level.

In the donkey and the two zebras, the uncoupling between CENP-A
and CENP-B is extreme both for the reduction of CENP-B binding sites (E.
asinus and E. burchelli) (Figure 20D) and for the spatial separation of
CENPB-sat and centromeric function (E. grevyi) (Figure 20E and 20F). The
extended and conserved CENPB-sat arrays of the Grevy’s zebra at non
centromeric sites could represent the relics of ancestral inactivated
centromeres. In addition, exchange of satellite DNA between opposite
chromosomal termini could have played a role in reshaping of the Grevy’s
zebra karyotype, since CENPB-sat loci are frequently found at opposite
chromosomal terminus with respect to the ancestral centromere. This
hypothesis is in agreement with the observation that in primates terminal
centromeres can move from one chromosome end to the other and the
extended heterochromatic blocks of satellite DNA could play a role in this
rearrangement (Bailey et al. 2002, Ventura et al. 2004).
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In the donkey and in the Burchell’s zebra, the ancestral blocks of
CENPB-sat could have been progressively eroded and only 2PI or 37cen
remnants are still visible because of differential expansion in these species
(Piras et al. 2010).

CENP-B has been proposed to be involved in centromere strength and
stability (Fachinetti et al. 2015, Mohibi et al. 2015) and maintenance of
pericentric heterochromatin, acting as a barrier against genome instability
(Morozov et al. 2017). In addition, it was proposed that CENP-B plays a role
in the maintenance of CENP-C at centromeres (Fachinetti et al. 2015). Our
results are not in agreement with this hypothesis because CENP-B defective
centromeres do not show any visible impairment in recruiting and
maintaining CENP-A and CENP-C. Taking together our results, we might
wonder whether the uncoupling between CENP-A and CENP-B could be a
driver of the exceptionally frequent centromere repositioning events and
chromosome rearrangements that occurred in this genus. Actually, we proved
that the uncoupling between CENP-B and CENP-A does not affect the
viability of the species but surprisingly all these species are characterized by
an extraordinary centromere and karyotype plasticity, suggesting that their
centromeres are in a dynamic state and thus prone to evolve rapidly.
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Figure 20. Model of CENPB-sat evolution and CENP-A/CENP-B uncoupling in the
genus Equus. The different mechanisms that may have led to uncoupling between CENP-
A and CENP-B are reported. The chromosomes which belong to the different categories

are listed for each species.
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Conclusions

We demonstrated that all the equid species express a functional
CENP-B protein which recognizes a canonical CENP-B box. Surprisingly,
the CENP-B binding site is not comprised in the equid major satellite DNA
families, namely 37cen and 2PI, but resides in a novel satellite DNA family,
the CENPB-sat satellite. Differently from the mammalian species studied so
far, the CENPB-sat is not the major centromeric satellite and the genus Equus
is characterized by marked uncoupling between CENP-B and CENP-A. In
the horse, CENP-B domains are restricted to a subset of pericentromeres and
are excluded from the centromeric core, becoming more and more
degenerated and losing the ability to recruit CENP-B. In the donkey and the
Burchell’s zebra, the progressive reduction and degeneration of binding sites
have led to the disappearance of detectable levels of CENP-B binding at all
chromosomes. On the other hand, in the Grevy’s zebra CENP-B is present
only at non centromeric chromosomal termini, interpreted as the relics of
ancestral inactivated centromeres, while CENP-B is undetectable at all active
centromeres with the exception of two chromosomal pairs.

In conclusion, during the rapid karyotype evolution that marked equid
phylogeny, different mechanisms of centromere maturation and satellite
DNA evolution emerged in the different lineages, all resulting in the
uncoupling between the centromeric function and CENP-B. We propose that
this separation between CENP-A and CENP-B domains could be the reason
for the exceptional plasticity of equid centromeres: CENP-B defective
centromeres of the equid species could be in a more fragile equilibrium,
compared to classical CENP-B coupled centromeres, leading to the
evolutionary instability of the centromeric domains that characterized these
species.
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PART 4
BRIDGING TELOMERES, CENTROMERES AND
CENP-B IN CHINESE HAMSTER

As mentioned in the Introduction, previous work from our laboratory
proved that the Chinese hamster (Cricetulus griseus) genome is characterized
by large clusters of the telomeric-like TTAGGG repeat which are localized at
all the centromeres, with the exception of Y chromosome (Bertoni et al.
1996). Since TTAGGG repeats do not contain any CENP-B box, we
speculated that CENP-B binding might be uncoupled from the centromeric
function. It was also shown that a different satellite repeat composed of 33 bp
units is localized at the primary constriction of chromosome 5 (Faravelli et
al. 1998). Sequence analysis of this satellite revealed that it does not contain
any CENP-B box. The aim of this work was to study CENP-B and its binding
sites in Chinese hamster.

Results

1. CENP-B GENE AND PROTEIN SEQUENCE IN Cricetulus
griseus

Sequence comparison between the human (P07199) and the Chinese
hamster (P48988) CENP-B protein revealed 93% of identity. The CENP-B
protein of Chinese hamster is 606 amino acid long, 7 amino acids longer than
the human protein because of the different length of the two acidic domains
(Figure 1). The CENP-B DNA binding domain (1-129) is totally conserved,
like all mammalian species studied so far, suggesting that Chinese hamster
CENP-B could recognize a canonical CENP-B box. However, an arginine-
to-tryptophan substitution in the Chinese hamster compared to the human is
observed at position 596 of the dimerization domain (Figure 1).
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2. CHROMOSOMAL LOCALIZATION OF CENP-B IN A CHO
CELL LINE

We investigated the localization of CENP-B in a Chinese Hamster
Ovary cell line (CHO-PV, Bertoni et al. 1996) by immunofluorescence. To
label all centromeres we used a human CREST serum. While CREST signals,
as expected, were detected at the primary constriction of all chromosomes
(figure 2A), CENP-B signals could be detected only at the primary
constriction of 14 chromosomes out of 19 (figure 2B). It is important to
underline that this CHO-PV cell line is characterized by a hemizygous
karyotype, marked by dramatic rearrangements with respect to the normal
diploid karyotype. In particular, the karyotype of CHO-PV comprises eight
unrearranged chromosomes (one pair of 1, one pair of 5, one 2, one 4, one 8
and one 9), two chromosomes with simple rearrangements (3p- and 6q), five
rearranged chromosomes of the Z set (22, Z4, Z7, Z8 and Z13) and four
chromosomes of the R set (R1, R2, R3 and R4) (Bertoni et al. 1994, Bertoni
et al. 1996). Chromosome identification by computer-generated reverse
DAPI-banding showed that the pair of chromosomes 1 and chromosomes 2,
Z2 and Z7 are not bound by CENP-B at levels detectable by
immunofluorescence.

Figure 2. Immunoflurescence experiments with a CREST serum (A) and an anti-
CENP-B (B) antibody and on CHO-PV metaphase chromosomes. A) CREST (green)
signals on pseudocolored chromosomes (blue). CREST signals are detected at all primary
constrictions. B) CENP-B (green) signals on pseudocolored chromosomes (blue). CENP-
B signals can be detected only at the primary constriction of 14 chromosomes. 5
chromosomes (white arrows) lack CENP-B signals.
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3. ChIP-seq IDENTIFICATION OF THE CENP-B BOUND
SATELLITE

In order to characterize CENP-B binding sites, we adopted the same
strategy used in Equus caballus. We performed a ChIP-seq experiment with
an antibody against CENP-B on cross-linked chromatin extracted from CHO-
PV cells, using the criGril assembly (C griseus v1.0) as reference genome.
Differently from the EquCab2 assembly, criGril is a draft sequence
comprising only unassembled scaffolds. Applying specific criteria for peak
calling (see Materials and Methods), six highly enriched genomic regions,
spanning 0.5-6 kb, were identified (Table 5 in Materials and Methods).

In these regions, we identified tandem repeats of an about 80 bp unit
which comprises a mutated CENP-B box in which G16 is replaced by A (5’
tTTCGttgtAtcCGGAc 3’). Surprisingly, no canonical box (5’
nTTCGnnnnAnnCGGGn 3°) was detected in these regions. The consensus
sequence of the 80 bp repeated unit is shown in figure 3 as a logo. The
identified CENP-B bound satellite repeat shares 94% identity with the
previously described “OTK clone Saula” satellite (Accession number:
AHO005391.3 in NCBI database). This satellite family, isolated from
chromosome 5 (Shampay et al. 1995), is organized head-to-tail and contains
a highly conserved portion of 35 bp (Shampay et al. 1995). We observed that
this is the portion containing the mutated CENP-B box that was not
previously identified. From now, the consensus sequence of the 9TK clone
Saula satellite we derived from the analyzed enriched genomic regions will
be termed CENPB-Saula satellite. It is worth noticing that some genomic
regions enriched in CENP-B bound chromatin contain also telomeric-like
repeats indicating that the CENPB-Saulsatellite is intermingled with
telomeric-like repeats, typically localized at Chinese hamster primary
constrictions (Table 5 in Materials and Methods).

ATGTEARGEATTT: AT AT AEATCTMACTATTE

Figure 3. Consensus sequence of the CENP-B bound satellite of CHO-PV. The G16>A
CENP-B box is highlighted with a cyan background. The width of each stack is
proportional to its representation among the sequences used for generating the consensus
sequence.

To confirm that CENP-B binds the CENPB-Saula satellite, we
aligned the reads from input and immunoprecipitated DNA to the CENPB-
Saula sequence. Reads were also aligned to the TTAGGG repeat and SatCHS5
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satellite (Faravelli et al. 1998) sequences, which lack the CENP-B box and
therefore are not expected to be enriched in the immunoprecipitated sample.
As reported in Table 1, CENPB-Saula is the only sequence enriched in the
immunoprecipitated chromatin.

CENP-B bound chromatin

CENPB-Saula 4.2
SatCHS 1.0
Telomeric-like repeat 1.0

Table 1. Fold enrichment of different satellite DNA families in the CENP-B bound
chromatin of CHO-PV cells. Enrichment values were measured as the ratio between
normalized read counts (RPKM) in immunoprecipitated and input DNA.

In order to definitely prove that the Chinese hamster CENP-B protein
binds a mutated CENP-B box, we deduced a consensus of the CENP-B box
sequence starting from the ChIP and Input reads mapping on the CENP-B
Saula. As shown in Figure 4, the G16>A substitution of the box is totally
conserved in both immunoprecipitated and input DNA. Moreover, other
mutated boxes were detected in both the immunoprecipitated and input DNA
but they were less represented than the G16>A variant (Figure 4). On the
contrary, no canonical boxes were detected in the raw reads.

Taken together, these results prove that this CENP-B box variant is
the functional CENP-B box in Chinese hamster. To our knowledge, this
newly described CENP-B box was not described before. In addition,
telomeric-like sequences are not bound by CENP-B despite their well
described localization at the majority of Chinese hamster primary
constrictions (Bertoni et al. 1996).

107



Part 4: Results
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Thanks to Input data, we could estimate the genomic abundance of the
different satellite families in the Chinese hamster genome. In accordance with
previous work (Bertoni et al. 1996, Shampay et al. 1995, Faravelli et al.
1998), the telomeric-like arrays are extremely abundant in the Chinese
hamster genome, while the other families, including the CENPB-Saula are
less represented (Table 2).

Genomic abundance

CENPB-Saula 5027.5
SatCHS 43750
Telomeric-like repeat 394004.8

Table 2. Genomic abundance of different satellite DNA families in CHO-PV cells. The
value of the genomic abundance was measured as the normalized read count (RPKM) of
input DNA.

4. TELOMERIC-LIKE REPEATS AT CHO CENTROMERES

To confirm the coupling between telomeric repeats and centromeric
function, we performed a ChIP-seq experiment in the CHO-PV cell line with
the same CREST serum used in immunofluorescence experiments (Figure
2A). ChIP and Input reads were mapped on the custom reference genome
made by the sequences of the different satellite DNA families described
before. As reported in Table 3, both the telomeric-like repeats and CENPB-
Saula are enriched in the immunoprecipitated sample. Thus, we
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demonstrated, at the molecular level, that telomeric-like repeats are
associated with centromeric function. Regarding the enrichment of the
CENPB-Saula satellite, it must be underlined that the CREST serum is not
specific against CENP-A and, in particular, the one we used is highly
enriched in antibodies against CENP-B (data not shown). It is important to
remind that the genomic amount of CENPB-Saula is very low compared to
the one of the telomeric repeats. The high enrichment of CENPB-Saula
means that almost all the few copies of CENPB-sat reside in
immunoprecipitated chromatin. On the contrary, the enrichment of the the
telomeric-like repetitions is lower because they are expected to be present in
large amounts at pericentromeric, interstitial and telomeric positions (Bertoni
et al. 1996).

Fold enrichment in CEN chromatin

CENPB-Saula 11.7
SatCHS 1.1
Telomeric-like repeat 2.7

Table 3. Fold enrichment of different satellite DNA families in the centromeric
chromatin (CREST) of CHO-PV cells. Enrichment values were measured as the ratio
between normalized read counts (RPKM) in immunoprecipitated and input DNA.
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Discussion

1. Telomeric-like repeats bear the centromeric function in Chinese
hamster

The Chinese hamster, as with several other vertebrate species, is
characterized by the presence of very extended blocks of telomeric-like
TTAGGG repetitions at centromeric positions, as result of chromosomal
fusion and fission events during karyotype evolution. In particular, previous
work from our laboratory proved that large clusters of TTAGGG repeats can
be detected by FISH at nearly all primary constrictions both in a normal
diploid cell line and in a CHO-K1 derived cell line (CHO-PV), demonstrating
that in this species telomeric-like repetitions are spatially related to
centromeres (Bertoni et al. 1996). We proved, at the molecular level, that
telomeric-like repeats actually bear the centromeric function, since they are
enriched in the centromeric DNA immunoprecipitated with a CREST serum.
Our results are in accordance with recent works assessing that
intrachromosomal telomeric repeats could act as seeds for centromerization
in fission yeast and Drosophila (Olszak et al. 2011, Castillo et al. 2013).

However, despite its functional association with the centromeric core,
the TTAGGG repeat does not contain any CENP-B binding site, in a scenario
similar to that of the genus Equus.

2. The peculiar binding pattern of Chinese hamster CENP-B protein

Sequence analysis of the coding sequence of the CENP-B gene
confirmed the extreme conservation of the N-terminal DNA binding domain
among mammals. On the other hand, we detected an arginine-to-tryptophan
substitution in the Chinese hamster compared to the human protein. Although
conformational studies have not been performed, the highly different
chemical properties of these amino acids raise the question whether this
mutation could be well tolerated or whether conformational changes may
arise leading to impairment in the dimerization. However, to our knowledge,
this is the first report of a mutation in the C-terminal dimerization domain
among mammals. In addition, we can hypothesize that this mutation
specifically arose in the Cricetidae lineage, since in the mouse this amino acid
substitution is not present. As with the equid CENP-B proteins, the Chinese
hamster protein is 7 amino acid longer than the human proteins and these
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additional residues are glutamate or aspartate residues of the two acidic
domains. As mentioned in Part 3, the first acidic domain is involved in the
interaction with CENP-C. Structural studies will be required to test whether
this variability affects protein functionality.

Despite the peculiarity of the Chinese hamster protein, CENP-B
appears functional, being detectable by immunofluorescence in the CHO-PV
cell line. However, in a scenario similar to that of the horse, CENP-B can be
detected only at the primary constriction of 14 out of 19 chromosomes, being
undetectable on the two chromosomes 1 and on chromosomes 2, Z2 and Z7,
while all the centromeres were labeled by the CREST serum, as expected.
Differently from the equid species, CENP-B signals are homogeneous on the
different chromosomes and display the typical “specked pattern” of CENP-
A, suggesting a positioning in the centromeric core. The absence of signals
on a few chromosomes is likely the result of a paucity of binding sites,
suggesting a heterogeneous distribution of the satellite bound by CENP-B
among chromosomes.

