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Abstract The centromere has a pivotal role in structuring chromosomal architecture, but
remains a poorly understood and seemingly paradoxical “black hole.” Centromeres
are a very rapidly evolving segment of the genome and it is now known that centromere
shifts in evolution are not rare and must be considered on a par with other chromo-
some rearrangements. Recently, unprecedented findings on neocentromeres and
evolutionary new centromeres (ENC) have helped clarify the relationship of the
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10 centromere within the genome and shown that these two phenomena are two faces of
11 the same coin. No prominent sequence features are known that promote centromere
12 formation and both types of new centromeres are formed epigenetically, both clini-
13 cal neocentromeres and ENC cluster at chromosomal “hotspots.” The clustering of
14 neocentromeres in 8p is probably the result of the relatively high frequency of non-
15 canonical pairing. Studies on the evolution of the chromosomes 3, 13, and 15 help
16 explain why there are clusters of neocentromeres. These domains often correspond
17 to ancestral inactivated centromeres and some regions can preserve features that
18 trigger neocentromere emergence over tens of millions of years. Neocentromeres
19 may be correlated with the distribution of segmental duplications (SDs) in regions of
20 extreme plasticity that often can be characterized as gene deserts. Further, because
21 centromeres and associated pericentric regions are dynamically complex, centro-
22 mere shifts may turbocharge genome reorganization by influencing the distribution
23 of heterochromatin. The “reuse” of regions as centromere seeding-points in evolution
24 and in human clinical cases further extends the concept of| “reuse™ of specific
25 domains for “chromosomal events.”

26 5.1 The “Black Hole”

27 The centromere, a term coined by Darlington 1936, is the primary constriction
28 where the kinetochore forms and the spindle fiber attaches to ensure correct chro-
29 matid segregation during cell division. The centromere has always been given a
30 pivotal role in structuring chromosomal architecture, and classical analyses emphasized
31 Robertsonian fissions and fusions as well as pericentric inversions as the principle
32 mechanisms in the transformation of species diploid (2n) and fundamental numbers
33 (FN, number of chromosome arms). More recent investigations have also paid
34 attention to deletions;-duplications, tandem fusions, and centromere shifts, with
35 both the deactivation and the activation of centromere playing a fundamental role.
36 The pericentromeric regions of centromeres are regions rich in duplicons, trans-
37 posons, retro elements, and even pseudogenes and expressed genes. They are hot
38 spots of chromosome changes in both evolution and in disease (Villasante et al. 2007).
39 Clearly then, the centromere is a key structure in the evolution of eukaryotic
40 chromosomes, yet remains poorly understood and seemingly paradoxical. Early
41 work suggested that particular satellite sequences were involved in centromere
42 formation but the comparative study of centromere DNA showed that it was highly
43 variable across species (O’Neill et al. 2004) (see Chaps. 2—4 of this book).

44 In the last years, unprecedented findings on neocentromeres and evolutionary
45 new centromeres (ENC) added additional oddities to this “black hole” of biology.
46  On the other hand, they started to clarify the complex relationship of the centromere
47 with the underlying sequences. Montefalcone et al. (1999) showed that a centromere,
48 during evolution, can move along the chromosome without any accompanying
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chromosomal rearrangements. This unusual centromere behavior is now well 49
documented in a large array of taxa, in particular, primates. It was also shown that 50
ENCs have an intriguing connection with a related phenomenon: human clinical 51
neocentromeres. This chapter mainly addresses the evolutionary aspects of 52
neocentromeres, but ENCs and neocentromeres are, very likely, two faces of the 53
same phenomenon. For this reason, the clinical neocentromeres will be briefly sum- 54
marized in the following paragraph. For an exhaustive review see Marshal et al. (2008) 55

5.1.1 Human Clinical Neocentromeres 56

Neocentromeres are analphoid centromeres that emerge in ectopic chromosomal 57
regions. The emergence of a neocentromere most frequently occurs to provide 58
mitotic stability to otherwise acentric chromosome fragments resulting from a rear- 59
rangement (Amor and Choo 2002; Warburton 2004; Marshall et al. 2008). The 60
stabilized supernumerary chromosome has detrimental phenotypic consequences, 61
and it is usually discovered when these clinical patients are examined cytogenetically. 62

Nearly 100 such cases were reported in the literature (cf. Marshall et al. 2008). 63
Marshall et al. (2008) report that clinical neocentromere are noted once in every 64
70,000-200,000 live births, but these studies do not include the incidence of 65
balanced rearrangements which have no phenotypic consequences and are not 66
caught by the clinical filter (see Capozzi et.al. 2008). Sometimes balanced neocen- 67
tromeres are serendipitously found in normaliindividuals (see below). The chromosomal 68
distribution of neocentromeres is reported in Fig. 5.1. 69

As mentioned, neocentromere emergence is usually an opportunistic, secondary 70
event, concomitant to a rearrangement that generated an acentric fragment. This 71
implies that human clinical neocentromeres are not the consequence of any 72
kind of sequence transposition or mutational modification, and that, conse- 73
quently, these events are epigenetic in nature (Alonso et al. 2003) (see also 74
Chap. 1 of this book): 75

