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Letter

Recurrent Sites for New Centromere Seeding
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of Molecular Medicine, Karolinska Institutet, 17176 Stockholm, Sweden; *Children’s Hospital Oakland Research Institute,
Oakland, California 94609, USA; °Department of Genetics, Case Western Reserve University School of Medicine, Cleveland,
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Using comparative FISH and genomics, we have studied and compared the evolution of chromosome 3 in primates
and two human neocentromere cases on the long arm of this chromosome. Our results show that one of the human
neocentromere cases maps to the same 3q26 chromosomal region where a new centromere emerged in a common
ancestor of the Old World monkeys ~25-40 million years ago. Similarly, the locus in which a new centromere was
seeded in the great apes’ ancestor was orthologous to the site in which a new centromere emerged in the New World
monkeys’ ancestor. These data suggest the recurrent use of longstanding latent centromeres and that there is an
inherent potential of these regions to form centromeres. The second human neocentromere case (3q24) revealed
unprecedented features. The neocentromere emergence was not accompanied by any chromosomal rearrangement
that usually triggers these events. Instead, it involved the functional inactivation of the normal centromere, and was
present in an otherwise phenotypically normal individual who transmitted this unusual chromosome to the next
generation. We propose that the formation of neocentromeres in humans and the emergence of new centromeres
during the course of evolution share a common mechanism.

[Supplemental material is available online at www.genome.org.]

Evolutionary centromere repositioning, a move of the centro-
mere along the chromosome not accompanied by a pericentric
inversion, is a phenomenon that we first described while study-
ing primate evolution of chromosome 9. In some species, the
centromere position exhibited an evolutionary history that ap-
peared to be independent from the flanking chromosomal mark-
ers (Montefalcone et al. 1999). Since then, additional examples of
evolutionary centromere repositioning in primates have been re-
ported, for example, on chromosome X (Ventura et al. 2001), on
chromosome 10 (Carbone et al. 2002), on chromosome 6 (Eder et
al. 2003), and on chromosome 14 and 15 (Ventura et al. 2003).
This phenomenon also appears to be present in nonprimate
mammals. Band et al. (2000) have compared cattle radiation hy-
brid maps with humans. According to these authors, “41 trans-
location events, a minimum of 54 internal rearrangements, and
repositioning of all but one centromere can account for the ob-
served organizations of the cattle and human genomes”. Horse
and donkey are two Equidae species that diverged about 1.9-2.3
million years ago (Mya) (Oakenfull et al. 2000). Comparative
FISH studies have suggested that at least four different centro-
mere repositioning events occurred during this very short evolu-
tionary time (Yang et al. 2004). An example of centromere repo-
sitioning has been reported in birds (Kasai et al. 2003). Nagaki et
al. (2004) have invoked a new centromere emergence event to
explain the unusual intermediate state of heterochromatization
of chromosome 8 centromere of rice. Altogether, these data sug-
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gest that the centromere repositioning phenomenon may be a
widespread property of genome evolution.

Hence, the phenomenon of centromere repositioning
should not be regarded purely as an oddity. Further, the ex-
amples found in chromosomes 6 and 15 show that such events
deeply affect both the old and new centromeric regions (Eder et
al. 2003; Ventura et al. 2003). Inactivated ancestral centromeres
at 6p22.1 and 1525 outline a common scenario accompanying
their silencing. The strong constraint against recombination act-
ing on normal centromeres progressively weakens following in-
activation. We speculate that nonallelic homologous exchanges,
favored by repetitive DNA and segmental duplications, trigger an
accelerated elimination of satellite DNA, and at the same time,
the dispersal of pericentromeric duplications over a range as large
as 10 Mb. This scenario is supported by the well-known example
of centromere inactivation at 2q21, which followed the telo-
mere-telomere fusion that generated human chromosome 2
(Ijdo et al. 1991). This human lineage-specific inactivation oc-
curred ~4-6 Mya, and the corresponding centromere regions
seem to be in the early stages of restructuring, as can be seen for
6p22.1 and 15925. The biological implications of the centromere
inactivation processes have been recently discussed by Jackson
(2003).

The evolutionary emergence and progression of new centro-
meres is more obscure. The only example from which specific
information can be derived is that of Old World Monkeys’
(OWM) homolog to HSA6 in a region corresponding to the hu-
man 6q24.3, inside of the sequence defined by the BAC RP11-
474A9 (Eder et al. 2003). This evolutionary new centromere ap-
pears to have progressed toward the normal complex organiza-
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tion typical of a mammalian centromere without affecting the
displaced flanking sequences.