The satellite bound by CENP-B was identified by ChIP-seq with an
anti-CENP-B antibody and consists of an 80 bp monomer containing a non-
canonical CENP-B box. Surprisingly, this motif contains only eight of the
nine essential nucleotides (5’ tTTCGttgtAtcCGGac 3’), being characterized
by a G16>A transition. Despite the mutation of this essential nucleotide, this
box is actually bound by CENP-B, being enriched in the immunoprecipitated
DNA, while no canonical CENP-B box can be found in the CHO-PV genome.
According to structural studies, N7 of G16 is recognized by the side chain
NH; group of Argl25 through hydrogen bonding (Tanaka et al. 2001). Our
results prove that a G16>A transition could be tolerated by the protein without
abolishing binding.

Nucleotides substitutions in the essential nucleotides of the CENP-B
box were reported for the North African rodent Leminscomys barbarus
(Stitou et al. 1999) and the red-neck wallaby Macropus rufogriseus (Stitou et
al. 1999, Bulazel et al. 2006). In the former case, the novel box is 19 bp long
and conserves only five of the nine essential nucleotides. However, its
functionality in recruiting CENP-B was never tested. On the other hand, in
the marsupial two essential nucleotides of the CENP-B box are mutated, but
the protein was demonstrated to bind this box anyway (Bulazel et a. 2006).
Although data on the DNA binding domain of Macropus rufogriseus are not
available, it has been reported that a few marsupial species carry amino acid
substitutions in the CENP-B domain devoted to motif recognition (Master
thesis by Demetrio Turati). Thus, we can hypothesize that this variation in the
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DNA binding domain might have led to a change in binding specificity of the
protein. The situation is different in the Chinese hamster, where the DNA
binding domain of CENP-B is totally conserved with the human one. Thus,
to our knowledge this is the first reported case of a functional CENP-B box
with a mutation in one essential nucleotide, still recognized by the totally
conserved N-terminal domain of CENP-B. Although we identified an amino
acid change in the C-terminal dimerization domain, it is unlikely that this
mutation could affect the binding specificity of the protein.

Interestingly, the novel defined consensus of the satellite bound by
CENP-B corresponds to a previously discovered minisatellite, namely 9TK
clone Saula satellite (Accession number: AH005391.3 in NCBI database),
which was isolated from chromosome 5 and found to be poorly represented
in the Chinese hamster genome and organized in a head-to-tail fashion
(Shampay et al. 1995). At the time of isolation, Shampay and collaborators
noted that this satellite contains a highly conserved 35 bp portion, suggesting
that this region could be involved in protein recruitment. In fact, this part is
the one endowed with the mutated CENP-B box. In addition, we confirmed
the fact that this satellite represents only a minor fraction of the satellite DNA
library of Chinese hamster, which is mainly made of telomeric-like
repetitions.

Furthermore, we detected telomeric-like repeats, more or less
degenerated, within arrays of the CENP-B bound Saula satellite, suggesting
that this satellite family is intermingled with the highly abundant TTAGGG
arrays.
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Conclusions

The investigation of CENP-B and its binding sites in Chinese hamster
cells revealed that also this species is also a valuable model for studying
CENP-B function. As in the genus Equus, centromeres without detectable
levels of CENP-B are present also in this species, demonstrating that the
typical binding pattern of CENP-B — in which CENP-B localizes at all
primary constrictions with the exception of the Y chromosome - is not
universal across mammals.

We demonstrated that the satellite bound by CENP-B matches a
previously identified satellite, organized in tandem repeats of 80 bp
monomers and poorly represented in the Chinese hamster genome.
Surprisingly, the CENP-B box contained in this satellite family carries a G>A
transition in one of the eight essential nucleotides. Intriguingly, the DNA
binding domain of the Chinese hamster CENP-B is totally conserved with the
typical mammalian one. To our knowledge, this is the first report of a change
of CENP-B binding specificity without mutations in the DNA binding
domain of the protein, suggesting a sort of CENP-B tolerance to mutations in
the binding motif which was excluded so far.

As for the genus Equus, the CENP-B binding motif is not contained
in the major centromeric satellite, which is the TTAGGG repeat. Indeed, we
proved at the molecular level the coupling between telomeric-like repeats and
centromere function, previously observed at the cytogenetic level (Bertoni et
al. 1996). The bridge between telomeres and centromeres is attributed to
chromosomal fusions and fission events during karyotype evolution and
TTAGGG repeats at centromeres are supposed to be derived from ancient
telomeres. In addition, it is well known that Chinese hamster is characterized
by chromosome-specific families of satellite DNA (Faravelli et al. 1998),
revealing a varied landscape of satellite DNA families at these peculiar
centromeres. Drawing a parallelism with the results obtained in the genus
Equus, we might wonder whether the peculiar rearrangements of Chinese
hamster karyotype that characterize our CHO-PV cell line could be facilitated
by the uncoupling between CENP-B and the centromeric function. To this
end, we plan to characterize the binding pattern of CENP-B in normal diploid
Chinese hamster cells and to extend the analysis to other species of the family
Cricetidae. The understanding of the chromosomal distribution of CENP-B
binding sites could help us to shed light on the controversial role of CENP-
B.
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PART 5
TRIDIMENSIONAL NUCLEAR ORGANIZATION OF
CENTROMERES AND SATELLITE DNA IN THE GENUS
Equus

Results

In the tridimensional architecture of mammalian nuclei, centromeres cluster
at the nuclear and nucleoli periphery. It is a matter of debate whether
centromere clustering depends on the presence of satellite repeats or on the
centromeric function. In the genus Equus several centromeres are satellite-
free, whereas many satellite DNA loci are not centromeric. Thus, equids
represent a unique model to test whether the basis of centromere clustering
depends on the primary DNA sequence (satellite DNA) or on the centromeric
function. To answer this question, we analyzed centromere clustering in E.
caballus and E. asinus.

1. NUCLEAR ORGANIZATION OF 37cen SATELLITE IN THE
HORSE

In the horse (2n=64), the 37cen satellite is the major centromeric
satellite and localizes, at the cytogenetic level, at all primary constrictions
with the exception of the satellite-less centromere of ECA11 and the satellite-
associated centromere of ECA2, where only 2PI (Piras et al. 2010, Cerutti et
al. 2016) and CENPB-sat (Part 3 of this thesis) sequences are localized at the
primary constriction. It is well known that pericentromeric and centromeric
satellites form clusters in the 3D-organization of the nucleus (Jin et al. 2000,
Weierich et al. 2003, Padeken et al. 2013, Burrack et al. 2016).

To visualize the spatial organization of the 37cen satellite in the horse
we analyzed 35 nuclei by 3D FISH. The number of 37cen signals ranged from
15 to 28 with a mean of 21.1 + 3.7 signals per cell. Since a total of 60
centromeres is labeled by 37cen in the horse (Piras et al. 2010), our results
suggest a good degree of clustering for this satellite DNA sequence. Focusing
on their intranuclear localization, 12.3 + 2.9 signals were peripheral, 3.3 + 1.5
localized around nucleoli and the remaining 5.5 + 2.8 were internal (Figure
1). It must be underlined that all the nucleoli were always marked by the
presence of 37cen clusters with a peculiar horseshoe shape (Figure 2). These
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structures were visible also in cell types other than fibroblasts, such as the cell
types found in retina sections (Figure 3). It should be noted, however, that
this classification of 37cen signals has the limitation of depending on
hybridization efficiency, nucleus size and relative position of satellite DNA
signals. Actually, two separate but close signals might appear as single signals
when the nucleus is highly compact or their intensity is high.

Number of 37cen signals
4

10
5
J I
0 I
Total Peripheral Around nucleulus Internal

Number of scored nuclei: 35

Average total number of 37cen signals per nucleus: 21.1 +3.7

Average number of peripheral 37cen signals per nucleus: 12.3 £2.9
Average nimber of 37cen signals around nucleoli per nuctens: 3.3 +1.5
Average number of internal 37cen signals: 5.5 £2.8

Figure 1. Clustering and intranuclear position of the 37cen satellite in the horse. A)
On the left, average number of 37cen signals per nucleus classified according to
intranuclear position. Error bars represent standard deviations. Number of nuclei = 35.
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Figure 2. Organization of the 37cen satellite in horse primary fibroblasts. Partial
series of optical sections of a horse fibroblast nucleus (red) hybridized with 37cen (green).
Nucleoli (blue) were immuno-stained with an anti-B23 antibody. Yellow arrows point to
examples of “horseshoe” clusters of 37cen.
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Figure 3. Organization of the 37cen satellite in the horse retina. A) Overview of a
horse retina section hybridized with 37cen (green). B) Partial series of optical sections of
a cell from the inner nuclear layer from horse retina hybridized with 37cen (green). Yellow
arrows point to examples of “horseshoe” clusters of 37cen.

2. NUCLEAR ORGANIZATION OF SATELLITE DNA IN THE
DONKEY

In the donkey (2n=62), satellite DNA is uncoupled from centromere
function. Indeed, 16 centromeres out of 31 are satellite-less and satellite DNA
frequently resides at non-centromeric termini as the remnant of an inactivated
ancestral centromere (Piras et al. 2010, Nergadze et al. 2018). In particular,
at cytogenetic level, satellite DNA localizes at one non centromeric terminus

117



Part 5: Results

of 13 meta- or submeta-centric donkey chromosomes (1p, 4p, 6p, 7p, 8p, 9p,
11p, 12p, 13p, 17p, 14q, 15q and 30q) and on the centromeric region of 13
chromosomes (1, 2, 3, 20, 21, 23, 24, 25, 28, 29, 30, X and Y). In addition,
satellite DNA was detected at one interstitial site of X chromosome (Piras et
al. 2010).

To investigate the clustering of satellite DNA in the donkey, a 3D
FISH experiment was performed on donkey nuclei using donkey genomic
DNA as probe for total satellite DNA (Piras et al. 2010). Given the fact that
the primary fibroblasts were derived from a male donkey, in the hypothesis
that there was no clustering of satellite DNA loci, we expected a total of 53
signals detectable by FISH. Scoring 27 nuclei, the number of satellite DNA
signals ranged from 13 to 23, with a mean of 18.2 + 2.7 signals per nucleus
(Figure 4A). Thus, our results clearly demonstrate that satellite DNA
sequences tend to coalesce irrespectively of the centromeric function.

Focusing on the intranuclear localization of satellite DNA signals per
nucleus, 10.6 £ 2.5 were peripheral, 4.6 £ 1.5 were around nucleoli and 3.0 +
1.6 were found at internal positions (Figure 4A). In addition, almost the
totality of nucleoli was labeled by satellite DNA clusters with a peculiar
horseshoe shape, as previously described for the horse (Figure 4B and Figure
5).

The same analysis was performed with the 37cen probe. Unlike the
horse, in which 37cen is the CENP-A bound satellite (Piras et al. 2010, Cerutti
et al. 2016), 37cen is not strictly centromeric in the donkey. Actually, the
37cen sequence is localized on one telomeric end of seven meta- or submeta-
centric chromosome pairs (1p, 7p, 9p, 12p, 13p, 14q and 30p) and in the
centromeric region of only two chromosomes (1 and 2), chromosome 1
showing a very large subcentromeric signal; thus, in chromosome 1, this
probe recognized both the p arm terminus and the extended subcentromeric
heterochromatic region (Piras et al. 2010). Thus, we expected a total of 18
loci detectable by FISH. Scoring 33 nuclei, the number of 37cen ranged from
9 to 15, with a mean of 11.6 + 1.8 signals per cell, suggesting some degree of
clustering in spite of the non centromeric nature of this satellite family. In the
nucleus, 5.5 £ 1.6 37cen signals were peripheral, 2.9 + 1.3 surrounded
nucleoli and 3.2 + 1.6 were internal (Figure 4C). The majority of nucleoli
were again marked by the presence of 37cen clusters (Figure 4D and 6). These
results suggest that, in the donkey, clustering is mainly due to the presence of
satellite DNA rather than to the centromeric function.
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Figure 4. Clustering and intranuclear position of satellite DNA in the donkey. A)
Average number of gDNA signals per nucleus classified according to intranuclear
position. Error bars represent standard deviations. Number of nuclei = 27. B) Satellite
DNA association to nucleoli. Number of nuclei = 27. Number of nucleoli: 66. C) Average
number of 37cen signals per nucleus classified according to intranuclear position. Error
bars represent standard deviations. Number of nuclei = 33. D) 37cen association to
nucleoli. Number of nuclei = 33. Number of nucleoli: 77.
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Figure 5. Organization of satellite DNA in donkey primary fibroblasts. Partial series
of optical sections of a donkey fibroblast nucleus (red) hybridized with donkey genomic
DNA (green). Nucleoli (blue) were immuno-stained with an anti-B23 antibody.
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Figure 6. Organization of the 37cen satellite in the donkey. Partial series of optical
sections of a donkey fibroblast nucleus (red) hybridized with 37cen (green).

To investigate the nuclear organization of satellite DNA with respect
to centromeres, a 3D-immunoFISH was performed on donkey nuclei using a
CREST serum and donkey genomic DNA as probe for total satellite DNA
(Figure 7). Thirty nuclei were analyzed. Two different signal patterns were
observed: centromeric clusters (satellite DNA signals including one or more
CREST signals) and non-centromeric signals (satellite DNA signals without
any detectable CREST signal). In all nuclei, the number of non-centromeric
signals was always very low, ranging from 0 to 5, with 23% of nuclei showing
no non-centromeric signals and a mean of 1.5 + 1.2 non-centromeric signals
per cell. In Figure 7 an example is reported. This finding indicates that the
majority of non centromeric satellite loci cluster with the centromeric ones.

As shown in Figure 7, mitochondria are immunostained by the
CREST serum. It is important to underline that this CREST serum contains
also antibodies against mitochondrial proteins. However, we could
distinguish the centromeric signals from the ones of mitochondria because of
their different position and shape.
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All the nuclei showed CREST signals which did not colocalize with
satellite DNA. It is likely that these centromeric signals correspond to the
donkey satellite-less centromeres, suggesting that clustering relies on the
presence of satellite DNA rather than on the centromeric function. No clear
association was observed among satellite-less centromeres, which appeared
interspersed in the nucleus.

Figure 7. Clustering of satellite-associated centromeres and non centromeric satellite
loci in the donkey. Partial series of optical sections of a donkey fibroblast nucleus with
CREST-labeled centromeres (red) and total satellite DNA (green). Yellow arrows point
two non centromeric satellite loci. The cyan arrow points to an example of satellite-less
centromere.
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3. NUCLEAR LOCALIZATION OF THE SATELLITE-LESS
CENTROMERE OF HORSE CHROMOSOME 11

To assess whether centromere clustering is related to the centromeric
function or to the satellite DNA sequence, we investigated the nuclear
localization of the sequence of the horse satellite-less centromere of
chromosome 11 (ECA11lcen) with respect to satellite DNA.

We carried out 3D FISH on horse primary fibroblasts using a BAC
probe from the satellite-less centromeric domain and the 37cen probe. We
analyzed 54 nuclei and scored 108 ECA1lcen signals clearly indicating that
the centromeres of ECA11 do not cluster together. In addition, 67% of all
ECAT11 signals did not colocalize with 37cen (Figure 8 and 9). It is likely that
the localization of some ECA11 signals with 37cen is mainly due to the large
nuclear space occupied by 37cen clusters.

The lack of clustering between ECAllcen and the horse major
satellite was observed also in other cell types, such as those from retina
(Figure 10).

In the donkey, the region orthologous to the horse ECA11 centromere
i1s not centromeric but resides on the q arm of donkey chromosome 13
(EAS13). We used the ECAllcen probe to test whether there is any
association between this sequence, which is no more centromeric in this
species, and 37cen satellite. As mentioned before, also 37cen is not
centromeric in this species, being present at only two centromeres and at
seven non centromeric chromosomal termini. Nonetheless, as previously
described, in the donkey, satellite DNA sequences have the tendency to
coalesce irrespectively of their function and, thus, both centromeric and non
centromeric satellites predominantly cluster together. The analysis of 33
donkey nuclei revealed that, similarly to the horse, the majority (76%) of the
ECAllcen signals did not colocalize with 37cen (Figure 8 and 11). We
further evaluated the association between the ECA11cen sequence and total
satellite DNA using as probe donkey genomic DNA (Piras et al. 2010): 50%
of these signals colocalized with satellite DNA (Figure 8 and 12). These
results demonstrate that the association between the ECAllcen sequence,
which is not centromeric in the donkey, with satellite DNA is not related to
its function but, as discussed below, it may be related to the status of its
chromatin.