The chromosomal localization of neocentromeres (see Fig. 5.1) has usually been 76
attained by fluorescence in situ hybridization (FISH) using BAC or similar DNA 77
probes, with the aim of identifying clones mapped to opposite sides of the centromere. 78
Occasionally, this approach for various reasons provided only an approximate mapping. 79
One reason is that the neocentromere does not contain a heterochromatic block that 80
can be very helpful in orienting the probe hybridization to one side or the other of 81
the centromere. Additionally, several supernumerary, neocentromeric chromo- 82
somes have an inverted-duplication structure that makes characterization difficult. 83
Neocentromeres in small ring chromosomes are also difficult to map because the 84
primary constriction is not easily identified. These limitations explain why the 85
mapping of chromosomal regions harboring neocentromeres was sometimes fairly 86
approximate (see Fig. 5.1). In some instances, however, the neocentromere was 87
mapped down to the sequence level using a ChIP-on-chip approach. In this method, 88
living cells are crosslinked in situ by adding formaldehyde. DNA is then sheared by 89
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Fig. 5.1 ENCs and neocentromeres. The ideograms' graphically report human clinical centro-
meres, represented by a black bar spanning the seeding point, on the right of each chromosome
(modified from Marshall et al. 2008). The figure includes 1 new clinical centromere reported on
chromosome 9 (Capozzi et al. 2008) and one repositioned centromere on chromosome 6 (Capozzi
et al. submitted). The localization appears very approximate in some instances, for the reasons
discussed in the text (Sect. 5.1.1). The three repositioned centromeres found in normal persons are
represented by a small green circle. ENCs are indicated, in red, on the left of the chromosomes.
Red arrows indicate inactivated ancestral centromeres. The Supplement Table 5.1 (see at the end
of this chapter) reports in detail the data graphically summarized in this figure

13 18 17 18

sonication.and immunoprecipitated using antibodies against centromeric proteins
(CENP, usually CENP-A and CENP-C). Purified DNA fragments are then amplified,
labeled, and hybridized to a high density BAC or oligo arrays (see Capozzi et al
2008). Thirteen neocentromeres were precisely mapped in this way (Lo et al.
2001a, b; Alonso et al 2003, 2007; Saffery et al. 2003; Sumer et al. 2003; Chueh
et al. 2005; Cardone et al. 2006; Capozzi et al 2008). The CENP domain ranged
from ~54 to 450 kb. The size can be occasionally over-estimated if BAC arrays are
used. Sequence comparison among these regions did not show any prominent features
that could be predictive of centromere-forming potential. In other words, it is not
evident what makes a sequence “centromere competent.” Another complication is
the striking difference between a “normal” centromere, up to 3—4 Mb in size, and
neocentromeres composed of as low as 50 kb of “plain” sequence. It has to be noted,
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however, that the frequently reported mosaicism suggests that neocentromeres are 102
not so efficient. This point will be further discussed below. 103

The phenotypic problems inherent in patients with neocentromeres also imply 104
that they have no evolutionary future. It can be easily hypothesized that the fitness 105
of these individuals is negligible. The neocentromere-ENC connection could 106
therefore appear problematic. However, some recent lines of evidence suggested a 107
surprisingly strong relationship. For instance, same chromosomal domain can be 108
used as seeding-point for both neocentromeres and ENCs. A second line of evidence 109
revealed that some seeding-point domains correspond to ancestrally inactivated 110
centromeres (see below). Lastly, three familial cases of human neocentromeres 111
were discovered segregating in perfectly normal people (Amor et al. 2004; Ventura 112
et al. 2004; Capozzi et al. submitted). These three cases can be considered as 113
repositioned centromeres “in progress.” They are familiarly inherited-and have no 114
phenotypic implications; indeed their discovery was accidental. 115

5.2 Evolutionary Repositioned Centromeres in Primates 116

Karyotype evolution has been mainly studied using whole-chromosome painting 117
probes. This approach has the advantage of mapping translocation differences 118
between species, but does not usually provide information on intrachromosomal 119
rearrangements or marker order differences. Recently, the availability of large 120
cloned DNA collections of BACs and fosmids (see P. de Jong lab at http://bacpac. 121
chori.org/home.htm; see also paragraph 9.6, Technical note) made it possible to 122
study by FISH marker order changes during evolution in chromosomes of different 123
species (molecular cytogenetic approach). The precise mapping of thousands of 124
clones is graphically displayed in genome browsers (see the track “BAC End Pairs” 125
or “Fosmid End Pairs” in UCSC, for instance). Two or more BAC clones can be 126
simultaneously hybridized and their reciprocal order can be unequivocally defined. 127
This cytogenetic approach to synteny definition complements other approaches that 128
have been exploited to define genome organization: radiation hybrid mapping, linkage 129
analysis, and sequencing (see Rocchi et al. 2006). Importantly, the molecular 130
cytogenetic approach is sequence independent, and it can substantially aid sequence 131
assembly, because the pure shot-gun approach, used for most genomes, is error 132
prone (Green 1997; Roberto et al. 2008). For a fine synteny definition of complex 133
genomes using the molecular cytogenetics technology, see Roberto et al. (2007) 134
and Misceo et al. (2008) and the corresponding Web pages http://www.biologia. 135
uniba.it/lar/ and http://www.biologia.uniba.it/gibbon/, respectively, provided as 136
Supplemental Material to these publications. 137