In recent years, clinical cytogenetics has identified a sub-
stantial number of human analphoid neocentromere cases. In
the vast majority of these cases, the seeding of the neocentro-
mere was concomitant to a rearrangement that generated an
acentric fragment whose mitotic survival was rescued by neocen-
tromere activation. An analysis of the distribution of neocentro-
meres suggests clustering in hot spot regions 15q25, 3q, and 13q
(Amor and Choo 2002). The precise sequence underlying some
neocentromeres has been identified (Lo et al. 2001; Satinover et
al. 2001; Alonso et al. 2003), but analysis and comparison of
these sequences did not reveal a clear association. The only un-
ambiguous conclusion is that the neocentromerization event is
an epigenetic phenomenon, whose nature, however, remains to
be elucidated.

The existence of latent centromeres has been proposed as a
potential primer for neocentromere emergence (Choo 1997; du
Sart et al. 1997). With this hypothesis in mind, we have recently
investigated the evolutionary history of the human chromosome
15, where one of the neocentromere hot spots is located (15925).
We have discovered that an ancestral centromere at 1525 was
inactivated following the noncentromeric fission of an ancestral
chromosome that gave rise to the present-day chromosomes 14
and 15 (Ventura et al. 2003). We also found that duplicons that
flanked the ancestral centromere dispersed in a wide area (about
10 Mb), and that two human neocentromeres mapped to dupli-
cons that flanked the ancestral centromere. These findings have
established a still unclear, but intriguing connection between
duplicon remains in a dispersed ancestral centromeric area and
neocentromere emergence in clinical cases, as if the region re-

tained a dormant centromeric functionality that was able to
emerge opportunistically in the absence of the normal centro-
mere.

The association of human neocentromeres and the location
of ancestral centromeres prompted us to undertake a detailed
study of the evolutionary history of chromosome 3, which har-
bors, at 3q24-3q28, another neocentromere hot spot (Amor and
Choo 2002). We searched for relevant human cases showing neo-
centromere occurrence in this region and identified two inde-
pendent cases. In the first case, the neocentromere spanned the
region in which our evolutionary studies identified the appear-
ance of a centromere in the ancestor of OWM. The second case
revealed unprecedented features. The centromere moved along
the chromosome from its normal position to 3q24 in the absence
of any other chromosomal rearrangement, and was found in an
otherwise phenotypically normal individual. This exceptional re-
positioning event can be regarded as a present-day episode
equivalent to new centromere appearance that occurred during
evolution, and which was subsequently fixed in the population.

RESULTS

Chromosome 3 evolution was studied by cohybridization FISH
experiments using a panel of 14 single-copy human BAC probes
distributed along chromosome 3 (Table 1, clones in regular style;
Fig. 1,® letters in black). The probes were hybridized on meta-

80rthologous chromosomes can have a different chromosome number in dif-
ferent species because, in each species, they are ordered on the basis of chro-
mosome size only. To avoid confusion, the human nomenclature will be used.
The actual chromosome number in the different species is reported on top of
each chromosome in Figure 1.

Table 1. Bacterial Artificial Chromosome Probes (BAC) Used in This Study

Code BAC Acc. N. map UCSC July 2003

A RP11-183N22 AL512885 (BLAT) 3p26.1 ch3:4,346,716-4,508,442

Al RP11-732C9 BES 3p25.2 ch3:12,441,757-12,649,037
A2 RP11-616M11 AC090954 3p25.1 ch3:15,045,781-15,213,797

B RP11-109D5 AC074287 3p24.2 ch3:25,469,450-25,670,575

C RP11-491D6 AC006583 3p22.3 ch3:37,019,771-37,122,141
(@] RP11-603D9 BES 3p22.1 ch3:42,572,315-42,803,228

D RP11-395P16 AC130472 3p21.31 ch3:47,570,335-47,764,494

E RP11-380)21 AC092419 3pl14.1 ch3:64,035,784-64,195,049
ET RP11-634L22 BES 3p12.3 ch3:75,290,471-75,466,812
E2 RP11-601/5 BES 3p12.3 ch3:75,715,213-75,874,660

F RP11-536K4 AC016942 3p12.3 ch3:76,521,107-76,673,120

G RP11-655A17 AC107204 3p11.1 ch3:86,937,903-87,108,701
cen ch3:87,900,001-99,000,000