We then analyzed the intranuclear position of ECA11cen sequence. In
the horse, the majority of ECA11 centromeres were localized at peripheral
positions of the nucleus, although a substantial fraction was positioned either
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around nucleoli or at internal positions. As shown in Figure 8, although we
demonstrated the lack of association between this satellite-less centromere
with satellite-associated centromeres, ECA11 centromeres share the same
nuclear spaces of the satellite clusters. In addition, we observed that ECA11
centromeres which do not cluster with 37cen are preferentially found at the
nuclear periphery. On the other hand, 37cen-clustered ECA11 centromeres
are mainly found at the nuclear periphery and at the periphery of nucleoli
(Figure 8C and 13). It is important to underline that nucleoli are always
surrounded by 37cen satellite sequences (Figure 2).

In the donkey, although the ECA11 sequence is not centromeric, its
intranuclear localization is similar to the one of the horse (Figure 8). It is
worth noting that the ECAl1l centromere and its orthologous donkey
sequence are embedded in a heterochromatin domain as satellite-based
centromeres (Part 3 and PhD thesis by Riccardo Gamba). It is well known
that, in the nucleus, heterochromatin is restricted to the periphery and nucleoli
(Solovei et al. 2016). Thus, it is likely that the intranuclear position of
ECAllcen sequence and satellite DNA is not related to the centromeric
function but to their shared epigenetic signature.
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Figure 8. Satellite DNA association and intranuclear localization of ECAllcen
sequence in horse and donkey. A) Percentages of absence of clustering (green) and
clustering (red) between ECAllcen sequence and satellite DNA in horse and donkey
primary fibroblasts. B) Intranuclear localization of ECAllcen in horse and donkey and
37cen-associated centromeres in the horse. C) Different intranuclear localization of
ECAllcen according to 37cen association in the horse. D) Different intranuclear
localization of ECAllcen according to 37cen association in the donkey. E) Different
intranuclear localization of ECA11cen according to total satellite DNA association in the
donkey.
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Figure 9. ECAllcen and 37cen in the horse. Horse fibroblast nucleus hybridized with
ECATllcen (red) and 37cen (green). The two optical sections showing the focal planes of
ECATl1cen signals are reported. The two ECAl1cen signals do not colocalize with 37cen
signals.
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Figure 10. ECAllcen and 37cen in cell types from horse retina. Optical sections of
different cell types from a horse retina section hybridized with ECA11cen (red) and 37cen
(green). (A-E) For each image, the optical sections showing the focal planes of ECAllcen
signals are reported. A) Inner nuclear layer cell. B) Ganglial cell. C) Pigment epithelial
cell. D) Smooth muscle cell from retina vessels. E) Horizontal cell. F) Overview of the
outer nuclear layer.
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Figure 11. ECAllcen and 37cen in the donkey. Donkey fibroblast nucleus hybridized
with ECAllcen (red) and 37cen (green). The two optical sections showing the focal planes
of ECAllcen signals are reported. The two ECAllcen signals do not colocalize with
37cen signals.

Figure 12. ECAllcen and genomic DNA in the donkey. Donkey fibroblast nucleus
hybridized with ECAllcen (red) and donkey genomic DNA (gDNA) for detecting total
satellite DNA (green). The two optical sections showing the focal planes of ECAllcen
signals are reported. One ECAllcen signal colocalizes with donkey genomic DNA
signals.
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/3 o0 e
Figure 13. Colocalization between ECAllcen and 37cen at the periphery of nucleolus
in the horse. Nucleulus (blue) of a horse fibroblast nucleus hybridized with ECAllcen
(red) and 37cen (green). Nucleoli were immunostained with an anti-B23 antibody. On the
right, DAPI staining.

4. NUCLEAR LOCALIZATION OF TWO SATELLITE-LESS
CENTROMERES OF THE DONKEY

In the donkey, the presence of CREST signals without satellite DNA
clearly demonstrated that satellite-less centromeres do not associate to highly
repetitive DNA in the tridimensional nuclear architecture.

To confirm the lack of clustering between satellite-less and satellite-
based centromeres, we investigated the nuclear localization of two donkey
satellite-less centromeres with respect to satellite DNA in the donkey. These
satellite-less centromeres were the one of donkey chromosome 5 (EAS5cen)
and the one of donkey chromosome 13 (EAS13cen). 3D-FISH experiments
were performed using two BAC probes for their centromeric domains on
primary fibroblast nuclei. The two BAC probes were labeled with the same
fluorochrome. Thus, in each nucleus we could score four BAC signals
corresponding to the two pairs of satellite-less centromeres (EAScens). We
evaluated the association between these satellite-less centromeres and total
satellite DNA or 37cen satellite.

The analysis of 28 nuclei showed that the majority of EAScens signals
(64%) did not colocalize with satellite DNA (Figure 14 and 15). The analysis
carried out on 18 nuclei with 37cen probe revealed similar results: 75% of
EAScens were not associated to this satellite sequence (Figure 14).

The intranuclear position of these satellite-less centromeres was
similar to the one of ECA11 centromere. Indeed, these donkey satellite-less
centromeres share the same nuclear compartments of satellite DNA clusters
(Figure 14B). Moreover, satellite-less centromeres which do not cluster with
satellite DNA are preferentially found at the nuclear periphery. Centromeres
colocalizing with satellite DNA are mainly found at the nuclear periphery and
at the periphery of nucleoli (Figure 14C and D). It is important to underline
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that also these centromeres are embedded in a heterochromatic environment
(PhD thesis by Riccardo Gamba). These finding confirm that the intranuclear
position of satellite-less centromeres is not related to the centromeric function
but to their epigenetic signature.
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Figure 14. Satellite DNA association and intranuclear localization of two donkey
satellite-less centromeres (EAScens) in donkey. A) Percentages of absence of clustering
(green) and clustering (red) between ECAllcen sequence and satellite DNA in donkey
primary fibroblasts. B) Intranuclear localization of EAScens, total satellite DNA loci and
37cen loci in the donkey. C) Different intranuclear localization of EAScens according to
total satellite DNA association in the donkey. D) Different intranuclear localization of
EAScens according to 37cen association in the donkey.
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Figure 15. Two donkey satellite-less centromeres (EAScens) and donkey genomic
DNA Donkey fibroblasts nucleus hybridized with EAScens (red) and donkey genomic
DNA (green) The optical sections showing the focal planes of the four EAScens signals
are reported. Only one EAScen signal colocalizes with gDNA.
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Discussion
1. Satellite DNA clusters irrespectively of the centromeric function

One of the prominent features of mammalian nuclear architecture is
clustering of centromeres in chromocenters. Despite the conservation of
centromere clustering across eukaryotes, it was still a matter of debate
whether in mammals this phenomenon depends on the presence of satellite
DNA at these loci or on the centromeric function.

In the genus Equus, satellite DNA is uncoupled from centromeric
function: many centromeres are satellite-less and many satellite DNA loci are
not centromeric, representing relics of ancestral centromeres or traces of
karyotype evolution occurred in this genus. Thus, the genus Equus provide us
the opportunity to unravel the basis of centromere clustering.

Regarding the relationship between satellite DNA and centromeric
function, E. caballus and E. asinus represent two different scenarios. In the
horse, only one chromosome (ECA11) out of 32 is satellite-free, while all the
other chromosomes carry satellite DNA at centromeric position, with 37cen
satellite as the major centromeric satellite DNA family (Wade et al. 2009,
Piras et al. 2010, Cerutti et al. 2016). In the donkey, the degree of uncoupling
between satellite DNA and centromeric function is impressive: we recently
demonstrated that 16 out of 31 centromeres lack highly repetitive DNA
(Nergadze et al. 2018), while satellite DNA resides at the primary constriction
of 13 chromosomes, at one non centromeric terminus of 13 chromosomes and
at an interstitial position of one chromosome (EASX) (Piras et al. 2010). In
addition, 37cen is not the major CENP-A bound satellite family in this
species: 18 loci can be detected by FISH but only two reside at primary
constrictions.

However, these two species show surprising similarities regarding the
tridimensional organization of satellite DNA in the nuclear architecture. In
horse nuclei, an average of 21 signals of 37cen satellite, corresponding to 60
centromeric loci, was detected, suggesting a high degree of clustering, in
accordance with literature data on centromere clustering in mammals
(Weiterich et al. 2003, Solovei et al. 2004). In the donkey, hybridization with
total genomic DNA for detection of satellite DNA loci revealed the presence
of 18 signals, deriving from a total of 53 loci. Differently from the horse, only
26 of these loci reside at primary constrictions, demonstrating that satellite
DNA loci tend to coalesce irrespectively of centromeric function. Further
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evidence is given by the presence of clusters of 37cen satellite in the donkey
in spite of their mainly non centromeric localization.

In addition, E. caballus and E. asinus share the same intranuclear
distribution of satellite DNA, reflecting the typical pattern identified in
mammals (Weierich et al. 2003, Solovei et al. 2004): the majority of clusters
localize at nuclear periphery and almost all nucleoli were surrounded by
clusters of satellite DNA with a peculiar horseshoe shape. A few internal
signals, not associated to nucleoli, were detected as well. The same
organization was not restricted to fibroblasts, but was found in different cell
types, such as those present in the retina.

In the donkey, nearly all satellite DNA clusters contain at least one
CREST signal, indicative of functional centromere. This observation suggests
two possible scenarios. First, we can speculate that in an imaginary “ancestral
nucleus” all the centromeres were satellite-based and clustered. During
donkey karyotype evolution marked by exceptionally frequent centromere
repositioning events, a number of satellite-based centromeres from each
cluster were inactivated but these loci maintained their epigenetic signature
and positioning in the tridimensional nuclear architecture, being still
associated with the active ones. Alternatively, we can hypothesize that some
centromeric protein, beyond its centromeric function, might act as
chromocenter-bundling protein, driving satellite DNA association,
recognizing also non centromeric and pericentromeric satellite DNA loci.
This hypothesis fits the model of chromocenter formation by aggregation of
both centromeric and pericentromeric highly repetitive DNA described by
Jagannathan and Yamashita (2017).

In conclusion, our results clearly show that satellite DNA sequences
coalesce independently from their coupling to centromeric function.
Furthermore, these observations are in agreement with the previous notion
that in the mammalian nucleus, chromosomal loci tend to associate according
to their repeat enrichment as a result of mutual repeat recognition (Solovei et
al 2016). Finally, it is well known that the maintenance of large blocks of
satellite DNA poses a significant burden for the cell. However, it has been
proposed that satellite DNA could have a structural role in shaping and
anchoring the tridimensional nuclear architecture (Jagannathan and
Yamashita 2017). In this view, we might hypothesize that the non centromeric
satellite DNA loci of the donkey have still a role in the tridimensional nuclear
organization.
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2. Satellite-less centromeres do not cluster with satellite-based
centromeres

Satellite-less centromeres represent the other side of the coin in
evaluating the basis of centromere clustering. If the basis of clustering was
the epigenetically-defined centromeric function, satellite-less centromeres
would cluster with the satellite-based ones. On the contrary, our observations
on the position of the centromere of ECA11, the only satellite-less centromere
of the horse, confute this thesis. Indeed, the majority of ECA11 centromeres
(67%) did not cluster with the major CENP-A bound 37cen satellite.

Our results also indicate that the association between a fraction of
ECA11 centromeres (33%) and 37cen does not depend on the centromeric
function because also the donkey non-centromeric orthologous sequences
showed a similar behavior.

Despite the absence of association between satellite-less centromeres
and satellite-based ones, the horse ECAll centromere and its donkey
orthologous locus surprisingly show the typical localization of satellite-based
centromeres - at the nuclear periphery and adjacent to nucleoli. Since nucleoli
are always surrounded by satellite clusters, loci positioned around nucleoli
can sometime contact satellite DNA because of spatial limitations. On the
other hand, random contacts between satellite-less loci and satellite DNA
clusters are less frequent in the wide nuclear periphery.

The uncoupling between satellite-less centromeres and satellite DNA
was observed also in the donkey.

Finally, in spite of the absence of centromere clustering, satellite-less
centromeres tend to localize in the same nuclear compartments (nuclear
periphery and around nucleoli). We know that satellite-less centromeres, as
well as satellite-based centromeres, are embedded in heterochromatic
domains in which transcription is repressed (Part 3, PhD thesis by Riccardo
Gamba). Thus, we might hypothesize that satellite-less centromeres could
have formed via epigenetic mechanisms in genome regions that had a nuclear
distribution similar to conventional centromeres, having common epigenetic
signature.
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Conclusions

In conclusion, we demonstrated that, in mammals, satellite DNA
clusters irrespectively of the centromeric function. Indeed, the same degree
of cluster formation is observed in both the horse, where all satellite DNA
loci are centromeric, and in the donkey, where more than half of satellite
DNA loci are not centromeric, mainly corresponding to relics of ancient
inactivated centromeres.

As for the mammalian species and cell types known so far (Weierich
et al. 2003, Solovei et al. 2016, Jagannathan and Yamashita 2017), in both
species the clusters localize mainly at the nuclear periphery and around
nucleoli. Satellite-less centromeres share this positioning in the
tridimensional nuclear architecture but do not cluster with the satellite-based
ones, further proving that the phenomenon of centromere clustering relies on
the presence of satellite DNA rather on the centromeric function.
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PART 6
CENTROMERIC DOMAINS AND RECOMBINATION
FOCI IN HORSE MEIOSIS

Results
1. DISTRIBUTION OF MLH1 FOCI ON ECA11

It is known that meiotic recombination is suppressed at centromeres
and this phenomenon is called “centromere effect”. As mentioned in the
Introduction, the centromere of horse chromosome 11 (ECA11) is the only
one devoid of satellite-DNA in this species. We wondered whether this
centromere exerts the same inhibitory effect on meiotic recombination as a
satellite-based centromere. The recombination rates and patterns in horse
spermatocytes were already described by Al Jaru and collaborators (Al-Jaru
etal. 2014), but still no work was focused on the relationship between meiotic
recombination and satellite-less centromeres.

We performed immuno-FISH experiments on horse pachytene
spreads to investigate the distribution of recombination foci with respect to
centromeres. We used three antibodies: an anti-MLHI1, which labels
recombination sites, an anti-SY CP3, which labels the synaptonemal complex,
and a CREST serum, to label all centromeres. We identified chromosome
ECAI11 as the only small one lacking 37cen signals (Figure 1).

It is well known that the number of MLH1 foci per chromosome is
positively correlated with the synaptonemal complex (SC) length and this
relationship was demonstrated also for the horse (Al Jaru et al. 2014).
Therefore, to investigate the number and distribution of MLH1 foci on
ECAI11 using a small metacentric with 37cen signal as internal control. The
length of SC complexes was measured using the ImagelJ software and, in each
spread, the metacentric chromosome with the closest length to ECA11 was
chosen as control (Figure 1).
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Figure 1. Localization of MLH1 foci and ECAI11 identification. A) Triple
immunofluorescence with the anti-SYCP3 antibody (blue), CREST serum (red) and an
anti-MLHI1 antibody (green) on a horse pachytene spread. B) “Reverse” FISH
identification of ECA11 centromere using the 37cen satellite probe (red). ECA2 and
ECA11 SCs are the only two chromosomes lacking 37cen signals. ECAI1 can be
recognized because of its shorter length compared to ECA2. The control SC was chosen
as the one with the closest length to ECA11 SC.

We analyzed 25 cells in which we could recognize both ECA11 and
the control: we detected a total of 36 recombination foci on ECA11 and a total
of 34 recombination foci on the control SC, indicating that ECA11 does not
differ from a chromosome with a satellite-based centromere. Furthermore, as
shown in Figure 2, the number and the distribution between p and q arms of
MLHI1 foci on ECA11 were very similar to the ones of the control: in the
majority of cases, ECA11 and the control displayed only a MLH1 focus on
the q arm or two MLH1 foci, one on the q arm and the other on the p arm.
This observation is in agreement with the notion that short chromosomes have
a low number of recombination foci, but at least one cross-over event is
required per bivalent.
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Figure 2. Arm distribution of MLH]1 foci on ECA11 and control. Number of analyzed
cells =25.