Synteny arrangement comparisons allowed Montefalcone et al. (1999), as 138
mentioned earlier, to disclose that some centromeres shifted along the chromosome 139
during evolution. Studies over the last decade have amply demonstrated that cen- 140
tromere shifts in evolution are not rare and must be considered on a par with other 141
chromosome rearrangements such as translocations, inversion, duplications, and 142
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143 deletions. Ventura et al. (2007), comparing human and macaque, clarified how very
144 frequent ENC are in primate evolution. In total, between macaque and humans
145 there are 14 ENC; nine ENCs occurred in macaque lineage and five occurred in the
146 human lineage. The last common ancestor of macaques and humans is estimated at
147 about 25 million years ago (mya). So ENC in this case formed about once every
148 three million years. Perhaps surprisingly, by comparison in the same arch of time,
149 there are only four translocation differences (about one translocation every 12 mil-
150 lion years). We might conclude from this example that ENC are four times more
151 frequent than cytogenetically visible translocations and represent a significant facet
152 of mammalian chromosomal evolution. ENCs were reported in the evolution of
153 chromosome 3 (Ventura et al 2004), chromosome 6 (Eder et al. 2003), chromosome
154 10 (Carbone et al. 2002), chromosome 11 (Cardone et al. 2007), chromosome 13
155 (Cardone et al 2006), chromosome 14 and 15 (Ventura et al. 2003), chromosome
156 20 (Misceo et al. 2005), and chromosome X (Ventura et al. 2001). Figure 5.1
157 graphically reports, on the left of each chromosome, all the published ENCs.
158 Supplement Table 5.1 (see at the end of this chapter) reports details of neocentro-
159 meres and ENC:s literature data. It is interesting to note that the centromere is apparently
160 a very rapidly evolving segment of the genome. Further, because centromeres and
161 associated pericentric regions are dynamically complex; centromere shifts may
162 turbocharge genome reorganization by influencing the distribution of heterochromatin
163 (Ishii et al. 2008).

164 5.3 Hotspots of Neocentromere Formation

165 A clearly recognizable trend from the human clinical cytogenetic data is the
166 clustering of neocentromere formation sites at chromosomal “hotspots.” Certain
167 regions of chromosomes — for example, 3q, 8p, 13q, and 15q telomeric regions
168 — seem particularly prone to forming neocentromeres (Fig. 5.1). The survival of
169 individuals with more distal inverted duplications will be favored (as such
170 individuals possess a smaller region of partial trisomy or tetrasomy); it is therefore
171 logical that neocentromeres cluster around the distal ends of chromosomes.
172 It follows that some other regions with neocentromere-forming potentiality
173 have never been described because of this bias. What becomes fixed in evolution
174 is, therefore, the end result of mutation and the selectional filter. The neocentro-
175 mere reported at 9q33.1 is paradigmatic in this respect (Capozzi et al 2008). The
176 propositus, in fact, was found to carry an interstitial deletion of chromosome 9,
177 of about 12 Mb (9q31.3-9q33.1). The parents were investigated because of the
178 deletion in the son. The mother had a small ring chromosome that resulted from
179 the excision of the 12 Mb from the chromosome 9. A neocentromere at 9q33.1
180 had stabilized the ring chromosome. The son had inherited the deleted chromo-
181 some but not the ring. This neocentromere would have been never detected if
182 malsegregation had not occurred. No such neocentromere was detected in super-
183 numerary chromosomes.
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Homo sapiens

5-6M
— Pan troglodytes
8M ke Pan paniscus
Hominidae e—— G OTilla goTilla
14M
Hominoidea Pongo pygmaeus
15-18M
ini Gibbons
Catarrhini 25M Hylobatidae
Cercopithecidae
Antropoidea Macaca mulatta
35M
14-17M
Haplorrhini Cercopithecoidea
55M (owm) ) )
Trachypithecus cristatus
Colobidae
Cebidae
Callithrix jacchus
24M
— 26M Lagothrix lagothrica
Platyrrhini Atelidae
(NWM)
Callicebus moloch
Pitheciidae
Tarsii
Lemurs, Galagos, Lorises...

Strepsirrhini

Fig. 5.2 Phylogeny of primates. Summary of the phylogenetic relationship among extant primates.
Branching time is according to Raaum et al. (2005) and Opazo et al. (2006). The bars’ length is not
proportional to elapsed time. The figures indicate the branching time in million years

Studies on the evolution of the chromosomes where clustering of neocentromeres 134
were reported (3q, 13q, and 15q) put these regions in a completely new light. These 185
chromosomes were investigated in detail, and each of these clusters disclosed distinct, 186
intriguing aspects of the relationship between human clinical neocentromeres and 187
ENC:s. For this reason they will be described in detail later. 188

The full appreciation of these data presupposes a basic knowledge of primate 189
phylogeny, which is summarized in Fig. 5.2. It is also important that the reader is 190
acquainted with the concept of the “outgroup” in phylogenetic studies. A brief 191
description is reported in the Sect. 5.6. 192