H RP11-454H13 AC084198 3q12.3 ch3:102,636,899-102,831,853
| RP11-30519 AC092981 3913.33 ch3:120,303,388-120,463,387
11 RP11-924M2 BES 3g22.1 ch3:130,965,112-131,192,514
12 RP11-687B8 AC112646 3922.1 ch3:131,258,851-131,297,451
J RP11-21N8 AC023438 3922.1 ch3:131,589,362-131,747,328
K RP11-505)9 AC024897 3924 ch3:149,683,332-149,888,125
ncl RP11-498P15 AC112906 3926.1 ch3:163,368,542-163,486,312
K1 RP11-355121 AC025826 3926.1 ch3:163,755,042-163,941,067
di RP11-449023 AC139338 3926.1 ch3:163,893,071-164,059,219
dz RP11-535124 AC128685 3926.1 ch3:164,057,229-164,178,429
d3 RP11-486A08 BES 3926.1 ch3:164,138,756-164,304,389
K2 RP11-418B12 AC079910 3926.1 ch3:164,377,941-164,545,374
L RP11-526M23 AC048332 3g26.1 ch3:166,693,588-166,880,817
M RP11-114M1 AC026355 3926.32 ch3:178,593,777-178,751,215
M1 RP11-35G16 AC016926 3927.3 ch3:187,493,799-187,646,665
N RP11-313F11 AC016953 3929 ch3:196,921,579-197,093,785
Tel ch3:199,344,050

Probes in regular style were used to characterize all primate species. Probes in Italics were used to define specific
rearrangements. (BES) BAC ends; (nc1) the BAC spanning the neocentromere in case 1.
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Figure 1 Reconstruction of the chromosome 3 phylogeny in primates. Some chromosomes are upside down to facilitate comparison. (PA) Primate
Ancestor; (CA) Catarrhini Ancestor. N in a red circle stands for new centromere. The number that identifies the chromosome in each species is reported
on top of the chromosome. The black letters on the /eft of each primate chromosome refer to the panel of BAC probes reported in Table 1 (human BACs);
letters on cat chromosomes refer to the corresponding probes reported in Table 2. Letters in red are the additional probes used to delimit breakpoints,
centromeres, and telomeres, reported in italics in Table I. Arrows with hatched lines point to species for which an intermediate ancestor has not been
drawn. A white N in a red circle indicates the sites where new centromeres appeared during evolution. Probes used on the cat (in italics) are cat BACs
identified using Overgo probes. For details see text. The black circles and the black squares are positioned at the loci where an evolutionary new
centromere or a neocentromere appeared. In the rectangle on the top, right corner is reported the map of the region 3q26, in which the nc1, K1, K2,
and the deleted marker d1, d2, and d3 markers are located. For more details see text.

phase spreads of the following primate species. Great apes: com-
mon chimpanzee (Pan troglodytes, PTR), gorilla (Gorilla gorilla,
GGO), Borneo (Pongo pygmaeus pygmaeus, PPY-B), and Sumatra
(Pongo pygmaeus abelii PPY-S) orangutan; Old World Monkeys
(OWM): thesus monkey (Macaca mulatta, MMU, Cercopitheci-
nae), sacred baboon (Papio hamadryas, PHA, Cercopithecinae),
African green monkey (Cercopithecus aethiops, CAE, Cercopitheci-
nae), silvered leaf-monkey (Presbytis cristata, PCR, Colobinae);
New World Monkeys (NWM): wooly monkey (Lagothrix lagothri-
cha, LLA, Atelinae), common marmoset (Callithrix jacchus, CJA,
Callitrichinae), dusky titi (Callicebus moloch, CMO, Callicebinae),
squirrel monkey (Saimiri boliviensis, SBO); prosimians: ring-tailed
lemur (Lemur catta, LCA). The domestic cat (Felix Catus, FCA) was
used as an outgroup because its karyotype is highly conserved
and closely resembles the ancestral karyotype of mammals (Mur-
phy et al. 2000; Yang et al. 2000). The sequence encompassed by
each human BAC reported in Table 1 (BACs in regular style) was
searched for conservation against mouse genome. “Overgo”
probes (see Methods) were designed on the most conserved re-
gion of each BAC (or very close to it) and were then used to
screen the cat library RPCI-86. This approach was aimed at as-
sembling a panel of BACs mapping to chromosomal loci ortholo-
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gous to the loci encompassed by the human BACs, thus facilitat-
ing mapping comparison (Table 2).