To test whether the centromere of ECAI11 inhibits meiotic
recombination at the same level of a satellite-based centromere, we compared
the distance between each MLHI1 focus and the centromere on both ECA11
and the control. As shown in Figure 3, MLHI1 foci are distributed in the same
fashion in both ECA11 and control SC, with the majority of MLH1 foci
residing in the distal region of the SC arm. Indeed, the differences between
ECAI11 and the control regarding the percentages of MLH1 foci found in
different intervals of the SC arm are not statistically significant. However,
since only 25 cells were analyzed, it will be important to increase the number
of analyzed cells to avoid bias due to the low sample size. As shown in Figure
3B, in ECA11,no MLHI1 foci were detected at a distance from the centromere
lower than 19% and 26% of the length of q and p arm, respectively. Thus,
these results suggest that ECA11 centromere exerts the same inhibitory effect
on meiotic recombination as a classical satellite-based centromere. However,
a complementary genetic approach will be required to overcome the
resolution limits of this technique and to assess the precise boundaries of
centromere inhibition.
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Figure 3. Distribution of MLHI1 foci along the arms of ECA11 and control. A)
Percentages of MLH1 foci found in four intervals of normalized distances from the
centromere: 0-25% of the arm length, 25-50% of the arm length, 50-75% of the arm length
and 75-100% of the arm length. In the table below, absolute numbers of foci of each class
are reported. Differences are not statistically significant according to Fisher exact test.
Number of analyzed cells = 25. B) Distribution of MLH1 foci on the relative length of p
and q arms. On x axis, distance from the centromere reported as percentage of the length
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2. IDENTIFICATION OF DOUBLE CENP-A SPOTS IN
CHROMOSOME BIVALENTS

During preliminary work on meiotic recombination in horse meiosis,
we observed by immunofluorescence experiments on horse spermatocytes the
presence of double centromeric CREST signals in submeta- or metacentric
chromosome bivalents at the pachytene phase (PhD thesis by Claudia
Badiale). In particular, 61% of the analyzed cells showed the occurrence of
at least one double-spotted centromere. The number of double-spotted
bivalents per cell ranged from 0 to 5, although cells with more than two
double signals were rarely identified (PhD thesis by Claudia Badiale).

To test whether double-centromeric spots are specifically due to
CENP-A or to other centromeric proteins, recognized by the CREST serum,
we performed immunofluorescence experiments on horse pachytene spreads
from one individual with both a CREST serum and an anti-CENP-A antibody.
Double-spotted bivalents were identified in both CREST (Figure 4) and
CENP-A (Figure 5) experiments indicating that the double spots are not due
to recognition of different proteins. Beyond the classical double signals made
by two close dots, we could recognize extended signals longer than all the
other single centromeric signals (Figures 4C and 5C). These “stretched”
signals were also considered double signals since they likely derived from
two spots too close to be resolved separately. However, because of resolution
limits, a clear distinction between “two-dots” and “stretched” signals is not
always clear. Double-signals were always found on meta- and sub-
metacentric chromosomes, while they were never observed on acrocentric
bivalents or on the XY body.
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Figure 4. Double-spotted centromeres detected with CREST serum. The
synaptonemal complexes (red) was immunostained with an anti-SYCP3 antibody.
Centromeric signals (green) were detected with a CREST serum. A) Complete pachytene
spread; a double signal is visible in the white rectangle. B) Example of classical “two dots”
double signal. C) Example of “stretched” double signal.
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Figure 5. Double-spotted centromeres detected with the anti-CENP-A antibody. The
synaptonemal complexes (red) was immunostained with an anti-SYCP3 antibody.
Centromeric signals (green) were detected with an anti-CENP-A antibody. A) Complete
pachytene spread; a double signal is visible in the white rectangle. B) Example of classical
“two dots” double signal. C) Example of “stretched” double signal.

The frequency of double-spotted bivalents detected using CREST
serum or the anti-CENP-A antibody was very similar (Figure 6A),
demonstrating that the presence of double signals actually relies on CENP-A
protein and is not due to other proteins immunostained by the CREST serum.
Thus, our findings suggested that the double signals correspond to the two
different CENP-A domains of the paired homologs.
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Figure 6. Frequency of double-spotted centromeres detected with CREST serum or
anti-CENP-A antibody in a horse individual. Percentage of cells containing no double-
spotted bivalents or at least one double-spotted bivalent using the CREST serum (left,
number of analyzed pachytene spreads = 30) and the anti-CENP-A antibody (right,
number of analyzed pachytene spreads = 33).

2.1. Absence of correlation between the frequency of double-spotted
centromeres and the synaptonemal complex length

The variability in the number of centromeric double signals in
different cells could be the result of different mechanical stretching of
chromatin during the technical treatments for pachytene spread preparation
(see Materials and Methods). To test this hypothesis, we evaluated whether
the number of CREST or CENP-A double signals positively correlates with
the total length of the synaptonemal complexes, used as a parameter to
measure the extension of each pachytene cell. As shown in Figure 7, a
correlation between the number of double signals and cell extension does not
exist. Thus, we can conclude that the different number of double-spotted
centromeres is not due to the mechanical stretching of SCs and that these
peculiar centromeres are characterized by two separated or partially
overlapping domains.

145



Part 6: Results

45
40
35
5 7 ¢ .
3‘30 ? ® -t 1
o 258 . :
b i H .
= 20 ®
= .
= 15 ] Py P
)
10 8 : B
L ] L
5 ¢ : e
0
0 1 2 3 4 5 6

Number of double signals per cell

Figure 7. Absence of correlation between the number of double-spotted centromeres
and total length of synaptonemal complexes. Total length of synaptonemal complexes
per cell (y axis) was measured in inches using Image J software. On the x axis, number of
double signals per cell. Blue dots represent cells measured from immunofluorescence
experiments with the CREST serum (number of analyzed cells = 30). Red dots represent
cells measured from immunofluorescence experiments with the anti-CENP-A antibody
(number of analyzed cells = 34).

2.2. Intra- and inter-individual variability of double-spotted
centromeres

As mentioned before, preliminary data from our laboratory revealed
that the number of double-spotted bivalents per cell varied, although an
evaluation of intra-individual and inter-individual variability was not
performed. To this end, we performed the same immunofluorescence
experiment using the anti-CENP-A antibody on two additional horses. For
each horse, we scored the number of double-spotted centromeres per cell. As
shown in Figure 8, intra-individual variability was high in all the three
individuals, since the number of double-spotted centromere ranged from 0 to
7. In addition, cells with more than three double signals were under-
represented or absent in all the horses. Moreover, inter-individual variability
was observed regarding the presence or absence of at least one double signal:
while in 38% of the cells from horse 1 no double signals could be detected,
only 10% and 22% of cells of horse 2 and horse 3, respectively, did not show
any double-signal. These differences are statistically significant with a p
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value of 0.02 according to Chi-Square test. Therefore, horse 2 is the
individual with the highest frequency of cells with double-spotted
centromeres. The average number of double spotted-centromeres per cell was
1.241.4 in horse 1, 2.3+1.8 in horse 2 and 1.8%1.5 in horse 3. Thus, although
the frequency and the distribution of cells with double-spotted centromeres
were different in the three individuals, the difference in the average numbers
of double-spotted centromeres is not statistically significant. The analysis of
a larger number of cells will be required to test the significance of inter-
individual variation.
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Figure 8. Intra- and inter-individual variability of double-spotted centromeres. For

each individual, the percentages of analyzed cells with 0, 1, 2, 3, 4, 5, 6 and 7 double-
spotted centromeres are reported. Horsel is the horse described in the previous paragraphs.
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Discussion
1. ECAT11 satellite-less centromere and meiotic recombination

The pattern of meiotic recombination of each chromosome depends
on chromosomal length, centromere and telomere effect, interference
between crossing-over events and DNA sequence features. In particular, the
centromere exerts a direct negative effect on meiotic recombination both
within itself and proximal regions (Choo 1998).

We took advantage of the unique satellite-less centromere of horse
chromosome 11 (ECA11) to test whether a centromere void of satellite DNA
suppresses meiotic recombination at the same level of a satellite-based one.

We mapped the recombination foci through the cytogenetic
localization of MLHI1 protein, a mismatch repair protein of mature
recombination sites, along the synaptonemal complexes (SCs). Since the
number of recombination foci correlates with the SC length, we compared the
distribution of MLH1 foci on ECA11 SC and on another chromosome with
comparable meiotic length. The behavior of ECA11 centromere is similar to
the one of the compared chromosome with a satellite-based centromere,
demonstrating that the inhibitory effect depends on the centromeric function
rather than the presence of satellite DNA. These results are in agreement with
the common knowledge that crossing over events in the centromeric regions
are negatively selected because of disruption of pericentric sister chromatid
cohesion or chromosome breakage and loss (Talbert and Henikoff 2010).

2. Identification of double-spotted centromeres at bivalents of horse
pachytene phase

One of the key steps of meiosis is the pairing of homologous
chromosomes and their connection through the formation of the
synaptonemal complex along their length. The formation of chromosome
bivalents is accompanied by the pairing of centromeres, as reported for all the
eukaryotic species studied so far (Kurdzo and Dawson 2015, Da Ines and
White 2005). In the pachytene phase of horse meiosis we uncovered a
peculiar phenomenon: centromeres with double CENP-A spots, distributed
along the synaptonemal complex length, were frequently observed. Two main
morphologies could be recognized: “two dots” signals, in which two distinct
CENP-A spots could be resolved, and long “stretched” signals, which were
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interpreted as double signals in which the two discrete signals were too close
to be distinguished separately. These particular signals were identified on
contiguous meta- and sub-metacentric chromosome bivalents. We excluded
that the variability in the number of these double signals per cell could be
simply the result of different degrees of mechanical stretching of the
chromatin during the technical treatment for pachytene spread preparation.
Indeed, the number of double-spotted centromeres does not correlate with the
total length of the synaptonemal complexes, used as parameter to evaluate the
extension of each pachytene cell.

Interestingly, the percentage of cells with at least one double
centromeric signal displayed inter-individual variation. Moreover, the
number of double-spotted centromeres per cell was highly variable also
among cells of the same individual, although we revealed a general trend: the
higher the number of double spotted centromeres, the lower their frequency.
In addition, these signals were never observed on acrocentric bivalents and
XY bodies.

The observation at the cytogenetic level of these peculiar centromeres
raises the question on the biological meaning of these double CENP-A
domains. We recently demonstrated, taking advantage of the satellite-less
centromeres of the genus Equus, that the position of the centromere is not
fixed but slides, giving rise to different positional alleles, defined “epialleles”,
which are inherited as Mendelian traits (Purgato et al. 2015, Nergadze et al.
2018, Part 2). Similar polymorphism regarding the position of the CENP-A
binding domain was reported also in some human satellite-based centromere,
such as the one of HSA17. Indeed, in HSA17, the centromere can assemble
on different alpha satellite arrays and individuals with heterozygosity in the
position of the centromere were reported (Maloney et al. 2012). Furthermore,
satellite DNA arrays display high variation even between homologous
chromosomes in single nucleotides polymorphisms within HORs, HOR size
and total array size (Waye and Willard 1986, Warburton and Willard 1995,
Sullivan et al. 2017). The presence of polymorphism among homologous
chromosomes regarding the position of the centromere and the number of
tandem repeats suggests a possible interpretation of the occurrence of double-
spotted centromeres. As reported in the model presented in Figure 9, we can
reasonably hypothesize that misalignment between homologous chromosome
frequently occurs in the centromeric and pericentromeric regions during
homolog pairing. This misalignment may increase the physical distance
between two centromeric domains that are already in different positions on
the satellite DNA array. In this view, our double-spotted centromeres would
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become visible when the distance between the centromeric domains of the
two homologous chromosomes is large enough to be resolved by our method
(Figure 8B and 8C). The fact that only submeta- and meta-centric bivalents
displayed this peculiar phenomenon could be due to the higher probability of
centromere misalignment with respect to acrocentric ones. This is in
agreement with the observation of “misaligned” centromeres on one
metacentric chromosome bivalent in both the common shrew and the dwarf
hamster (Borodin et al. 2008. Bikchurina et al. 2018). However, in our system
we identified double-spotted centromeres at a surprising high frequency on
different chromosome bivalents, showing a high intra- and inter-individual
variability. These findings suggest that the combination of centromere sliding
and misalignment of satellite arrays may occur at high frequency in the horse,
in agreement with the exceptional centromere plasticity of the equid species.
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— Homolog pairing

H —

[]  satellite DNA array
D Satcllitc DNA array with centromeric function
B Synaptonemal complex

Figure 9. Model for explaining the observation of double-spotted centromeres. On
the left, two homologous chromosomes (maternal M and paternal P) with different
centromeric position within the satellite DNA arrays with different number of satellite
DNA repeats. On the right, possible scenarios after homolog pairing: centromeres remain
too close to be resolved separately (A) or become sufficiently distant to be visualized as
stretched (B) or “two-dots” (C) signals.
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Conclusions

In conclusion, we tested whether a centromere void of satellite DNA
exerts the same inhibition on meiotic recombination at the same level of the
satellite-based ones. Our results on the distribution of MLH1 recombination
foci suggested that the centromere of ECAIl1l suppresses meiotic
recombination as a satellite-based centromere.

Moreover, we identified a peculiar phenomenon during homolog
pairing in horse meiosis: a variable number of bivalents, ranging from 0 to 7,
displayed double-spotted centromeres. This observation was interpreted as
the result of the combination of centromere sliding and misalignment between
satellite DNA arrays during homolog pairing. Although single misaligned
centromeres were reported in two mammalian species (Borodin et al. 2008,
Bikchurina et al. 2018), E. caballus showed an exceptional high frequency of
these double-spotted centromeres, tempting to speculate that in this species
also satellite-based centromeres are highly plastic in CENP-A domain
positioning and/or in the length of the satellite-DNA array.
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Abstract

Background: The centromere is the specialized locus required for correct chromosome segregation during cell
division. The DNA of most eukaryotic centromeres is composed of extended arrays of tandem repeats (satellite
DNA). In the horse, we previously showed that, although the centromere of chromosome 11 is completely devoid
of tandem repeat arrays, all other centromeres are characterized by the presence of satellite DNA. We isolated three
horse satellite DNA sequences (37cen, 2P1 and EC137) and described their chromosomal localization in four species
of the genus Equus.

Results: In the work presented here, using the ChIP-seq methodology, we showed that, in the horse, the
37cen satellite binds CENP-A, the centromere-specific histone-H3 variant. The 37cen sequence bound by
CENP-A is GC-rich with 221 bp units organized in a head-to-tail fashion. The physical interaction of CENP-A
with 37cen was confirmed through slot blot experiments. Immuno-FISH on stretched chromosomes and
chromatin fibres demonstrated that the extension of satellite DNA stretches is variable and is not related to
the organization of CENP-A binding domains. Finally, we proved that the centromeric satellite 37cen is
transcriptionally active.

Conclusions: Our data offer new insights into the organization of horse centromeres. Although three

different satellite DNA families are cytogenetically located at centromeres, only the 37cen family is associated
to the centromeric function. Moreover, similarly to other species, CENP-A binding domains are variable in size.
The transcriptional competence of the 37cen satellite that we observed adds new evidence to the hypothesis

that centromeric transcripts may be required for centromere function.