5.3.1 Evolution of Chromosome 15 193

Human chromosomes 15 and 14 derive from the fission of an ancestral chromo- 194
some in the Hominoidea ancestor. Comparison with outgroup species confirms that 195
the fission is the derivative rearrangment. Figure 5.3 reports the study of the evolution 196
of these chromosomes through the use of BAC clones that showed that the marker 197
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Homineid ancestor

Primate ancestor Catarrhini ancestor

15A
15B
15J
15G

15F

15E
15D

15C
14A

14B

14C

14D

Fig. 5.3 Evolution of human chromosomes 15 and 14. The figure delineates the evolutionary history
of chromosomes 15 and 14 in OWMs and Hominoidea. BAC clones used in the synteny investigation
are represented by letters on the right of the chromosomes. The letter-BAC correspondence is
reported in Supplement Table 5.1. Chromosomes 15 and 14 in Hominoidea were generated by
fission of an ancestral chromosome, which appears to be composed of these two chromosomes
arranged head-tail. ENC in a red circle indicates the emergence of an evolutionary new centromere.
The green arrow points to the inactivated centromere. For details see text

198 order was perfectly conserved between macaque chromosome 7 (Macaca mulatta,
199 MMU) and the two human chromosomes. To derive the two independent human
200 chromosomes, 14 and 15, you only need to fission between markers F and G
201 (Ventura et al 2003) (Fig. 5.3). One novel centromere emerged in human chromo-
202 some 15, corresponding to the telomeric region of the short arm of MMU?7 (Fig. 5.3).
203 A second centromere emerged on chromosome 14 and corresponded to the fission
204 point of MMUY7. The ancestral centromere, precisely mapped by the apparent split
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i,
v

3

4|

Fig. 5.4 Segmental duplication analysis of chromosome 15. The figure illustrates the interchro-
mosomal (red lines) and intrachromosomal (blue lines) segmental duplications of chromosome 15
(Courtesy of Dr. E.E. Eichler; from Bailey et al. 2002)

of marker E (chr15:82,835,478-83,006,963, UCSC, March 2006 release), got 205
inactivated. 206

Segmental duplications (SDs) are biased against pericentromeric regions (She 207
et al. 2004). The graphic representation of the distribution of SDs of chromosome 208
15 shows a clear clustering of SDs at 15q24-26 (Fig. 5.4). In light of the evolutionary 209
analysis of chromosome 15 we have reported, they represent the remains of the 210
pericentromeric SDs that flanked the ancestral centromere. No alphoid sequences 211
are present in this domain, suggesting that the loss of this satellite DNA, typical of 212
primate centromeres, was relatively rapid. The most interesting observation, 213
however, is that human clinical neocentromeres clustering at 15q24-26 perfectly 214
overlap the distribution of SDs. Apparently, the region has preserved features that 215
trigger neocentromere emergence. This potentiality has been conserved for approx- 216
imately 25 MY, the time of divergence between Hominoidea from Cercopithecoidea 217
(Old World Monkeys, OWM) (Raaum et al. 2005). 218

Main conclusions are as follows: (i) neocentromeres can emerge in domains cor- 219
responding to ancestral inactivated centromeres; (ii) neocentromeres are scattered 220
over a fairly relatively large area (15q24-26), overlapping the dispersion of SDs; 221
(iii) apparently, centromere forming latency is not linked to a specific sequence. 222

5.3.2 Evolution of Chromosome 3 223

The evolutionary history of chromosome 3 is relatively complex in comparison to 224
that of 15/14 (Ventura et al. 2004). Figure 5.5 shows how the human chromosome 225
3 can be derived from the primate ancestor by fission of the 21 synteny and several 226
inversions. Marker order comparison among selected primate species revealed that 227
the centromeres in both Hominoidea and OWM are ENCs. The paucity of SDs 228
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Fig. 5.5 Evolution of chromosome 3. Delineation of the chromosomal changes of chromosome
3 during primate evolution, modified from Ventura et al. (2004). BAC clones used in the synteny
investigation are represented by letters on the right of the chromosomes. The letter-BAC corres-
pondence is reported in Supplement

229 around this ENC (She-et-al 2004) could be interpreted as the consequence of its
230 recent origin. We had the opportunity to study one case of a neocentromere that
231 resulted from the excision of a small region, including the centromere, to form a
232 small autonomous chromosome (Wandall et al. 1998). The neocentromere appeared
233 located in a domain almost overlapping with the ENC described in macaque
234 (Ventura et al 2004).

235 Main conclusion: the same chromosomal domain was used as a seeding point for
236 an ENC and for a human clinical neocentromere.