About 150 additional BACs were used to delimit regions of
interest, for example, centromeres, telomeres, and chromosomal
rearrangements. The most informative probes are reported in
italics in Table 1 (red in Fig. 1). Further experiments were per-
formed to clarify specific inconsistencies with the recent results
on the evolution of chromosome 3 reported by Tsend-Ayush et
al. (2004). Some probes gave multiple signals because of segmen-
tal duplications. BAC RP11-418B12 (K2 in Table 1) gave, as ex-
pected, a signal at 3q26.1, and unexpectedly, a second large sig-
nal at the 1q12 heterochromatic block (Fig. 2d; see below). The
overall FISH results are summarized in Figure 1. The figure also
shows the putative ancestral chromosome organization and the
most parsimonious rearrangements necessary to reconcile the
chromosome 3 organization in the different extant primate spe-
cies. These reconstructions took advantage of the GRIMM soft-
ware package, designed to outline the most parsimonious sce-
nario of evolutionary marker order changes (Bourque and
Pevzner 2002; http://www.cs.ucsd.edu/groups/bioinformatics/
GRIMMY/).

Conserved marker order in cat and in ring-tailed lemur
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Table 2. Overgo Probes Used to Screen the Cat RPCI-86 Library

Corresponding human
probes (as reported

Probe cat BAC Overgo sequence Location—UCSC July 2003 in Table 1)

A 231P20 AGCTATGTGTTTTGCATTTGAAGACCATCATGCTAT ch3:4,726,374-4,726,414 ch3:4,346,716-4,508,442

B 300M8 TG(:GIA:I'?A'GFgCAGACCGCCAGGACC‘I‘I’GAGGAACCGA ch3:25,610,965-25,611,005 ch3:25,469,450-25,670,575

C 325L14 AGCAﬁ"L\GA(/Z\gACGAACTAGGTGGCAATGCCTTAACCGT ch3:36,970,320-36,970,360 ch3:37,019,771-37,122,141

D 330H13 'I'Iﬁl'EGCTI%A'ITGGCACTGGGACAGTCCACCAAGAGA ch3:50,369,515-50,369,555 ch3:47,570,335-47,764,494

E 355B19 CCGGA(?:TGGCCTAATGAAGCTGTGATGTCAGCAAGTCA ch3:64,168,491-64,168,531 ch3:64,035,784-64,195,049

F 366021 CCGT-L(%'/éCCCACAG'ITGAA'ITTAAAGCTGTGACCTGT ch3:76,675,869-76,675,909 ch3:76,521,107-76,673,120

G 212B15 CAGG/{:IE/IGGCTATGACAGATGACAC‘ITI'GAGAGTGT ch3:89,002,905-89,002,945 ch3:86,937,903-87,108,701

H 529118 TI'EGCGAggTCCGACGTATCCTGAAGGGAAAGTCCAT ch3:102,899,056-102,899,096  ch3:102,636,899-102,831,853

| 449M23 AGT'IE:T/?S’-\%AGTGGTTGAGGTAGGTCTTGCCATTACT ch3:121,451,664-121,451,704  ch3:120,303,388-120,463,387

J 230E22 CAGCS\CGAGCAATI'CTI'AGTCATCTGTAATI’CTGACCAGC ch3:131,528,185-131,528,225  ch3:131,589,362-131,747,328

K 352113 GgEgXEGCATGGTAAAAGCATFGTITGCACCAAAA ch3:150,113,000-150,113,040  ch3:149,683,332-149,888,125

L 230K14 AAGCGC%(‘:ITI'GGCACCTGCTGTGATCATGAGTCTAC ch3:166,571,710-16,657,1750  ch3:166,693,588-166,880,817

M 292122 A(SI—(ZGACA-I/—SI'ATFGAGGAGTFACCAGCCCTGGTCAGTG ch3:180,739,803-180,739,842  ch3:178,593,777-178,751,215
222D17 C'Iél%-;GG-I:I'ITGGTCCCTCTCTCAGCACAGTGAGCTG ch3:197,401,159-197,401,199  ch3:196,921,579-197,093,785

ATGTCT

strongly suggests that their marker order occurred within the
primate ancestor (PA in Fig. 1). The 3/21 association is well es-
tablished in LCA (Cardone et al. 2002) and in mammals (Muller
et al. 2000; Murphy et al. 2001). In NWMs, the association of
markers G, F, and chromosome 21 sequences form a separate
chromosome (GF21 in Fig. 1), which appears derivative in this
family of primates. Contrary to previously published reports, our
results indicated that chromosome 3 was not a unique chromo-
some in PA, markers A, B, and D defining a small chromosome
(3b in Fig. 1), as in LCA. This hypothesis is further supported by
the finding that this association is part of a distinct, larger chro-
mosome in the cat. The 3a/3b fusion took place after prosimians,
but before Catarrhini/Platyrrhini divergence.