Keywords: Horse genome, Centromere, Satellite DNA, Next generation sequencing, High resolution cytogenetics

Background

In mammals, a significant fraction of the genome is
constituted by extended stretches of tandemly repeated
DNA. It was shown that these highly repetitive se-
quences can give rise to satellite bands in gradient cen-
trifugation experiments when they have a different GC
content compared to bulk genomic DNA [1]; therefore,
they were defined “satellite” DNA. In most eukaryotic
chromosomes, these non-coding sequences are the main
DNA component of centromeric and pericentromeric
heterochromatin [2—-6].
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Although the centromeric function is highly conserved
through eukaryotes, centromeric satellite DNA is rapidly
evolving, often being species specific [6-8]. Moreover,
following our initial description of a centromere com-
pletely devoid of satellite DNA in the horse [9], other
examples of naturally occurring satellite-less centro-
meres were observed in plants and animals [10-13].
These observations raise 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 binding of the centro-
mere specific histone CENP-A (the main epigenetic
mark of centromere function) to centromeric chromatin
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[14]. In addition, centromeric repetitive DNA, typically
devoid of active genes, may aid the formation of a
heterochromatic environment which would favour the
stability of the chromosome during mitosis and meiosis
[6, 7, 15]. In several species, centromeric satellite DNA
is transcribed and it has been suggested that these tran-
scripts may play a role in heterochromatin formation.
Transcription of the centromeric regions seems to be
important for chromatin opening and CENP-A loading;
these transcripts are believed to provide a flexible scaf-
fold that allows assembly or stabilization of the kineto-
chore proteins and may act in trans on all or on a subset
of chromosomes, independently of the primary DNA
sequence [16-18].

In a previous work, we isolated two horse satellites,
37cen and 2P, from a genomic library in lambda phage
[19], and investigated their chromosomal distribution in
four equid species [10]. More recently [20], we described
a new horse satellite, EC137, which is less abundant than
37cen and 2PI and mostly pericentromeric. In the horse,
37cen, 2PI and EC137 are present, together or individu-
ally, at all primary constrictions, with the exception of
the centromere of chromosome 11 which is completely
satellite-free [9, 10, 21]. In this work, we applied next-
generation DNA sequencing and high-resolution cyto-
genetic approaches to identify 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
satellite DNA

The aim of the present work was to define the satel-
lite DNA repeats bearing the centromeric function in
the horse. To this purpose, an anti-CENP-A antibody
[9, 21] was used in immunoprecipitation experiments
with chromatin from horse skin primary fibroblasts.
DNA purified from immunoprecipitated and from
control non-immunoprecipitated chromatin (input)
was paired-end sequenced through an Illumina HiSeq
2000 platform. A total of 78,207,302 and 41,155,660
high-quality reads were obtained from ChIP and input
samples, respectively. It is important to remind that
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 (a number of which are located
at the centromeres) that lack chromosome assign-
ment. Therefore, in the EquCab2.0 reference genome,
we expected to identify most of the centromeric re-
peats binding CENP-A in “unplaced” contigs. Each
contig is identified by a number which is unrelated to
its genomic location.
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Sequence reads were aligned through Bowtie 2.0 [22]
to the horse reference genome (EquCab2.0, 2007
release). Peak-calling was performed with the default
parameters of MACS 2.0.10 software [23] using the
input reads as control dataset and applying stringent cri-
teria (see Materials and Methods) to select significantly
enriched regions [24]. A total of 1705 regions mapping
on 1462 unplaced contigs were significantly enriched, as
shown in Additional file 1: Table S1.

The sequence of the 1705 enriched regions was down-
loaded from the nucleotide database [25] and compared,
with the MultAlin software [26], to all known equine re-
petitive elements, retrieved from the Repbase database
[27, 28]; 97 % (1653/1705) of these repetitive fragments
consisted of the 37cen satellite (SAT_EC at [28]). In all
these regions the 37cen 221 bp units were organized in
a head-to-tail fashion.

We then aligned the reads from input and from
immunoprecipitated chromatin with the consensus
sequence of 37cen (SAT_EC at [28]), of the pericen-
tromeric satellite 2PI (SAT2pl at [28]) and of the
ERE-1 retrotransposon, that is interspersed through-
out the genome (EREL at [28]); we also aligned them
with the sequence of the pericentromeric satellite
EC137 (GenBank ]JX026961, [20]). The alignment was
performed using the Razers3 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 reported in Additional
file 2: Table S2. To quantify the enrichment of these
sequences in CENP-A bound chromatin, we calcu-
lated the ratio between normalized read counts in the
immunoprecipitated and in the input DNA (Fig. 1la,
left panel). A 6.5-fold enrichment was observed for
the 37cen satellite; 2PI and EC137 were under-represented
in the immunoprecipitated chromatin, while ERE1 was
equally represented in the two fractions. These results
demonstrate that 37cen is the main functional centromeric
satellite sequence.

To better define the sequence actually bound by
CENP-A, we deduced a consensus from the 33,902,776
reads mapping on the 37cen reference (Additional file 2:
Table S2). The consensus is shown as logo in Fig. la
right panel. Although 20 % of mismatches were allowed
in selecting the 37cen reads, the newly defined consen-
sus is very similar to the previously reported consensus
suggesting that 37cen units are highly conserved both in
CENP-A bound and unbound DNA.

AT richness has been considered a typical feature of
centromeric chromatin [30], however, this idea has been
recently a subject of debate [8]. The GC content of
37cen is 53 % thus confirming that GC richness is com-
patible with the centromeric function.
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Fig. 1 Identification and analysis of the CENP-A bound horse satellite. a: In the left panel, the enrichment of the 37cen, 2P1 and EC37 satellites
was measured as ratio between normalized read counts in immunoprecipitated and in input DNA. The same calculation was performed for the
ERE1 retrotransposon sequence. The right panel shows the 221 bp consensus sequence of the CENP-A bound 37cen satellite. b: Slot-blot analysis.
Left panel: hybridization of P> labelled probes (37cen, 2Pl and ERE-1) with DNA purified from chromatin immunoprecipitated with CENP-a (top)
and from non immunoprecipitated chromatin (bottom). Right panel: densitometric analysis of slot-blot hybridizations

To further confirm the association of the 37cen satel- These results demonstrate that, although at horse
lite DNA with centromeric function, horse chromatin  centromeric and pericentromeric regions the different sat-
was immunoprecipitated with the anti-CENP-A antibody ellite families form a complex mosaic of intermingled seg-
[9, 21]. Purified immunoprecipitated and input DNA  ments [20], only the 37cen family is involved in the
was blotted and hybridized with probes for 37cen, 2PI  centromeric function. This situation is similar to that pre-
and ERE-1 repeats (Fig. 1b). The results showed that the  viously described in other species, such as humans, where
37cen hybridization signal was more intense in immuno-  alpha satellite only is bound by CENP-A whereas other
precipitated than in input DNA; conversely, the signal satellite families seems to play an accessory function [6].
intensity obtained after hybridization with the 2PI and
ERE-1 probes was comparable or even lower in immu-  Transcription of the 37cen satellite
noprecipitated than in input DNA blots. The Integrated A large body of evidence demonstrates that centromeric
Densitometric Value (IDV) of signals was calculated with  and pericentromeric satellite DNA is transcribed in a
the Image] 1.48v software [31]. As reported in Fig. 1b, number of species from yeast to mammals [18]. We ana-
right panel, the ratio between immunoprecipitated and lysed, by means of RNA-seq, the transcriptome profile of
input values for 37cen was comprised between 1.8 and  a horse fibroblast cell line in order to search for 37cen
2.5 confirming that this satellite is enriched in CENP-A  transcripts. Out of the 59,090,294 RNA-seq reads ana-
bound chromatin. On the opposite, no enrichment of lysed, we detected 9803 reads corresponding to the con-
2PI and ERE-1 repeats was observed. sensus sequences of 37cen (Fig. 2). The alignment with a
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Fig. 2 Transcription of the 37cen satellite by RNA-seq. The graph reports the number of reads corresponding to the consensus sequences of
37cen, tubulin beta (TUBB), protein kinase C iota (PRKCI), telomerase RNA component (TERC), thymidine kinase (TK)
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37cen dimer was performed using the Razers3 software
[29] and allowing 20 % of mismatches. We also counted
the number of reads corresponding to 442 nt long tran-
scripts from four genes: TUBB (tubulin beta), PRKCI
(protein kinase C iota), TERC (telomerase RNA compo-
nent), TK (thymidine 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 transcription level
of single 37cen units nor the fraction of transcriptionally
active units. It has been suggested that centromeric tran-
scripts may have an impact on development, cell differ-
entiation, and response to environmental stimuli [4, 6]
and it is generally agreed that transcription competence
is a prerequisite for centromere functioning and kineto-
chore assembly [32-34]. Emerging evidence suggests
that satellite transcripts may act both in cis and in 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 centromeres but also at the satellite-less
centromere of chromosome 11.

High resolution cytogenetic analysis

Our previous FISH analyses, on stretched chromosomes
and combed DNA fibres, demonstrated that horse
centromeric and pericentromeric regions display a mo-
saic arrangement of different satellite DNA families [20].
To analyse the physical organization of the centromeric
domains, we carried out immuno-FISH experiments on
mechanically stretched chromosomes using 37cen as
FISH probe (red in Fig. 3a) and a previously tested [21]
CREST serum (green in Fig. 3a) to mark the centromeric

domain. A total number of 99 stretched chromosomes
(46 meta- or submeta-centric and 53 acrocentric) was
examined, a representative panel of which is shown in
Fig. 3a. Although the results of this type of experiments
can only be considered semi-quantitative, the abundance
of the 37cen sequence appeared highly variable among
chromosomes, extending in some instances over a large
pericentromeric region (white arrows in Fig. 3a) or being
apparently confined to the primary constriction. As ex-
pected, the CREST signals always colocalized with the
37cen fluorescence, however, no clear correlation
seemed to exist between intensity and extension of the
37cen and the CREST signals.

These results suggest that, at horse centromeres, the
size of CENP-A binding domains is not related to the
extent of satellite DNA stretches; these finding are in
agreement with the well described inter- and intra-
specific variability of the molecular organization of
eukaryotic centromeres [6].

To define more precisely the relationship between
37cen and the centromeric function, a higher-resolution
immuno-FISH analysis was performed on horse chroma-
tin fibres. A total number of 25 extended fibres was ana-
lysed, some representative examples of which are
reported in Fig. 3b. Different 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 positive region (I in Fig. 3b), in
28 % (7/25) of the cases (II in Fig. 3b) CENP-A do-
mains appeared as blocks of variable length inter-
mingled into 37cen stretches. The observation of the
discontinuous presence of CENP-A at centromeres
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Fig. 3 a: Immuno-FISH on mechanically stretched chromosomes. 37cen is red labelled while CENP-A, detected by a CENP-A enriched CREST

serum is green labelled. A total number of 99 stretched chromosomes was analysed. A sample of representative images is reported in the figure
b: Immuno-FISH on extended chromatin fibres. The 37cen satellite DNA is labelled in red. CENP-A, identified with a CENP-A enriched CREST serum
is green labelled. In each panel, under the microscope image of the fibre, the CENP-A binding pattern observed is sketched. Images on the right
show line graphs quantifying the fluorescence staining along the length of each fibre. I: CENP-A covers the whole length of the 37cen positive
region. II: CENP-A binding regions are arranged in blocks of variable length intermingled in the 37cen positive stretch. lll: A chromatin fibre with

no CENP-A binding is reported

resembles the chromatin organization observed using
the same high resolution morphological approach in
human cells and in Drosophila [36]. Our ChIP results
(see Fig. la) demonstrated that only a fraction of all
genomic 37cen repeats is associated with centromere
function; the detection of the FISH signal without
CENP-A binding (IIT in Fig. 3b) on 12 % (3/25) of
the fibres further confirmed this result; this fraction

of fibres may derive from pericentromeric locations,
that were shown to contain the 37cen satellite by our
analysis on stretched chromosomes (Fig. 3a).

Conclusions

The primary constriction of mammalian chromosomes
is typically embedded in a constitutive heterochromatic
environment characterized by long arrays of tandemly
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repeated satellite DNA. Centromeric satellite repeats are
extremely variable in length and composition, not only
between and within species but also among chromo-
somes of the same individual [7]. The horse is peculiar
among mammalian species because the centromere of
chromosome 11 is completely devoid of satellite DNA
[9, 10, 21]. Satellite-based horse centromeres are consti-
tuted by the two major classes of equid satellite DNA,
37cen and 2PI, flanked by the pericentromeric accessory
satellite EC137 [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 molecular organization of centromeres, relying
on CENP-A blocks of variable length immersed in long
satellite DNA stretches [36].

The significance of satellite DNA at mammalian cen-
tromeres has so far been elusive because satellite-less
centromeres 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 studies on the role of centromeric tan-
dem repeats.

Methods

Ethics statement

Horse DNA, RNA, chromosomes and chromatin sam-
ples were obtained from previously established primary
fibroblast cell lines [21]. These cell lines were established
from skin samples taken from animals not specifically
sacrificed for this study; the animals were being proc-
essed as part of the normal work of the abattoirs.

Cell lines

Horse skin primary fibroblasts were were cultured in
DMEM medium (EuroClone) supplemented with 20 %
foetal bovine serum, 2 mM L-glutamine, 1 % penicillin/
streptomycin and 2 % non-essential amino acids at 37 °C
with 5 % CO,. Cytogenetic analysis demonstrated that
the cell lines had a diploid modal chromosome number
(2n = 64) and a normal karyotype.

Chromatin Immuno-Precipitation (ChIP) and sequencing
(ChIP-seq)

Chromatin was prepared from horse primary fibro-
blasts, following cross-linking with 1 % formaldehyde
and sonication. Immunoprecipitation was performed
using a purified CENP-A polyclonal [9, 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
(nProtein A Sepharose™ 4 Fast Flow/Protein G Sepharose™
4 Fast Flow, GE Healthcare). After reverse cross-linking,
carried out overnight at 65 °C, immunoprecipitated and
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input DNAs were extracted with the “Wizard Genomic
DNA Purification Kit” (Promega) according to the manu-
facturer’s instructions.

Immunoprecipitated and input DNAs were then
paired-end sequenced through an Illumina HiSeq2000
platform by IGA Technology Services [37]. Sequence
reads were aligned to the horse reference genome
(EquCab2.0, 2007 release) with Bowtie 2.0 [22] and
peak-calling was performed through the software MACS
version 2.0.10 20120605 [23], using default parameters.
Stringent criteria [24] were applied to identify signifi-
cantly enriched regions: fold enrichment> 5, pile-up >
100, -log;o(p-value) > 100, -log;o(q-value) > 100.

To quantify the number of reads corresponding to
each repetitive element, the reads from immunoprecipi-
tated DNA and input DNA were mapped to a reference
constituted by the consensus sequences of 37 cen
(“SAT_EC” on repbase, [27, 28]), 2PI (“SAT2pl” on
repbase), ERE-1 (“ERE1” on repbase) and EC137
(GenBank ]X026961). 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 exception of percent identity thresh-
old (-i option) which was set to 80. For each sequence
type analysed, read counts from immunoprecipitated and
input DNA were calculated with the “SAM/BAM to
Counts 1.0.0” tool, available on the Galaxy platform [38].
Each read count value was normalized with respect to the
total number of reads and to the length of the reference
sequence. To measure enrichment due to immunoprecipi-
tation with CENP-A, the ratio between normalized read
counts in the immunoprecipitated and input samples was
calculated.

Slot-blot analysis

DNA purified from chromatin imunoprecipitated with
the anti CENP-A antibody [9, 21] and input DNA
were transferred to nylon membranes (Amersham
HybondTM-N, GE Healthcare) through a Minifold II
apparatus (Schleicher and Schuell) and denatured. The
membranes were hybridized at 64 °C for 18 h in Church
buffer containing one of the following *?P-a[dCTP]-
labelled probes, generated by random primer labelling:
a 7 kb EcoRI/Sacl 37cen fragment and a 7.2 kb
EcoRI/Sacl 2PI fragment [10]; a 441 bp PCR-amplified
fragment from horse genomic DNA, containing an ERE-1
insertion [39].