237 5.3.3 Evolution of Chromosome 13

238 Contrary to chromosome 3, chromosome 13 can be regarded as one of the most
239 evolutionary conserved chromosomes. The human form very likely corresponds to
240 that of the primate ancestor, which in turn differs from the mammalian ancestor
241 form just for a small inversion (Cardone et al 2006). The same syntenic arrangement
242 of the mammalian ancestor was found in chicken (Consortium 2004) that diverged
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from mammals about 310 mya. In OWMs, a novel centromere emerged in a region 243
in the middle of the long arm (13g21). Interestingly, a similarly located, independent 244
ENC emergence was detected in pigs. Additionally, some human neocentromeres 245
reported on chromosome 13 mapped close to the same chromosomal domain. 246
These findings resemble the results reported for chromosome 3. The study, however, 247
exposed some important additional aspects of the centromere repositioning phe- 248
nomenon: (i) this region maintained centromere forming potential for a very long 249
time of about 95 my, that is, the divergence time of Cetartiodactyla and Primates; 250
(i) human probes mapping in the seeding region had a very variable results on 251
different OWM species (MMU, Papio hamadryas, Trachypithecus cristatus, and 252
Cercopithecus aethiops), indicating that the region is extremely plastic; (iii) the 253
ENC was seeded in a very large gene-desert region (4.88 Mb) (Lomiento et al. 254
2008). This last feature will be discussed in detail later. 255

5.3.4 Neocentromere Clustering at 8p 256

Contrary to chromosomes 15, 3, and 13, the evolutionary history of chromosome 8 257
did not reveal any feature that could be of help in interpreting the clustering of 258
clinical neocentromeres at 8p (personal unpublished data). Recent studies pub- 259
lished by Dr. Zuffardi’s group on cytogenetic anomalies of 8p can be helpful to 260
interpret this clustering. They found that parents of patients carrying de novo 8p 261
chromosomal rearrangement, usually the mother, were heterozygous for an 8p23.1 262
inversion, delimited by two large clusters of olfactory receptor genes (Giglio et al. 263
2001). The noncanonical meiotic pairing, consisting in the refolding of one chro- 264
mosome onto itself, favors the formation of derivative 8p chromosomes, including 265
inv dup(8p) (see Fig. 54 of Giglio et al 2001). The inversion is relatively common: 266
26% of the studied population appears heterozygous for the inversion and the neo- 267
centromere reports in literature are all acentric inv dup(8p) rescued by a neocentromere 268
which insured their mitotic survival. Main conclusion: the reason for the clustering 269
of neocentromeres in 8p is probably the result of the relatively high frequency of 270
noncanonical pairing in individuals heterozygous for the 8p inversion. 271

An alternative hypothesis, discussed below, is that the potential restructuring of 272
chromatin at the break that generated the inv dup(8) could be a concurrent epige- 273
netic cause of neocentromere emergence. 274

5.3.5 Reuse of Sites of “Chromosomal Events” in Evolution 275

It is well known that the mouse genome accumulated a large number of chromo- 276
somal rearrangements during evolution (Waterston et al. 2002). Subsequent inde- 277
pendent bioinformatic studies have shown, in humans, an extensive “reuse” of 278
breakpoints (Pevzner and Tesler 2003; Murphy et al. 2005), and, additionally, an 279
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280 enrichment of segmental duplications in regions of synteny breaks between the
281 human and mouse genomes (Armengol et al. 2003; Bailey et al. 2004). The SD in
282 humans, however, occurred in the lineage leading to humans long after rodent/
283 primates divergence. The conclusion was that the analysis “supports a nonrandom
284 model of chromosomal evolution that implicates specific regions within the mamma-
285 lian genome as having been predisposed to both recurrent small-scale duplication
286 and large scale evolutionary rearrangements.” The “reuse” of regions as centromere
287  seeding-points in evolution and in human clinical cases further extends the concept
288 of “reuse” of specific domains for “chromosomal events.”

289 5.4 Human Repositioned Centromeres “in Progress”

290 A crossover inside the region encompassed by the normal and the repositioned
291 centromere results in the formation of dicentric or acentric fragments. In contrast
292 with the expectation that heterozygous carriers of neocentromeres have diminished
293 fitness, the number of repositioned centromeres is relatively high and many reposi-
294 tioned centromeres have been fixed in different species. Meiotic drive in females,
295 as reported for Robertsonian fusions in humans, in favor of the repositioned chro-
296 mosome might be a possible explanation (Pardo-Manuel de Villena and Sapienza
297 2001). Meiotic drive has also been invoked to account for the progressive acquisi-
298 tion of heterochromatin in the neocentromeric regions (Henikoff et al. 2001). The
299 progression towards normal centromere complexity, composed of large satellite
300 DNA arrays, is presumed to stabilize neocentromere function. Most clinical neo-
301 centromeres are relatively unstable, as suggested by the fact that they are often
302 found as mosaics. Population structure and genetic drift can also be hypothesized
303 to have played an important role in neocentromere fixation.

304 It can be reasonably supposed, furthermore, that repositioned centromeres that
305 reach fixation are only<a minority of those that have emerged in the population.
306 Repositioned centromeres have no clinical consequences. They therefore escape, in
307 humans, the clinical filter that intercepts most of the neocentromeres present as
308 supernumerary chromosomes. Prenatal cytogenetic analyses are most often performed
309 without parental clinical indication. Further, centromere repositioning events can
310 easily be misinterpreted as pericentric inversions. In non-human species, no cytogenetic
311 population data are available, but the number of neocentromere that become fixed
312 ENC is surely a minority. As a consequence, the number of centromere repositioning
313 events in both clinical and evolutionary cytogenetics must be much higher than that
314 noted in the literature.