The location of the centromere of chromosome 3a in Pri-
mate Ancestor (PA), between markers N and I, was assumed tak-
ing into account the centromere position in the cat and in
NWMs. In Catarrhini Ancestor (CA) marker, A was brought close
to I by an inversion encompassing the entire long arm of the PA
chromosome 3 (A-N inversion). The A-I association was con-
served unchanged in all OWM and the Bornean orangutan. BAC
probes from the human chromosomal segment encompassed by
markers I-] were used in reiterative FISH experiments on chro-
mosomal metaphase spreads of the Bornean orangutan to iden-
tify the first breakpoint of the A-N inversion. The rearrangement
was localized between BACs I1 and 12 (see Fig. 1), which are 66 Kb
apart (see Table 1). This region is part of a large multicopy Ol-
factory Receptor (OR) gene family, which prevented a more pre-
cise location of the breakpoint. We similarly mapped the second
breakpoint using BAC probes centromeric to A in humans. A2
BAC probe generated a split signal. In the interpretation of these
results, it should be kept in mind that an inversion in HSA-PTR-
GGO ancestor (GA-ADb in Fig. 1) broke the A2-I1 association and
led to the present-day marker organization of HSA, PTR, and
GGO. A pericentric inversion differentiated the Bornean orangu-

tan from the derivative subspecies, the Sumatran orangutan.
FISH experiments performed revealed that the breakpoints of the
inversion are located in a duplication-reach region (OR clusters),
as described by Tsend-Ayush et al. (2004).

The chromosome 3 organization of Catarrhini Ancestor
(CA) following the A-N inversion is indicated as CA-b in Figure 1.
It could not be unequivocally determined, however, whether the
inversion was paracentric or pericentric in nature, that is,
whether the centromere (small black circle in Fig. 1) mapped to
the N telomeric region or between the A2-I1 markers. The cen-
tromere position in OWM and great apes, in any case, is un-
equivocally distinct, and located in regions where a centromere
was not present in either of their ancestors. The most parsimo-
nious explanation is that a centromere-repositioning event oc-
curred in both the OWM ancestor (OWM-A) and in the great apes
ancestor (GA-A), and that the ancestral CA centromere was inac-
tivated. The inactivation took place after Catarrhini-Platyrrhini
divergence, which is estimated to have occurred ~40 Mya (Good-
man 1999). We searched for sequence features of pericentromeric
regions near the ancestral CA centromere (A2, I1, and N regions).
The segmental duplication survey reported by Bailey et al. (2002),
as most of the similar surveys within the human genome, has
been performed using percent sequence identity thresholds set at
>90%, which aim to detect duplication events that emerged over
the last 35 million years of evolution. Analyses targeting more
divergent genomic segmental duplications, and therefore, more
ancient duplication events, have only recently been introduced
(X. She, J.E. Horvath, Z. Jian, G. Liu, T.S. Furey, L. Christ, R. Clark,
T. Graves, C.L. Gulden, C. Alkan, et al., in prep.). These analyses
identify duplications with sequence identity as low as 75% and
provide, at least in theory, a more comprehensive view of his-
torical segmental duplications during primate evolution. Using
this new set of data (www://humanparalogy.gene.cwru.edu), we
examined segmental duplications within 2 Mb of markers A2, 11,

Genome Research 1699
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Figure 2 Neocentromere case 1. (a) Diagram of the rearrangement
that generated the derivative chromosomes D3a and D3b of neocentro-
mere case 1. Several BAC probes were used to define the rearrangement.
The most informative BACs, reported in a as letters in lower case, are
reported in the Supplemental Table 3. Letters in red refer to probes
yielding splitting signals. These data suggest that the segment defined by
BACs c—e was excised from its original position and inserted between a
and b; then a second excision extracted the fragment d—e, containing the
centromere, to form the minichromosome D3b. The red arrow indicates
the position of the neocentromere. (b) Partial metaphase from case 1
showing the normal chromosome 3 (left) and the derivative D3a (right)
with FISH signals of the BAC RP11-498P15 (nc1 in Fig. 1), mapping at the
neocentromere (see text). (c) (Left) FISH signal of BAC RP11-498P15 on
macaque chromosome 3. (Right) The chromosome is shown without the
signal for a better identification of the centromere. Note that MMU chro-
mosome 3 is upside down in Figure 1. (d) Partial metaphase from a
normal individual showing FISH signals of probe RP11-418B12 (K2 in Fig.
1 and Table 1), mapping on the opposite side of the MMU centromere
with respect to BAC RP11-498P15, showing a strong signal on the het-
erochromatic block of chromosome 1. The image with signals only (top)
and the merged image (bottom) are separately reported to better show
how the signals appear on the microscope. Note the normal signals on
chromosome 3 (short arrows) and the large signals on the heterochro-
matic block of chromosome 1 (long arrows).

and N. Each of these three regions was characterized by an abun-
dance of segmental duplications when compared with the cur-
rent human chromosome 3 pericentromeric region (Supplemen-
tal Table 1). Many of the interchromosomal alignments corre-
sponding to regions I1 and A2 mapped to similar locations
within the human genome. In the case of region N, most of the
interchromosomal alignments corresponded to subtelomeric
portions of other human chromosomes, consistent with the hy-
pothesis that this region represents an ancestral subtelomeric re-
gion.