After hybridization, the membranes were washed twice
in 2x SSC, 0.5 % SDS for 15 min at 64 °C and once in
0.2x SSC, 0.5 % SDS for 30 min at 64 °C. Radioactive
signals were detected using a phosphorimager (Cyclone,
Packard) and the densitometric analysis was performed
with the Image] 1.48v software [31].
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RNA extraction and sequencing (RNA-seq)

RNA extraction from whole cells was performed using
QIAzol Lysis Reagent (QIAGEN) according to the man-
ufacturer’s instructions. To eliminate DNA contamina-
tions, RNA was treated twice with RNase-free DNase-I
(Promega), and then purified with the RNA Clean and
Concentration kit (ZYMO Research). After library prep-
aration using Illumina TruSeq Stranded Total RNA with
Ribo-Zero GOLD, the resulting cDNA was paired-end
sequenced by IGA Technology Services [37] through an
[lumina HiSeq2000 platform.

RNA-seq reads were mapped, with the same
Razers3 parameters as the ChIP and input datasets,
on a reference composed of a dimer of the 37cen
consensus sequence (“SAT_EC” on repbase) and on
442 bp long portions of the following transcripts:
TUBB (XM_001491178.5, nucleotides 488 to 929), PRKCI
(XM_014732748.1, nucleotides 605 to 1046), TERC
(NR_001566.1 nucleotides 9 to 450), TK (XM_001491081.5
nucleotides 26 to 467). The same length was used for each
sequence in order to have comparable read counts without
normalization.

Immuno-FISH

Mechanically stretched chromosomes and extended
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 plasmid containing the
37cen satellite as FISH probe [20]; immuno-FISH ex-
periments on stretched chromosomes and chromatin
fibres were carried out as previously described [21].
Digital grey-scale images were acquired with a fluor-
escence microscope (Zeiss Axioplan) equipped with a
cooled CCD camera (Photometrics). Pseudocoloring
and merging of images were performed using the
IpLab software (Scanalytics Inc.). For fluorescence
quantification of 37cen (red signal) and CENP-A
(green signal) on chromatin fibres, separate channel
digital images were converted in text images using
Image] 1.48v [31]. The mean fluorescence intensity of
each antibody spot was calculated point by point
along the fibre length and plotted in a line chart.

Additional files

Additional file 1: Table S1. Enriched regions found on the
unplaced contigs. The columns represent: the accession number
of the contigs, the start and end position of the enriched region
within the contig, the length of the region, and the statistical
parameters calculated by the peak caller [pile-up, fold enrichment,
-log10(p-value), -log10(g-value)]. Regions are listed according to
their contig number. (XLS 211 kb)

Additional file 2: Table S2. un-normalized read counts from ChIP-seq
experiment and input control. (XLS 27 kb)
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Birth, evolution, and transmission of satellite-free
mammalian centromeric domains
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College of Veterinary Medicine, Cornell University, Ithaca, New York 14850, USA; 4Genomanalytik (GMAK), Helmholtz Centre for
Infection Research (HZI), 38124 Braunschweig, Germany; *Department of Biosciences, University of Milano, 20122 Milano, Italy

Mammalian centromeres are associated with highly repetitive DNA (satellite DNA), which has so far hindered molecular
analysis of this chromatin domain. Centromeres are epigenetically specified, and binding of the CENPA protein is their
main determinant. In previous work, we described the first example of a natural satellite-free centromere on Equus caballus
Chromosome Il. Here, we investigated the satellite-free centromeres of Equus asinus by using ChIP-seq with anti-CENPA an-
tibodies. We identified an extraordinarily high number of centromeres lacking satellite DNA (16 of 31). All of them lay in
LINE- and AT-rich regions. A subset of these centromeres is associated with DNA amplification. The location of CENPA
binding domains can vary in different individuals, giving rise to epialleles. The analysis of epiallele transmission in hybrids
(three mules and one hinny) showed that centromeric domains are inherited as Mendelian traits, but their position can slide
in one generation. Conversely, centromere location is stable during mitotic propagation of cultured cells. Our results dem-
onstrate that the presence of more than half of centromeres void of satellite DNA is compatible with genome stability and
species survival. The presence of amplified DNA at some centromeres suggests that these arrays may represent an interme-
diate stage toward satellite DNA formation during evolution. The fact that CENPA binding domains can move within rel-
atively restricted regions (a few hundred kilobases) suggests that the centromeric function is physically limited by epigenetic

boundaries.
[Supplemental material is available for this article.]

Chromosome segregation during mitosis and meiosis is directed
by the centromere, the chromosomal locus that specifies kineto-
chore assembly during cell division (Cleveland et al. 2003;
McKinley and Cheeseman 2015). Although the mechanism of
kinetochore function in mitosis is highly conserved, centromere-
associated DNA sequences are highly variable in evolution, a situa-
tion that has been referred to as the centromere paradox (Eichler
1999; Henikoff et al. 2001). In most multicellular organisms,
centromeres are associated with large arrays of tandemly iterated
satellite DNA sequences, typified by alpha-satellite DNA of pri-
mates in which a 171-bp sequence is present in arrays of up to
megabase size at the primary constriction of mitotic chromosomes
(Hayden et al. 2013). Despite this common theme, the sequences
of the centromeric satellite DNA are divergent and are estimated to
be among the most rapidly evolving components of the genome
(Plohl et al. 2014). Direct evidence that DNA sequence is not the
sole factor in determining centromere position or function was
originally derived from examination of human chromosomal ab-
normalities. Dicentric chromosomes possessing kinetochore
activity at only one of two alpha-satellite loci revealed that satellite
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DNA is not sufficient for centromere specification (Earnshaw and
Migeon 1985). Identification of analphoid chromosomes, that
nonetheless possessed fully functional centromeres, demonstrated
that satellite DNA is not necessary for centromere function
(Voullaire et al. 1993). Rather than DNA sequence, the common
feature that links centromere function in most eukaryotes is the
presence of a distinctive histone H3 variant, CENPA, which can
directly confer centromere function to a locus when tethered
experimentally (Palmer et al. 1991; Stoler et al. 1995; Mendiburo
et al. 2011). These observations have led to the proposal that cen-
tromere identity is established and maintained through epigenetic
mechanisms, and CENPA functions as a central component in
centromere specification (Karpen and Allshire 1997; Panchenko
and Black 2009; McKinley and Cheeseman 2015).

The evolutionary plasticity of centromeres is exemplified
by the phenomenon of centromere repositioning (Montefalcone
et al. 1999). By detailed molecular characterization of karyo-
typic relationships among primate species, it was observed that
centromere position can change without a corresponding
change in DNA organization (Montefalcone et al. 1999; Cardone
et al. 2006; Ventura et al. 2007). In these cases, referred to as
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evolutionarily new centromeres (ENCs), centromere evolution
seems to be driven by forces other than the surrounding DNA.

A relationship between ENCs and the analphoid neo-
centromeres observed in human clinical samples emerged from
analysis of the positions in which these events occur. For example,
human neocentromeres at Chromosomes 3, 9, and 6 occur in the
same genomic regions as ENCs observed in some primates, indi-
cating that certain regions of the genome have a propensity
to form centromeres (Ventura et al. 2004; Capozzi et al. 2008,
2009). Thus, regions of the genome may harbor “latent” centro-
mere potential (Voullaire et al. 1993). The observation that the
primate ENCs possessed typical arrays of alpha-satellite DNA
led to the hypothesis that epigenetic marks can drive the move-
ment of centromere function to new genomic sites, which can
subsequently mature through the acquisition of satellite DNA
sequences (Amor and Choo 2002; Piras et al. 2010; Kalitsis
and Choo 2012). Following their original discovery in primates,
a surprisingly large number of ENCs were identified in the genus
Equus (Carbone et al. 2006; Piras et al. 2009), and some examples
were also observed in other animals (Ferreri et al. 2005;
Kobayashi et al. 2008) and in plants (Han et al. 2009), indicating
that centromere repositioning is a widespread force for karyotype
evolution.

A fundamental step in understanding centromere biology
was the discovery that the ENC at horse Chromosome 11 is
completely devoid of satellite DNA (Wade et al. 2009). This obser-
vation revealed, for the first time, that a satellite-free centromere
can be present in all individuals of a vertebrate species as a normal
karyotype component. This centromere is established on a seg-
ment of DNA, conserved in vertebrates, which is free of genes as
well as of satellite DNA, providing an example of an evolutionarily
“young” ENC that has not acquired repetitive sequences. Satellite-
free centromeres were subsequently observed in chicken (Shang
et al. 2010), orangutan (Locke et al. 2011), and potato (Gong
etal. 2012).

Examination of the centromere of horse Chromosome 11 in
several individuals revealed that the satellite-free centromeric
domains are present in each case, but the precise location of the
CENPA binding region (~100 kb in length) differs among indi-
viduals and even between the two homologous chromosomes of
a single individual (Purgato et al. 2015). Centromere activity could
be associated with any sequence within a ~500-kb domain in the
centromere forming region of Chromosome 11. Therefore, this
“centromere sliding” is DNA sequence independent, as expected
for an epigenetically defined locus. Thus, centromeres exhibit
large-scale relocalization (centromere repositioning) during
evolution as well as short-range relocalization (centromere sliding)
within a population (Giulotto et al. 2017).

The genus Equus comprises eight extant species (two horses,
three donkeys, and three zebras) that diverged from a com-
mon ancestor ~4 million years ago (Mya) (Steiner et al. 2012;
Orlando et al. 2013). In a previous work, we analyzed the karyo-
type of four Equus species by in situ hybridization with satellite
DNA probes and revealed that, in the domestic donkey (E. asinus)
and in two zebras (E. burchelli and E. grevyi), a large number
of centromeres lack detectable satellite DNA (Piras et al. 2010;
Geigl et al. 2016), whereas in the horse, Chromosome 11 is the
only one.

The aim of this work was to verify the presence of satellite-free
centromeres in E. asinus, using ChIP-seq with anti-CENPA anti-
bodies, to analyze their DNA sequence organization, positional
stability, and transmission.

Results

Satellite-free CENPA binding domains in Equus asinus

Our previous work identified several donkey centromeres that
lack detectable satellite repeats (Piras et al. 2010). Here, to identify
the DNA sequences at these centromeres, ChIP-seq experiments
were carried out on donkey primary skin fibroblasts. Two differ-
ent antibodies were used to immunoprecipitate formaldehyde
cross-linked chromatin fragments: a rabbit antiserum against
CENPA (Wade et al. 2009) and a human CREST serum with
high titer against CENPA (Purgato et al. 2015; Cerutti et al.
2016). DNA purified from immunoprecipitated and input chro-
matin was then subjected to paired-end Illumina sequencing.
Since we previously demonstrated the presence of a satellite-
free centromere on horse Chromosome 11 by ChIP-on-chip
(Wade et al. 2009; Purgato et al. 2015), as positive control, we
carried out the same ChIP-seq experiment with chromatin from
horse skin fibroblasts. The horse and donkey genomes share
an average of >98% sequence identity (Orlando et al. 2013;
Huang et al. 2015) and chromosome orthologies are well de-
scribed (Yang et al. 2004; Musilova et al. 2013). Since only draft
sequences of the donkey genome comprising unassem-
bled scaffolds are available (Orlando et al. 2013; Huang et al.
2015), we aligned both the horse and the donkey reads to
the horse reference genome (EquCab2.0). Sequencing and
alignment statistics of the ChIP-seq experiments are reported in
Supplemental Table S1. Figure 1 reports the graphical repre-
sentation of the enrichment peaks, corresponding to the centro-
mere of horse Chromosome 11 from one individual, here called
HorseS (Fig. 1A), and to the 16 donkey satellite-free centro-
meric domains from one individual, here called DonkeyA
(Fig. 1B). The two antibodies recognized essentially identical se-
quence domains and exhibited largely similar patterns of protein
binding.

The 16 donkey regions spanned 54-345 kb and contained
one or two CENPA binding domains. Similar to what we described
for horse Chromosome 11 (Purgato et al. 2015), the presence of
two peaks is related to different epialleles on the two homologs,
as demonstrated below on the basis of single nucleotide variant
(SNV) analysis. Although some peaks showed a Gaussian-like reg-
ular shape (such as EAS4 and EAS30), other peaks were irregular
(such as EAS8 and EAS14), contained gaps (such as EAS7 and
EAS14), or exhibited a narrow, spike-like distribution (such as
EAS9 and EAS19).

The satellite-based donkey centromeres are not described
here because their corresponding ChIP-seq reads cannot be pre-
cisely mapped on specific chromosomes in the horse reference
genome. These centromeres are probably organized similarly to
the great majority of typical mammalian centromeres, as already
shown for satellite-based horse centromeres (Nergadze et al. 2014;
Cerutti et al. 2016).

CENPA binding domains correspond to primary constrictions
in 16 E. asinus chromosomes

Cytogenetic analysis was carried out to map the 16 donkey CENPA
binding regions relative to the primary constrictions of horse and
donkey chromosomes. CENPA binding domain coordinates were
used to select a set of horse BACs from the CHORI-241 library
(Supplemental Table S2; Leeb et al. 2006). These were used as
probes for in situ hybridization on metaphase spreads of horse
and donkey skin fibroblasts. Examples of in situ hybridization

2 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.231159.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.231159.117/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on April 30, 2018 - Published by Cold Spring Harbor Laboratory Press

Mammalian CENPA binding domains

| — R
2re0 2775 2780

B
I. EAS4 - ECA28 _EAS5-ECA19 __EAST-ECAB _ EASB-ECA20
[
g g 2 =
5 2 4] i
ol g 4 |d
E| | g & | i
[ ] \ |
1280 12956 9310 300 505 520 41 4205 4Z30 2630 J6 45 FED
_EAS9-ECA14  _ EASI0-ECA?S  _ EAS11-ECA17  _ EAS12-ECA9
ol
8 2
—
o o o o
g gl g )
| k | |
F 50 2965 2980 I TEFG 1685 P00 3200 3345 3250
EAS13 -ECAN EAS14 - ECA13 EAS16 - ECAS EAS1E - ECAZE
-
&l A b |
N IR 8 L 8 |
[ ! L | WL | ( ,
46,60 4B.75 46.90 720 735 750 7480 74.55 7510 22730 2245 Z2e0
EAS19- ECAS __ECA2T - EAS2T EASID-ECA30 . EASK-ECAX
g
8 gl gl
~ | & E 5
. & @ i
& g 8 'l 1
[ & L2 2 UL
L

470 14325 1440 1760 1775 {780 Z660 2105 2120
Figure 1. Identification of satellite-free centromeres in Equus asinus. ChlIP-seq reads from primary fibro-
blasts of HorseS (A) and DonkeyA (B) were mapped on the EquCab2.0 horse reference genome.
Immunoprecipitation was performed with an antibody against human CENPA (red) or with a CREST se-
rum (green). Peak overlapping appears in yellow. The y-axis reports the normalized read counts, whereas
the x-axis reports the genomic coordinates (Mb). The E. caballus satellite-free centromere from
Chromosome 11 (A) and the 16 satellite-free E. asinus centromeres (B) are shown; for each E. asinus
(EAS) chromosome, the number of the orthologous E. caballus chromosome (ECA) is reported. (C)
FISH with BAC probes covering the genomic regions identified by ChIP-seq. Four examples (EAS) along
with their orthologous horse chromosomes (ECA) are shown; the remaining chromosomes are reported
in Supplemental Figure S1. On the left of each panel, a sketch of the orthology between E. caballus and E.
asinus chromosomes (Yang et al. 2004; Musilova et al. 2013) is shown, with BAC signals represented as
green dots, and the position of the cytogenetically determined primary constriction represented as a yel-
low oval. On the right of each panel, metaphase chromosomes are shown with FISH signals in green, and
the primary constriction is marked by a red line on the reverse DAPI images (gray).

Sequence assembly of satellite-free
centromere domains and comparison
with orthologous horse genomic regions

Several CENPA binding domains showed
read-free gaps and distorted shapes when
mapped to the horse reference genome,
suggesting differences in DNA sequence
between the two species (Fig. 1B). The
actual DNA sequence corresponding to
the donkey centromeres was determined
by assembling Illumina reads and carry-
ing out Sanger sequencing of selected re-
gions to resolve gaps in the assembly. For
each centromeric region, genomic seg-
ments ranging in size between 157 and
358 kb were assembled (Supplemental
Table S3).