315 Examples of balanced centromere repositioning events with no obvious pheno-
316 typic effect do exist. The first instances were reported on the Y chromosome
317 (Bukvic et al. 1996; Rivera et al. 1996; Tyler-Smith et al. 1999). The large block of
318 heterochromatin present in this chromosome, however, hampered a full characteri-
319 zation of these repositioned centromeres, in which the satellite DNA could have
320 played a nonminor role. More recently, three autosomal examples of repositioned
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centromeres have been reported at 3q24 (Ventura et al 2004), 4q21.3 (Amor et al 321
2004), and 6p22.1 (Capozzi et al. submitted). They were serendipitously found 322
(two because of a prenatal diagnosis). We will focus on the last case because it 323
showed unprecedented features. 324

5.4.1 Repositioned Centromere at 6p22.1 325

The variant chromosome was discovered during a prenatal diagnosis (Capozzi et al. 326
submitted). Molecular cytogenetic analysis showed that the centromere was located 327
in the middle of the short arm, at 6p22.1, without marker order changes. The analysis 328
was extended to the family. The repositioned centromere was found in'six individual 329
in three generations. The segregation in three generation and the ‘absence of any 330
phenotypic problem suggested that the repositioned centromere was perfectly func- 331
tional. In some metaphases, however, extra copies of chromosome 6 indicated that 332
the functionality was not identical to a normal centromere. The precise position of 333
the neocentromere was investigated using ChIP-on-chip analysis that indicated that 334
it was located at chr6:26,407-26,491 kb. The evolutionary history of chromosome 335
6 had been already delineated by Eder et al. (2003), but the position of the centro- 336
mere in the ancestor of primates could not be defined with certainty. New data 337
accumulated in the literature allowed us to establish that the ancestral form of chro- 338
mosome 6 in primates had the same marker order as in humans, but the centromere 339
was located at 6p22.1. This centromere repositioned to the present-day location in the 340
Hominoidea ancestor before gibbon branching, that is at least 17 mya (Raaum et al. 341
2005). The repositioned centromere was found about 2 Mb apart from the ancestral 342
centromere. In our family case, therefore, it appears as if the centromere jumped back 343
to the ancestral position, where it was located about 17 mya. 344

5.5 Evelutionary Fate of Novel Centromeres 345

The organization of a “mature” centromere is complex. In primates, the central core 346
is composed of a large array of alpha satellite DNA, usually surrounded by a cluster 347
of SDs. Occasionally, other types of satellite DNA flank the alphoid core. 348
Similarities with human clinical neocentromeres and human “repositioned” centro- 349
meres (see above) strongly suggest that the seeding event is epigenetic in nature, 350
not accompanied by any sequence changes. In macaque, nine of 22 chromosomes 351
are ENCs (Ventura et al 2007). This subset of centromeres, however, is indistin- 352
guishable from the “normal” ones: all autosomal macaque centromeres possess a 353
large block of alphoid DNA (Ventura et al 2007). The same applies to the humans 354
ENCs (Ventura et al 2007). It appears as if the progression of these centromeres, 355
from a “plain” sequence, obligatory ends in the acquisition of complexity. To better 356
understand this process, it is worth noting that, as already mentioned, many human 357
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358 clinical neocentromeres and repositioned centromeres have been found to be
359 mitotically unstable, with mosaicism, especially in supernumerary chromosomes
360 (Marshall et al 2008). Altogether, these observations suggest that rapid progression
361 stabilizes the functionality of the centromere.

362 Data on pericentromeric SDs of repositioned centromeres are contrasting.
363 Human centromeres of chromosome 3, 6, 11, 14, 15, and 21 are evolutionary new.
364 While acrocentric chromosomes 14, 15, and 21 show large clusters of pericentro-
365 meric SDs, the centromere of chromosome 3 and 6 are relatively poor in SDs. Data
366 on non-human primates are scarce, specifically because the shot-gun sequence
367 approach is inefficient to spot SDs, especially if they are duplicated in tandem
368 (Eichler 2001). Their characterization requires meticulous assembly efforts because
369 of the homology, occasionally very high, of SDs. Using a combination of BAC
370 library screening, FISH experiments, and STS sequencing, we were-able to charac-
371 terize the pericentromeric region of macaque ENC of chromosome 6. It appeared
372 as if a 250-kb segment was imperfectly duplicated seven times around the macaque
373 centromere (Ventura et al 2007). Several deletions were supposed to have occurred
374 during the process, because STSs failed several time to amplify the DNA of some
375 macaque BACs.

376 Studies on the expression of genes embedded in human neocentromeres have
377 shown that they are not affected by their unusual position (Wong and Choo 2001;
378 Saffery et al 2003; Capozzi et al. submitted). However, the deep restructuring that
379 accompanies neocentromere progression; as-deduced from the results on MMUG6
380 ENC, can be supposed to physically disrupt the sequence integrity of these genes
381 and that a purifying selection would negatively affect the fixation in the population
382 of these ENC. We tested this hypothesis by checking the gene density in the regions
383 where ENC were seeded (Lomiento et al 2008). The regions of ENCs seeding were
384 significantly depleted of genes. It can be concluded that this circumstance had
385 played a crucial role in their fixation in the population.