Human Neocentromere Cases

Case |

A neocentromere at 3q26 was observed in a father, mildly men-
tally retarded, and his daughter, on an abnormal chromosome 3
lacking the centromeric region that appeared excised to form a
supernumerary minichromosome, as already described (Wandall
et al. 1998). His parents were normal. No a-satellite DNA was
detected, by FISH, at the 3q26 neocentromere. CREST immuno-
typing, reported by Wandall et al. (1998), detected centromeric
proteins at the neocentromere site (3q26). Reiterated FISH experi-
ments using BAC clones as a probe were performed to precisely
define the rearrangement that generated the two derivative chro-
mosomes (D3a and D3b in the Fig. 2a) and to identify the loca-
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tion of the neocentromere. D3a and D3b revealed a complex
rearrangement. Marker order of the segment 3ql2-3qter re-
mained unchanged (data not shown). The BAC RP11-498P15
(ncl in Fig. 1; Fig. 2b) was found to be the most (neo)centromeric
one among the several overlapping BACs tested by FISH. This
conclusion was based mainly on the observation that in FISH
experiments using successive probes along the finished genome
sequence, the two FISH signals on the two chromatids appear
ever closer as the (neo)centromere is approached. The complete
list of the BACs used in these experiments is available as Supple-
mental Table 2. The location of RP11-498P15 on macaque chro-
mosome 3 is reported in Figure 2c. Interestingly, the BAC RP11-
418B12 (K2 in Fig. 1 and Table 1), mapping 892 kb telomeric to
RP11-98P15 and flanking the OWM centromere on the opposite
side with respect to RP11-498P15, gave, in addition to the signal
at 3q26.1, a strong signal on the heterochromatic block at 1q12
(Fig. 2d). Sequence analysis of RP11-498P15 did not reveal any
repeat that would account for the signal on 1q12, indicating an
occasional inadequacy of sequence coverage.

Case 2

A prenatal cytogenetic analysis due to increased maternal age
showed a male fetus with trisomy 21. An abnormal chromosome
3 was also evident, with an abnormal centromere location. FISH
analysis with a chromosome 3-specific alphoid probe indicated
that the inactivated centromere was unchanged (Fig. 3b). The
same abnormal chromosome 3 was found in the father, whereas
the father’s parents and his son were normal. Immunotyping
using CREST antibodies gave specific signals on normal centro-
meres and on the neocentromere at 3q24, whereas no reaction
was detected at the chromosome 3-inactivated centromere (Fig.
3¢). The signal on neocentromere was always fainter. FISH ex-

3 D3

Figure 3 Neocentromere case 2. (a) Diagram of chromosome 3 show-
ing the position of the neocentromere in the derivative chromosome
(D3). (b) FISH signals on normal (left) and abnormal chromosome 3
(right) using an alphoid probe specific for chromosome 3. Arrow points to
the neocentromere. (c) Immunotyping experiment using CREST antibod-
ies. Signals are present at the centromere of normal chromosome 3 (left)
and on the neocentromere (right). (d,e) Cohybridization experiments
performed to show normal marker arrangement around the neocentro-
meric region. (d) FISH signals of probes RP11-21N8 (blue); RP11-220J13
(yellow); RP11-383G6 (green); RP11-505)9 (red). (e) Signals of probes
RP11-505J9 (red); RP11-426N12 (green); RP11-203L15 (blue). RP11-
5059 (red, K in Fig. 1), present in both experiments, is the most (neo)
centromeric probe (see text). Both experiments indicate that marker or-
der around the neocentromere is perfectly conserved. The position of
each of these BACs in UCSC database is reported in Supplemental
Table 2.
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periments narrowed the precise location of the neocentromere,
and indicated that it emerged in the region encompassed by BAC
RP11-505]9 (K in Fig. 1; red in Fig. 3d,e), located about 14 Mb
centromeric to the neocentromere of case 1. The hypothesis of a
pericentric inversion was not supported by marker order analysis
around the neocentromere that was found unchanged (Fig. 3d,e).
The list of BACs used to restrict the location of the neocentro-
mere is available as Supplemental Table 2.