In the majority of donkey satellite-
free centromeres, multiple rearrange-
ments (deletions, insertions, and inver-
sions) were observed compared to the
horse orthologous sequence (EAS4,
EAS5, EAS7, EAS10, EAS11, EAS12,
EAS13, EAS14, EAS27, EAS30) (Supple-
mental Fig. S2). The number and size of
these rearrangements varies at different
centromeres, but deletions are the most
prevalent type. In donkey Chromosome
5, we observed several deletions; given
the small size of these deletions, no
gaps in the peak profile were observed.
Conversely, donkey Chromosome 7 con-
tains three relatively large deletions coin-
ciding with gaps in the peak profile. The
organization of the centromere of don-
key Chromosome 13 is more complex,
including a large deletion (110 kb) and
a translocation, giving rise to a large gap
in the central region (deletion) and an
off-site peak outside the right border
(translocation). In EAS14, which shows
atwo-peak profile, four relatively extend-
ed deletions coincide with gaps in the
peak profile. No rearrangements were ev-
ident in the centromere of donkey Chro-
mosome X. The centromeric domain
identified by ChIP-seq is contained with-
in the previously described large pericen-
tric inversion of donkey Chromosome X
(Raudsepp et al. 2002).

To determine more precisely the or-

results are shown in Figure 1C with remaining data presented in ganization of CENPA distribution at satellite-free centromeres, we

Supplemental Figure S1. Each of the BAC probes identified a constructed a chimeric reference genome by inserting the assem-
unique locus on the donkey karyotype, and its location was always bled centromeric donkey contigs in EquCab2.0 to replace their
consistent with the location of the primary constriction. Notably, orthologous horse sequences (Supplemental Table S3). The result
the FISH signal on the orthologous horse chromosome was never was a virtual reference genome named EquCabAsiA.

centromeric, suggesting that the 16 satellite-free donkey centro- ChlIP-seq reads were then mapped on the EquCabAsiA ge-

meres were repositioned during evolution. We conclude that the nome (Supplemental Fig. S3). Comparison of the peak profiles ob-
16 CENPA binding domains identified by ChIP-seq analysis are tained with the two reference genomes (Fig. 1B; Supplemental Fig.
ENCs located within the respective cytogenetically defined prima- S$3) shows that large gaps and irregular profiles that were observed
ry constrictions. in Figure 1B (EAS7, EAS13, EAS14, EAS16, EAS19) were no longer
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detected following the new alignment.
These results demonstrate that the
CENPA binding domains of the satellite-
free donkey centromeres are uninterrupt-
ed, and their architectural organization
resembles that of horse Chromosome 11
(Fig. 1A; Wade et al. 2009).

A

HorseS
Dankeya
Donkeys
Mulad

Tandem repetitions associated with
some satellite-free centromeres

For five donkey centromeres (EAS8, EAS9,
EAS16, EAS18, and EAS19), we detected
novel tandem repetitions of sequences
that are single copy in the horse genome.
In particular, reads spanning junctions
between adjacent units of tandem arrays
directly demonstrated their presence.
For EAS18 and EAS19, the amplified se-
quences contain a deletion relative to
the horse genomic sequence (Supple-
mental Fig. S2). Due to their repetitive na-
ture, these five regions could not be
precisely assembled. To prove the pres-
ence of tandem repetitions at these cen-
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tromeres and to determine their copy
number, three independent approaches
were taken (Fig. 2). Sequence amplifica-
tion was initially tested by comparative
Southern blotting (Fig. 2A). Four individ-
uals were analyzed: one horse (HorseS),
two donkeys (DonkeyA and DonkeyB),
and a mule (MuleA), offspring of Don-
keyB. Signal intensity of the bands clearly
indicated increased copy number of these
sequences in the donkeys compared to
the horse. The copy number increase is
particularly marked for EAS9 and EAS18.
As expected, in the mule, signal intensity
was intermediate between the donkey
parent and the horse sample. At the
EAS19 centromeric domain, signal inten-
sity was different in the two donkey sam-
ples, suggesting polymorphism in the
population.

To quantify copy number variation, quantitative PCR (qPCR)
experiments were performed, including a second horse individual
(HorseT) (Fig. 2B). The results confirm sequence amplification in
the two donkeys, particularly marked at the EAS9 and EAS18 cen-
tromeres (about 70- to 90-fold compared to the horses); in the
mule, the copy number corresponds to about half the value of its
DonkeyB father. At EAS19, the number of repeats is relatively
low and differs in the two donkeys; in the mule, fold enrichment
values are between those of the horses and the donkey father.

A third independent method directly compared read counts
between horse and donkey input samples, aligned to the horse ref-
erence genome EquCab2.0 (Fig. 2C). The presence of peaks in the
donkey centromere domains and their absence in the horse con-
firm that these regions are amplified in the donkey. Peak height
is greater in the donkeys with respect to the mule, and the degree
of amplification is lower in EAS19 compared to the other two
chromosomes. Quantitative PCR experiments and input read
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Figure 2. DNA sequence amplification at the centromeres of E. asinus Chromosomes 9, 18, and 19.
The number of the E. asinus chromosome (EAS) and of its ortholog in E. caballus (ECA) is reported
on top. (A) Southern blot analysis of genomic DNA from one horse, two donkeys, and a mule (MuleA,
offspring of DonkeyB). The probes were obtained by PCR-amplification of a portion of the unit repeated
in the donkey (Supplemental Table S4). Map positions of the probes are indicated as vertical black rect-
angles in C. (B) Quantitative PCR performed on DNA from two horses, two donkeys, and one mule. Each

with two primer pairs (dark and light gray bars) (Supplemental Table S4).

(C) Profile of input reads from one horse, two donkeys, and one mule aligned on the horse reference
genome. The genomic regions shown are 29,593,109-29,725,206 for Chromosome 9; 22,441,448-
22,572,314 for Chromosome 18; and 14,157,787-14,289,525 for Chromosome 19. Peaks represent
regions amplified in the donkey genome compared to the horse genome. Light and dark gray triangles
indicate the location of the fragments amplified in the quantitative PCR assay (B).

count comparisons were also carried out to analyze the variation
of copy number at the centromeres of EAS16 and EAS8 (Supple-
mental Fig. $4), revealing sequence amplification and copy num-
ber variation.

Taken together, these results confirm the occurrence of
tandem sequence amplification at a subset of centromeres in the
donkey, with evidence for marked inter-individual variation in
copy number at some of these loci.

DNA sequence analysis of the satellite-free centromeric domains

DNA sequence features of the satellite-free donkey centromeres
were compared with the corresponding regions in the horse ge-
nome (Supplemental Fig. SS5). The five centromeres containing
amplifications were excluded from this analysis because we could
not define their complete sequence. The percentage of SINEs,
LINEs, LTR-derived sequences, and transposable DNA elements
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We then compared the abundance
of transposable elements at the centro-
meric regions with the average genome-
wide values obtained from a draft donkey
genome (Huanget al. 2015). Donkey cen-
tromeres were significantly poor in SINEs
(P<0.00001), whereas LINE elements
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dance in all samples. As expected, centro-
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sent from the 16 centromeres examined
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chromosomes (EASS, EAS10, EAS12,
EAS14, and EAS18) suggested the pres-
ence of epialleles on the homologous
pairs in the donkey similarly to what we
reported for horse Chromosome 11
(Purgato et al. 2015). To verify the pres-
ence of epialleles, we used a single nucle-
otide variant (SNV) based approach. We
identified heterozygous nucleotide positions, SNVs, within each
centromeric domain using a high coverage input library (Supple-
mental Table S1). These heterozygous positions would allow us
to resolve the two homologs in the reads obtained from CENPA
immunoprecipitated chromatin: If the two CENPA domains were
present on both homologs, immunoprecipitated chromatin would
contain similar amounts of the two SNV alleles; alternatively, if
each homolog contained a single CENPA domain, only one of
the two SNV alleles would be enriched in immunoprecipitated
chromatin. The results of this analysis are shown in Figure 3 and
Supplemental Table S5. The SNV analysis was informative for eight
of the 16 centromeres (EAS4, 5, 7, 10, 12, 14, 27, and 30). The X
Chromosome was excluded because this animal is a male; the
five chromosomes with tandem repetitions at centromeres were
excluded due to incomplete sequence definition; finally, at
EAS11 and EAS13, centromeres informative SNVs were not identi-
fied. On EASS, 10, 12, and 14 centromeres with two clearly separat-
ed peaks, a single variant was highly enriched at all positions in the
immunoprecipitated DNA, demonstrating that each homolog
contains a single functional domain in different positions on the
two homologs (Fig. 3). On EAS4, 7, and 27, different results were
obtained when SNVs at the edges or at the center of the peak

Figure 3. Identification of epialleles through SNV analysis. The positions of single nucleotide variants
(SNVs), located within each centromeric domain, are represented as colored rectangles under each ChIP-
seq profile. Reads were mapped on the chimeric EquCabAsiA reference genome. The y-axis reports the
normalized read counts, and the x-axis reports the genomic coordinates. Red or green rectangles indicate
positions where only one nucleotide variant was enriched in the immunoprecipitated reads, and yellow
rectangles indicate positions where both SNVs were present.

were analyzed. At the edges, only one variant was observed; on
the contrary, both nucleotides were found at the center of the
peak; the interpretation of this result is that CENPA binds to slight-
ly different but overlapping regions in the two homologs. On
EAS30, at all positions both single nucleotide variants were detect-
ed, suggesting that the two homologs contain a very similar epial-
lele, giving rise to overlapping CENPA binding domains.

The size of individual epialleles was estimated by taking
into account the borders of each peak and the distribution of
SNVs (Fig. 3). This measurement is not precise, particularly when
two epialleles overlap (EAS4, EAS7, and EAS27), giving rise to an
approximate size of 100 kb.

To further investigate the individual variability of the donkey
satellite-free centromeric domains, we analyzed an additional un-
related donkey (DonkeyB) by ChIP-seq with the same anti-CENPA
antibody used for DonkeyA (Supplemental Fig. S6). To compare
the two individuals, the reads of both animals were mapped on
the horse reference sequence (EquCab2.0). Of the 16 satellite-
free centromeres identified in DonkeyA, only 15 proved to be
satellite-free in the DonkeyB: No enrichment of the ChIP-seq reads
was observed on EAS8. It may be that, in DonkeyB, the centromere
occurs on satellite repeats. A situation like this was recently
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described in orangutan (Tolomeo et al.
2017), and we may be seeing a polymor-
phism in the donkey population at
Chromosome 8.

A marked variability in the position
of CENPA binding domains between the
two individuals was observed at six chro-
mosomes (Supplemental Figure $6), indi-
cating that CENPA binding domains can

A HorseA

HorseB (MA)

®

Muled  MuleB

DonkeyB HorseC DonkeyC (NA] HorseD

MuleC HinnyA

move within regions of up to 600 kb. The

remaining nine satellite-free centromeres
showed little or no positional variability
between these two animals.

Replicate

| Call line

EAS 4

Germline and somatic transmission of

centromeric domains

DenkeyB

The observation of positional instability
of satellite-free centromeres raises the

question of when such movement of the
CENPA domain can occur. The stability

of centromeres across generations was ex-

Mubed

amined by crossing DonkeyB with three
mares (HorseA, HorseB, and HorseC) by
in vitro fertilization. Embryonic fibro-
blasts were established from the resultant 1

mule concepti (MuleA, MuleB, and % 2 =1 T
MuleC). Adult skin fibroblast cell lines =
were established from DonkeyB and 3

from two of the three mares (HorseA
and HorseC; cells from HorseB were not 1

available). In addition, skin fibroblasts
cell lines were obtained from a male horse

Wulel

(HorseD) and from the hinny derived
from its cross with a female donkey

(female donkey cells not available). The A

genetic relationships among the individ-
uals used in this study are reported
in Figure 4A. All the cell lines from the
two families were subjected to ChIP-seq
analysis using anti-CENPA antibody.
Since the mule and hinny cells contain
two haploid genomes, one from E. cabal-
Ius and one from E. asinus, the transmis-
sion of individual centromere alleles
could be easily followed. From the DonkeyB and the mule cell lines,
three replicate ChIP-seq data sets were obtained (Methods;
Supplemental Table S1).

To facilitate centromere mapping in these samples, a
DonkeyB-derived chimeric genome was assembled from reads as
described above for EquCabAsiA. The resulting EquCabAsiB chime-
ric reference sequence (Supplemental Table S3) was used to map
reads deriving from DonkeyB and mule cell lines (Fig. 4B; Supple-
mental Fig. S7). The irregular shape of some peaks may be due to
(1) inaccurate sequence assembly; (2) presence of subpopulations
of cells with slightly different centromeric domains; or (3) irregular
distribution of CENPA containing nucleosomes.

Figure 4B shows, as examples, the centromeric domains of
Chromosomes 4 and 7 in three replicate ChIP-seq experiments
carried out with the DonkeyB, MuleA, MuleB, and MuleC cell
lines. The centromeres of Chromosomes 4 and 7 (Fig. 4B) showed
two distinct peaks in DonkeyB, whereas each mule inherited

used as reference.

13000000
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Figure 4. Transmission of satellite-free centromeric domains in hybrids. (A) Family trees reporting the
genetic relationships among the individuals used in this study. Each color represents an individual, and
the same color code is used in B. Cell lines from the individuals in gray were not available (NA). (B) ChIP-
seq analysis performed with the anti-CENPA antibody on chromatin from the DonkeyB cell line and the
cell lines from its offspring MuleA, MuleB, and MuleC. For each cell line, the results of three experiments
are shown. The centromeres of donkey Chromosomes 4 (EAS4) and 7 (EAS7) are shown as examples, and
the other centromeres are reported in Supplemental Figure S7. The EquCabAsiB chimeric genome was

only one, revealing independent assortment of epialleles and
normal monoallelic transmission. For Chromosome 4, the most
likely interpretation is that, in MuleA, the left peak was inherited
in the same position; in MuleB, the right peak was inherited but
shifted by ~50 kb; and, in MuleC, the left peak was inherited
with a minor, if any, movement. At Chromosome 7, the left
domain seems to have been transmitted to all three mules with
a relevant shift of ~50 kb in MuleB. In Supplemental Figure S7,
inheritance of the other informative DonkeyB centromeric do-
mains and of horse Chromosome 11 is shown. This analysis re-
vealed additional examples of centromeres that exhibit a
striking change in the position or structure of the epiallele in
mule or hinny offspring.

In conclusion, we analyzed centromeric domain segregation
of 10 donkey centromeres in three mules for a total of 30 indepen-
dent events. In addition, horse Chromosome 11 centromere was
analyzed in three instances. Altogether, we observed clear
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positional movement in 5 of 33 transmission events. In the re-
maining cases, little or no movement was detected.

To test whether centromere sliding can occur during pro-
pagation in culture, we examined positional stability in six clonal
cell lines isolated from TERT-TERC immortalized fibroblasts
(Vidale et al. 2012) derived from MuleA. Following establishment
of an immortal cell population, single cells were isolated and ex-
panded for about 40 population doublings and subjected to
CENPA ChIP-seq. As shown in Figure 5 and in Supplemental
Figure S8, for 10 informative centromeres, no relevant change in
peak position and shape was detected among the clones nor be-
tween the clones and the immortal parental cell line. These results
suggest that the position of centromeres in the immortal cell
population was homogeneous in spite of the high number of cell
divisions in culture required for immortalization. In addition, dur-
ing their independent growth for about 40 population doublings,
centromere position remained unaltered in all the clones. In light
of these observations, we can reasonably exclude in vitro cell
culturing as the source of the positional instability observed in
the families.

Discussion

Identification and DNA sequence composition of satellite-free
centromeres

Here, we have demonstrated, at the sequence level, that an excep-
tionally high number of E. asinus centromeres are devoid of satel-
lite DNA. If more than half of the donkey chromosomes can be
stable in the species while being devoid of centromeric satellite
DNA, the role of these sequences becomes even more puzzling
than previously supposed (Wade et al. 2009; Fukagawa and
Earnshaw 2014; Plohl et al. 2014). The 16 satellite-free donkey
centromeric domains do not correspond to centromeres on the
orthologous horse genomic regions; therefore, they derived from
centromere repositioning events that occurred after the separation
of the donkey lineage from the horse/donkey common ancestor.
Thus, these centromeres are evolutionarily new (ENCs).