386 Further, we examined the occurrence of SDs around the ENCs present in
387 humans and OWM. SDs in human have been characterized in great detail (She
388 et al 2004), but the macaque assembly is relatively poor in this respect. Using
389 appropriate macaque BAC clones, we investigated SDs located pericentromerically
390 to macaque ENCs. We found that all the examined regions have a certain level of
391 SDs, but, as in humans, the amount varied considerably. The differences could not
392 be attributed, in macaque, to the tempo of their seeding. All of them have been
393 seeded in the common ancestor of OWM, between 16 and 25 mya (Raaum et al
394 2005). It could be hypothesized that the amount of SDs proceeds as a cascade proc-
395 ess. In this case, pericentromeric regions with a higher amount of SDs should
396 contain older SDs. To test this hypothesis would require, however, a substantial effort
397 in sequencing these complex regions.

398 An additional interesting point of discussion is provided by the unusual findings
399 reported on the pericentromeric region of macaque chromosome 13 (Cardone et al
400 2006). The comparison of the different duplication pattern in three OWM species
401 (Macaca mulatta, MMU, Cercopithecinae), sacred baboon (Papio hamadryas,
402 PHA, Cercopithecinae), and silvered-leaf monkey (Trachypithecus cristatus, TCR,
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Colobinae) showed an unprecedented plasticity. The involved region spans about 403
3.7 Mb (from marker H2 to marker H8 in Fig. 5.2b of Cardone et al. (2006)). 404
Importantly, this ENC was seeded in a vast gene desert as reported by Lomiento 405
et al. (2008), and appears to involve almost the entire gene-desert, that is about 4.88 406
Mb. It could be hypothesized that the size of the gene desert defines the degree of 407
plasticity of the pericentromeric region. 408

5.5.1 Telomeres, Centromeres, and Breakpoint Regions 409

Evolutionary studies of karyotypes have shown that chromosomes frequently result 410
from the fission of ancestral chromosomes. In humans, chromosomes. 15 and 14 411
and chromosome 21 among others were generated in this way (see above). In such 412
instances at least one new centromere emerged at one telomere or at the breakpoint 413
of the fission. One hypothesis on the origin of centromeres in eukaryotes is that 414
they derived from telomeres. According to this hypothesis, telomeres existed before 415
centromeres and that the recurrent appearance of unstable dicentric chromosomes 416
through the formation of new centromeres (from telomeres) may have had arole in 417
the origin of multiple chromosomes (Villasante et al 2007). The evolution of chro- 418
mosome 3 in NWM shows several examples of the centromere-telomere functional 419
interchange that may be a remnant of the evolutionary origin of centromeres. The 420
studied species were wooly monkey (Lagothrix lagothricha, LLA, Atelinae), common 421
marmoset (Callithrix jacchus, CJA, Callittichinae), dusky titi (Callicebus moloch, 422
CMO, Callicebinae). The three segments of chromosome 3 in these NWM species 423
had a similar marker content and orientation, but the centromere position was 424
puzzling (Fig. 5.5b). The orthologous chromosomes LLA20 and CMO16 had the 425
centromere telomerically located, close to marker I, while CJA15 centromere 426
mapped at the opposite telomere, close to marker O. Similarly, the centromeres of 427
CJA17 and LLA22 were located at one telomere, close to marker N, while in CMO 428
the centromere was located at the opposite telomere, close to 3P. The three chromo- 429
somes were generated by two successive fissions. The first one occurred at the 430
ancestral centromere, while the second mapped between the markers O and N. Itis 431
worth noting that both ends generated by the second fission accommodated a 432
centromere, and that the novel centromere in CJA21 appears to be located at the 433
breakpoint region that, in Hominoidea, generated the human chromosome 21. 434

The two human clinical neocentromeres reported by Ventura et al. (2003) are 435
invdup(15). It was hypothesized that breaks, through chromatin reorganization, 436
could favor the emergence of neocentromeres. Literature data on breaks that generated 437
the acentric fragments and neocentromere seeding-points, however, are relatively 438
approximate. Precise mapping at the sequence level is mandatory to clarify this 439
question. In the case of a neocentromere that stabilized the ring chromosome 440
excised from chromosome 9, both the neocentromere and the breaks were precisely 441
mapped (Capozzi et al 2008; see above). They turned out to be about 2.1 Mb apart, 442
which is in the range of the neocentromere-ENC correspondence reported so far. 443
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444 552 ENCs in Non-Primate Mammals and in Other Taxa

445 The ENC phenomenon appears widespread in a large number of different taxa.
446 In addition to primates, clear examples of ENCs are available for cattle (Larkin
447 et al. 2003; Everts-van der Wind et al. 2005), pig (Cardone et al 2006), rat
448 (Kobayashi et al. 2008), birds (Kasai et al. 2003), and rice (Nagaki et al. 2004).
449 For marsupials, see Chap. 4. One of the most interesting species, in this context, is
450 the donkey. Comparison of donkey and zebra, using the horse as outgroup, revealed
451 that at least five ENCs emerged in donkey (Carbone et al. 2006) but, because
452 we were able to analyze only larger chromosomes for which marker order could be
453 unequivocally established, there may be additional ENCs. These data are impressive
454 if one considers that donkey and zebra diverged less than 1 mya (Oakenfull and
455 Clegg 1998; Oakenfull et al. 2000).