DISCUSSION

On the basis of our analysis of FISH marker order in 13 primate
species, we have reconstructed the evolutionary history of this
chromosome in primates. Marker arrangement in the cat, used as
outgroup, was crucial to pinpoint the position of the centromere
in Primate Ancestor, encompassed by markers I and N (Fig. 1).
The position of the centromere in both OWM and great apes is
distinct, and could not be reconciled with the PA centromere
position. Our data, therefore, suggest in both cases the emer-
gence of a new centromere. Intra- and interchromosomal seg-
mental duplication clustering in the pericentromeric, as well as
subtelomeric regions of primate chromosomes, humans in par-
ticular, is well established (Jackson et al. 1999; Bailey et al. 2002).
The pericentromeric region of chromosome 3 is one of the few
exceptions (X. She, ]J.E. Horvath, Z. Jian, G. Liu, T.S. Furey, L.
Christ, R. Clark, T. Graves, C.L. Gulden, C. Alkan, et al., in prep.),
showing little evidence of pericentromeric duplication near the
mapped centromere. Although we cannot exclude the possibility
that pericentromeric duplications remain to be identified for this
region of the genome, the apparent absence of duplication is
consistent with our finding that the centromere was seeded there
quite recently during evolution. Several other evolutionary new
centromeres have been documented in NWMs (Fig. 1). It is worth
noting that the fission that generated the GF21 chromosome in
Platyrrhini also triggered the appearance of an evolutionary new
centromere in the vicinity of marker G. This same region has
been used again later in evolution (see below).

Riethman et al. (2004) have reported a detailed character-
ization of human subtelomeric regions. The human 3p telomere,
in contrast to 3q, is virtually devoid of segmental duplications.
Once again, the evolutionary history of this region might pro-
vide an adequate explanation for this disparity. Our data show
that the 3p telomeric sequence reached its present day position
only recently, after orangutan, but before gorilla divergence, ~7-
14 Mya (Goodman 1999).

The OWM centromere is encompassed by human K1 and K2
markers (BACs RP11-355121 and RP11-418B12, respectively), lo-

. 1} (1} (1) 3
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Figure 4 (a) (Left) FISH experiments on macaque (MMU) using BAC
RP11-355121 (K1 in Fig. 1 and Table 1); (right) using BAC and RP11-
418B12 (K2 in Fig. 1 and Table 1). (b) K1 (red) and K2 (yellow) probes
cohybridized on human chromosomes. The signals, due to the packaging
of metaphase chromosomes, are almost completely overlapping. (c) BAC
C1 (RP11-603D9) giving splitting signal in dusky titi (CMO) chromo-
somes 16 (left) and 20 (right) (arranged and annotated as in Fig. 1) and
in common marmoset (CJA) chromosomes 15 (left) and 17 (right) (ar-
ranged and annotated as in CMO). Arrows indicate the centromere. The
single signal in humans is also shown (right).

cated ~430 kb apart (Fig. 4a,b; see also Fig. 1, top, right); BACs
mapping inside this gap (d1, d2, and d3 in Table 1 and Fig. 1)
failed to give detectable signals in MMU, CAE, and PCR, while
giving normal FISH signals in all great apes (data not shown).
These findings suggested that the loss of the region in OWM
could be specifically attributed to the emergence of the new cen-
tromere. The OWM chromosome 6 centromere also emerged as a
new centromere (Eder et al. 2003). In contrast, in this case, a
single human BAC generates split signals around this centromere
as if the new centromere was seeded, and then progressed with-
out affecting the displaced flanking sequences. The chromosome
3 region encompassed by K1-K2 markers was investigated for
gene content. Interestingly, this region appears as a gene desert,
harboring only two transcribed, but not translated spliced RNAs
(UCSC, http://genome.ucsc.edu, July 2003 release). It is very
likely that the 430-kb loss was due to the absence of selective
pressure opposing the erosion resulting from the heterochroma-
tization process. Saffery et al. (2003) have reported a normal tran-
scription activity within the constitutively modified, nonhetero-
chromatic chromatin of a human neocentromere. These data
and data on the evolutionary new centromere seeding on chro-
mosome 6 (see above) suggest that the centromere appearance
has no adverse consequences on transcription per se. Rather, the
heterochromatization process, which results in the assembling of
large blocks of satellite DNA, creates nonpermissive conditions
for gene expression.