The large number of sequenced satellite-free centromeres
allowed us to investigate the properties of “centromerizable” geno-
mic regions in a mammal. Our analysis pointed out that satellite-
free centromeres are AT and LINE rich. In addition, most satel-

EAS 4 EAS T ECA11
conet | N A | A
Cclene3 | ik otk | ol
cones | MMM _ b, | i,
Clone & ’ “ " ’ “i u i
CloneN | o Fe FFmN
T 12800000 13000000 47800000 41000000 27BOCOOD  ZTTOOM)

Figure 5. Transmission of satellite-free centromeric domains in clonal
cell lines. ChiP-seq analysis of the immortalized cell line obtained from
MuleA primary fibroblasts and six clonal derivative cell lines. Three centro-
meric domains taken as examples are shown (EAS4, EAS7, and ECA11).
Results from the remaining centromeres are reported in Supplemental
Figure S8. The EquCabAsiB chimeric genome was used as reference.

lite-free centromeres contain structural rearrangements relative
to E. caballus and, interestingly, five of 16 show sequence
amplification.

Sequence analysis of the 16 satellite-free centromeric loci
revealed that they are AT rich, LINE rich, and SINE poor (Supple-
mental Fig. S5; Huang et al. 2015). AT richness is a common fea-
ture of centromeres in a number of organisms (Clarke and
Carbon 1985; Marshall et al. 2008; Chueh et al. 2009). However,
it does not seem to be a necessary requirement (Melters et al.
2013), nor was it seen at the centromere of horse Chromosome
11 (Wade et al. 2009). Enrichment of LINE-1 sequences has been
detected in natural human centromeres (Plohl et al. 2014) as
well as in clinical neocentromeres (Chueh et al. 2005; Capozzi
et al. 2008; Marshall et al. 2008). On the other hand, no asso-
ciation of LINEs was observed in experimentally induced neo-
centromeres in chicken cell lines (Shang et al. 2010) or in the
evolutionary neocentromere of horse Chromosome 11 (Wade
et al. 2009). It is not clear whether these features contribute
directly to establishment of “centromerizable” genomic domains.
The observation that LINE/LTR-rich domains are clustered within
the nucleus suggests that this arrangement may be related to func-
tion (van de Werken et al. 2017). In this scenario, the sequence
composition of the satellite-free donkey centromeres may allow
them to partition into subnuclear domains that promote the func-
tional activation of centromeric chromatin.

Comparison between the satellite-free donkey centromeric
loci and their horse noncentromeric counterparts demonstrated
the presence of rearrangements in most instances (deletions, am-
plifications, insertions, and inversions) (Supplemental Fig. S2).
Although we do not know whether these rearrangements occurred
before or after centromere formation, chromosome breakage may
promote CENPA binding, as suggested by the observation that
CENPA can be recruited at DNA breaks (Zeitlin et al. 2009).
Huang et al. (2015) used the BAC locations, mapped in our early
work on centromere repositioning (Carbone et al. 2006), to identi-
fy donkey scaffolds spanning very extended regions surrounding
six neocentromeres. Although they did not detect any obvious in-
crease in chromosome rearrangements over extended (several
megabases long) regions, we precisely identified sequence rear-
rangements contained within functional, CENPA binding, centro-
meric domains in this work.

Five donkey centromeres exhibit tandem repetition of se-
quences present in single copy in the horse genome (Fig. 2;
Supplemental Figs. S2, S4). These amplified genomic sequences
are unrelated to one another, with amplified units ranging in
size from 5.3 (EAS16) to 138 (EAS8) kb. These repeated units are
AT rich (about 65%) and SINE poor, and four of five are LINE
rich. The repeat copy number was variable in the two individuals
analyzed, suggesting the existence of polymorphism in the popu-
lation. On the basis of our estimates, we predict that the amplified
regions range in size from 100 up to 800 kb of genomic DNA. It is
tempting to speculate that these amplified arrays represent an
intermediate stage toward satellite DNA formation.

The presence of “ongoing” amplification at some donkey
neocentromeres allows us to propose a new model (Fig. 6) for
the maturation of a centromere during evolution, including dif-
ferent routes, some of which involve sequence amplification.
According to the model, the presence of amplified sequences at a
neocentromere is an indication of its more mature stage compared
to nonamplified centromeres. It remains to be demonstrated
whether amplification is a necessary step toward centromeric sat-
ellite DNA formation. Although the classical definition of satellite
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Figure 6. Model for the maturation of a centromere during evolution.
Different pathways can be envisaged leading to a fully mature satellite-
based repositioned centromere (D) from an ancestral centromere with sat-
ellite repeats (A) through satellite-free intermediates (B,C,E,F). The first
route (A-D) follows the previously proposed model (Piras et al. 2010): a
neocentromere arises in a satellite-free region; satellite repeats may then
colonize this repositioned centromere at a later stage, giving rise to a “ma-
ture” centromere; meanwhile the ancestral satellite DNA is lost. Alternative
routes (A, B, E, D or A, B, C, F, D) imply that, at an already functional sat-
ellite-free centromere, amplification occurs as an intermediate step toward
complete maturation of the neocentromere. In this model, neocentromere
maturation and loss of satellite DNA from the old centromere site are inde-
pendent events that can occur at different stages during evolution. Donkey
chromosomes exemplifying each step are listed, taking into account the
position of satellite DNA as previously described (Piras et al. 2010).
Horse Chromosome 11 is also reported since its evolutionary stage
(C) was previously analyzed (Wade et al. 2009). We cannot exclude that
sequence amplification may precede neocentromere formation (G?) but
we have no data supporting this possibility.

DNA refers to clusters of tandem repetitions extending for several
megabases, the tandem repeat expansions that we observed at
these five centromeres may well be considered as an early seed of
chromosome-specific centromeric satellites. In this view, these
five neocentromeres cannot be considered as bona fide satellite
free. To our knowledge, our results represent the first evidence sup-
porting the hypothesis that amplification-like mechanisms can
trigger the formation of tandemly repeated DNA sequences within
the centromere core.

The heterogeneity of the amplified centromeric units that we
observed is compatible with the molecular mechanism proposed
for the multistep evolution of amplified DNA in drug-resistant
mammalian cell lines (Giulotto et al. 1986). Large domains are am-
plified initially and, during the following steps, the copy number
increases by amplification of subregions of the repeated unit,
giving rise to highly condensed arrays of relatively short DNA
fragments (Saito et al. 1989).

Although the systems and the time scale are extremely differ-
ent, similar recombination-based mechanisms (Mondello et al.
2010) might generate novel satellite DNA families following
amplification of large segments at neocentromeres. We propose
that, in early stages of centromere formation, tandem duplications
may arise and evolve through recombination-based meiotic or

mitotic mechanisms as demonstrated for primate alpha-satellite
families (Schueler and Sullivan 2006; Cacheux et al. 2016).

In the model depicted in Figure 6, satellite DNA recruitment is
a late event in centromere maturation. It has been proposed that
satellite DNA increases segregation fidelity through binding with
specific kinetochore proteins, such as CENPB (Fachinetti et al.
2015). The positional instability of satellite-free centromeres (dis-
cussed below) suggests that repetitive DNA arrays may contribute
to centromere stability by reducing the impact of positional
flexibility.

Positional variability and transmission of satellite-free
centromeric domains

The position of centromeric domains can vary between indivi-
duals at satellite-free (Purgato et al. 2015) and satellite-bearing
(Maloney et al. 2012) centromeres. Here, we show extensive posi-
tional allelism, verified by SNV analysis, at most donkey satellite-
free centromeres (Fig. 3). Comparison of two donkey individuals
(Supplemental Fig. S6) shows that centromere position can vary
within genomic regions spanning several hundred kilobases,
whereas independent assortment of epialleles in hybrids (Fig. 4B;
Supplemental Fig. S7) provides direct proof that each chromosome
carries a single centromeric domain. Despite their different posi-
tions and associated sequences, all epialleles are rather homo-
geneous in size, measuring ~100 kb, similar to those of horse
Chromosome 11 (Purgato et al. 2015). We can reasonably propose
that the sliding phenomenon is common to all satellite-free cen-
tromeres, because the analysis of only two individuals allowed us
to observe evidence of more than one allele at the majority of
informative centromeres (Fig. 3).

An intriguing result obtained from the analysis of the trans-
mission of CENPA binding domains in hybrids was positional
movement in five of 33 transmission events. These results demon-
strate, for the first time, that centromere sliding can occur in one
generation. The extent of this movement is never extreme.
Indeed, the centromeric domain in the offspring is always at least
partially overlapping the domain of the parent, suggesting that a
fraction of CENPA nucleosomes maintains its position, and cen-
tromeres do not jump to a completely new location. We can envis-
age that, in the course of several generations, slight movements
accumulate giving rise to nonoverlapping epialleles. In the trans-
mission experiments reported here, we observed instances of sub-
stantial centromere movement, on the order of 50-80 kb, that
occurred in a single generation. On the other hand, different epi-
alleles at a given centromere are contained within limited regions
occupying up to ~600 kb. These observations are consistent with
the existence of some sort of boundaries, such as specific patterns
of chromatin marks (Sullivan and Karpen 2004; Martins et al.
2016), limiting the region through which CENPA binding do-
mains can move.

The movement of centromeric domains, observed in the fam-
ily analysis, does not seem to be due to in vitro culturing (Fig. 5;
Supplemental Fig. S8) in agreement with the behavior of centro-
meres in chicken DT40 cell lines (Hori et al. 2017). The stability
of the centromeric domains in cultured cells is consistent with a
spatially conserved transmission and replenishment mechanism
for CENPA nucleosomes (McKinley and Cheeseman 2015; Ross
et al. 2016) that, during the mitotic cell cycle, ensures that new
CENPA nucleosomes are inserted at centromeric location with
high fidelity. The sliding that we observed in the hybrids presum-
ably took place during germline differentiation, meiotic division,
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fertilization, or early developmental stages. It is possible that
CENPA is mobilized during the extensive chromatin remodeling
and epigenetic reprogramming characterizing these stages.

A well-described mechanism of chromatin reorganization is
the replacement of histones with protamines (protamine transi-
tion) during spermatogenesis. Although CENPA is quantitatively
maintained during this process (Palmer et al. 1990), it might slide
into adjacent histone-depleted regions. Notably, we observed cen-
tromere sliding in both an oocyte-derived horse Chromosome 11
(Supplemental Fig. S7) as well as in several sperm-derived chromo-
somes in the hybrid offspring (Fig. 4B; Supplemental Fig. S7).
Another process which may cause shift of centromeric domains
is the meiotic division itself, during which the fidelity of CENPA
deposition is poorly understood (McKinley and Cheeseman
2015). In addition, early embryonic cell cycles are highly dynamic
in terms of active DNA demethylation and histone modifications
and remodeling (Mayer et al. 2000; Santos et al. 2005; Probst and
Almouzni 2011). We do not know at which stage centromere
sliding may occur, but it is clear that the normally stringent main-
tenance of CENPA position can become relaxed between genera-
tions, possibly during the unique epigenetic transactions of
meiosis and early embryogenesis.

Conclusions

We identified satellite-free centromeres at 16 of the 31 chromo-
some pairs of the donkey. Nearly one-third of the evolutionarily
new centromeres of donkey exhibit tandem DNA sequence ampli-
fication. These centromeres may be in the process of selecting nov-
el satellite DNA sequences, eventually leading to mature satellite-
based centromeres (Fig. 6).

Centromeres can slide by a substantial fraction of their total
size in one generation. This mobility appears to be an intrinsic
property of CENPA chromatin domains in the equids. Satellite
DNA may function to constrain the mobility of the centromere
and enforce specific locus identity.

The presence of so many satellite-free centromeres may be
due to the fact that the donkey lineage separated recently (about
3 Mya) from the common Equus ancestor, and there was not
enough evolutionary time for satellite DNA accumulation and cen-
tromere maturation (Fig. 6). The observation of centromeres with
sequence amplification intermediates supports this hypothesis.
An alternative hypothesis, based on the centromere drive model
(Malik and Bayes 2006; Henikoff and Furuyama 2010), can be pro-
posed: Although large centromeres with expanded blocks of satel-
lite DNA should be stronger than small ones (Iwata-Otsubo et al.
2017), a selective pressure against satellite DNA accumulation
may operate in the donkey.

Methods

Cell lines

Primary fibroblast cell lines from HorseS and DonkeyA were estab-
lished from the skin of slaughtered animals. Fibroblasts from
DonkeyB, HorseA, HorseC, and Hinny were established from
skin biopsies of adult animals from Cornell University. HorseD fi-
broblasts were obtained from testicular tissue of a freshly castrated
animal from Cornell. MuleA, MuleB, and MuleC cell lines were
derived from three mule conceptuses from normal pregnancies
recovered on days 32-34 after ovulation via uterine lavage, as
described (Adams and Antczak 2001).

Immortalization of the MuleA fibroblast cell line was carried
out as described in Vidale et al. (2012) and in Supplemental
Methods.

Horses, donkeys, and (horse x donkey) hybrids from the fam-
ilies used for the study of centromere transmission were main-
tained at the Baker Institute for Animal Health, College of
Veterinary Medicine, Cornell University. Animal care and experi-
ments were carried out in accordance with the guidelines set forth
by the Institutional Animal Care and Use Committee of Cornell
University under protocol 1986-0216, Douglas F. Antczak PL

The DonkeyA and HorseS fibroblast cell lines were established
from skin samples taken from animals not specifically sacrificed
for this study; the animals were being processed as part of the
normal work of the abattoirs.

Chromatin Immunoprecipitation (ChIP)

Chromatin was cross-linked with 1% formaldehyde, extracted,
and sonicated to obtain DNA fragments ranging from 200 to 800
bp. Immunoprecipitation was performed as previously described
(Cerutti et al. 2016) by using a polyclonal antibody against human
CENPA protein (Wade et al. 2009) or a human CREST serum
(Purgato et al. 2015). Sequencing was performed as described in
Supplemental Methods.

Cytogenetic analysis

FISH experiments on horse and donkey metaphase spreads were
carried out with a panel of BAC clones (Supplemental Table S2)
from the horse library CHORI-241 as previously described
(Raimondi et al. 2011; for details, see Supplemental Methods).

Assembly of centromeric regions, sequence analysis, and
construction of the chimeric reference genomes

The de novo assembly of the donkey centromeric regions and the
construction the chimeric EquCabAsiA and EquCabAsiB referenc-
es was performed as described in the Supplemental Methods.

Bioinformatic analysis of ChIP-seq data

Reads were aligned to the horse reference genome or to the
EquCabAsiA or EquCabAsiB references with Bowtie 2.0 (Langmead
and Salzberg 2012). Peak calling was performed with the software
MACS 2.0.10 (Zhang et al. 2008). ChIP-seq data were normalized
with the deepTools package using a subtractive method (Ramirez
et al. 2014). ChlIP-seq enrichment plots were obtained with the
R software package Sushi (Phanstiel et al. 2014). Data sets were
mapped on EquCab2.0 and plotted with Integrative Genomics
Viewer (IGV) (Robinson et al. 2011). Details are reported in Supple-
mental Methods.

SNV analysis

To identify single nucleotide variants (SNVs) in the DonkeyA cen-
tromeric regions, we used the IGV software (Robinson et al. 2011)
with the EquCabAsiA genome as reference, analyzing the BAM
file resulting from read mapping (for details, see Supplemental
Methods).

Southern blotting and quantitative PCR (qPCR)

Southern blotting was performed under standard conditions using
probes prepared by PCR as described in Supplemental Methods.

For quantitative qQPCR amplification, levels were calculated as
previously described (Purgato et al. 2015). See Supplemental
Methods for details.
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Data access

Raw sequencing data from this study have been submitted to
the NCBI BioProject database (http://www.ncbi.nlm.nih.gov/
bioproject/) under accession number PRINA385275. De novo as-
sembled centromeric regions of DonkeyA and DonkeyB from
this study have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/genbank/) under accession num-
bers MF344597-MF344627.
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