456 5.5.3 Concluding Remarks

457 Centromeres, the “black hole” of the genome, even in the sequencing era resist easy
458 explanation. Yet over the last decade, notable progress has been made especially
459 using molecular cytogenetics. It has become increasingly clear that neocentromere
460 formation and ENCs must be considered as important modes of genome evolution.
461 Perhaps even more remarkable is that the mechanisms in the formation of both
462 types of centromere are intimately.related. The “reuse” of regions as centromere
463 seeding-points in evolution and in human clinical cases further extends the concept
464 of “reuse” of specific domains for-“chromosomal events.” Centromere-forming
465 domains often correspond to ancestral inactivated centromeres and some regions
466 can preserve features that trigger neocentromere emergence over tens of millions of
467 years of evolutionary time. In 2009, we will celebrate the 200th birthday of Charles
468 Darwin and 150 years since the publication of his monumentus book “On the
469 Origin of Species.”. We now can appreciate that centromeres have an origin, live,
470 and go extinct. Many of the findings we have described in this chapter clearly show
471 how evolutionary perspectives can provide compelling underlying explicative
472 grounds for contemporary genomic phenomena.

473 5.6 Technical Note

474 5.6.1 ““‘Outgroup” Concept

475 When two species display a difference (in our case a chromosomal difference), it is
476 important to know which of the two forms is ancestral and which is derivative to
477 resolve the polarity of the difference. The solution is to introduce into the analysis
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of one or multiple closely related species chosen from those that diverged from the 478
common ancestor before the two species under study. More technically, an out- 479
group species is defined as species or group of species closely related to but not 480

included within the taxon. 4381
5.6.2 Synteny Studies Exploiting BAC or Fosmid 482
Clones in FISH Experiments 483

The conspicuous number of mapped human clones, as can be graphically seen in 484
genome browsers (see the track “BAC End Pairs” in UCSC, for instance), is a side 485
effect of the hierarchical approach utilized to sequence the human genome. As a first 486
step toward sequencing, a very large number of BAC clones were ordered in contigs 487
by characterizing their STS content, by fingerprinting, and by BAC end sequencing 488
(BES). Then, a minimal number of overlapping BACs. (or, occasionally, cosmid 489
clones) were fully sequenced. This subset of clones constituted the “golden path.” 490

Following the completion of the human genome sequencing, all non-sequenced 491
BACs were precisely placed on the sequence itself by BLASTing their BES against 492
the human genome. This was possible only for the subset of BAC clones whose 493
ends were both single copy. The complete set'of BES data is present in the “Trace 494
archive” database at the NCBI (http://www.nebi.nlm.nih.gov/Traces/). Note that the 495
fully sequenced BACs of the “golden path’ are not present in the “BAC end pairs” 496
track, but present in the “Clone coverage’ and “Assembly from Fragments” tracks 497
(UCSC) according to their accession number. It is anyway possible to discover the 498
name of the clone that contributed that sequence by querying the accession number 499
at NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=nucleotide). 500
Recently, the ends of several fosmid libraries (~40 kb insert) were sequenced as part 501
of a copy number variation research projects (Kidd et al. 2008; Tuzun et al. 2005). 502
The fosmids of the first library are present in the track “Fosmid End Pairs” of 503
UCSC. Many' of these resources are available from the P. de Jong Laboratory 504
(http://bacpac.chori.org/). 505

Human BAC clones can be successfully FISHed on apes and Old World monkeys. 506
The success rate decreases in New World monkeys. A rule of thumb for sequence 507
homology comparison among species says that it approximately diminishes by 1% 508
every 5 million years of divergence. Hybridization efficiency can be improved by 509
decreasing the hybridization stringency conditions and increasing the hybridization 510
time. Additionally, pools of 2—4 overlapping BACs can be hybridized together, and 511
gene-rich BACs should be preferred, because gene domains can be supposed to 512
be more conserved. At the present, with several mammal genomes sequenced, the 513
evolutionary conservation of a region can be easily checked by visually inspecting 514
the “Conservation” track at UCSC browser. 515

The genome sequencing of non-human species was usually achieved using a pure 516
shotgun method, which is less time- and money-consuming, but has a higher risk of 517
mis-assembly as compared to the hierarchical approach (Green 1997). The BES 518

Ugarkovic_Ch05.indd 45 @ 2/13/2009 8:15:27 AM



@ BookID 162341_ChapID 05_Proof# 1 - 8/2/2009

M. Rocchi et al.

519  pairs of a specific BAC library are usually utilized to improve the shot-gun assembly.
520 As aconsequence, a species-specific BAC library is usually available for a sequenced
521 genome. These BACs can be very helpful. Appropriate BAC clones can be identified
522 by their BES, present in the “Trace archive” at the NCBI (see above).
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