The evolution of chromosome 3 has been investigated by
Muller et al. (2000), who have already noted centromere position
inconsistencies between OWM and great apes. Their assumption
that the Bornean orangutan chromosome 3 arrangement was
shared by a Catarrhini ancestor is not supported by the present
analysis. The remaining inconsistencies directly descend from
this discrepancy. More recently, Tsend-Ayush et al. (2004) have
also investigated the chromosome 3 evolution in primates. Some
of their conclusions do not agree with the conclusions of the
present work, and again, these inconsistencies can be attributed
to the different reconstruction of the ancestral organization of
chromosome 3. Toward this reconstruction, the authors used a
single species in NWM (Callithrix Geoffrey) and in OWM (Presbytis
cristata). These species appear to not be representative of the Plat-
yrrhini and Cercopithecidae, respectively. Our data, for instance,
strongly suggest that chromosome 3 organization of Presbytis cris-
tata (PCR, Colobinae) is derivative in comparison with Cercopi-
thecinae (CAE, MMU, and PAN), as already reported by Bigoni et
al. (1997). Furthermore, the order of markers in close proximity
is difficult to resolve without using appropriate cohybridization
experiments.

Centromeres and Telomeres

In the four NWM species examined (CJA, LLA, CMO, and SBO),
HSA chromosome 3 is split into three chromosomes annotated as
1), I), and (III) in Figure 1. Chromosomes (I) and (II) have an
identical marker order in CJA, LLA, and CMO, but show a pecu-
liar position of the centromere which is located, in CMO, at the
opposite telomere in both (I) and (II) chromosomes in CMO with
respect to the ancestral form of CJA and LLA (see examples in Fig.
4c¢). Additionally, the A region, centromeric in FCA and LCA, is a
telomeric region in great apes. Noteworthy, the telomerically lo-
cated centromere of the present-day human chromosome 15
emerged in the telomeric region of the short arm of the submeta-
centric chromosome composed by the ancestral 15/14 associa-
tion (Ventura et al. 2003). Duplicon exchanges between pericen-
tromeric and subtelomeric duplications are relatively frequent
(Bailey et al. 2002). It could be theorized that the spread of peri-
centromeric duplications might play a major role in evolutionary
new centromere appearance in telomeric regions.
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Human Neocentromeres

Two human neocentromere cases on 3q were investigated. They
have distinct, but important implications toward a better under-
standing of new centromere emergence phenomenon both in
evolution and in clinical cases. In case 1, the neocentromere
emergence process arose as part of a complex rearrangement. The
functional centromere was excised, and a neocentromere seeded
in the acentric derivative chromosome. The striking interest of
this case is based on the fact that the neocentromere location is
extremely close to the position of the chromosome 3 centromere
in Old World monkeys, which also arose as a new centromere in
the OWM ancestor (black circles in Fig. 1). This coincidence sug-
gests that the same region maintained a longstanding latent cen-
tromere competence. It is noteworthy, in addition, that K2
probe, defining one side of the OWM (new) centromere, gave
strong signals on the heterochromatic nonalphoid satellite block
of human chromosome 1 (Fig. 2d), providing an indirect link of
this locus to a centromere.

Furthermore, a new centromere appeared very close to
marker G before the great apes divergence and a new centromere
was also seeded close to marker G in the NWM ancestor in the
chromosome reported as GF21 (black squares in Fig. 1). These find-
ings strongly suggest that the marker identifies a latent centromeric
region that was activated in both great apes and NWM ancestors.
The reuse of breakpoints in evolution has been recently sug-
gested by Pevzner and Tesler (2003) on the basis of computa-
tional analysis of mouse-human synteny. These two examples
suggest a similar concept—the existence of recurrent sites for
both evolutionary new centromere seedings and neocentromere
appearance in humans. In this context, it would be interesting to
define the precise location of 3q28-3929 neocentromere cases to
test whether the hypothesized ancestral centromeric region lo-
cated at 3q29 is also a latent neocentromere emergence site.

Case 2 also sheds light on the evolutionary new centromere
emergence process. It represents an unprecedented example of
repositioning events that took place in evolution. It occurred as
the sole karyotype variation, in absence of any rearrangement
that usually accompanies human neocentromere cases. The fa-
ther transmitted this chromosome to the fetus, supporting a po-
tential normal behavior at meiosis of the abnormal chromosome.
Most of human neocentromere cases arose as a consequence of a
rearrangement that generated an acentric fragment. As a conse-
quence, the patient is usually trisomic or tetrasomic for a chro-
mosomal segment and shows an abnormal phenotype, indirectly
preventing the transmission of the neocentromere to next gen-
erations. Neocentromere appearance not accompanied by the
loss of the normal centromere has been reported on chromosome
Y (Bukvic et al. 1996; Rivera et al. 1996; Tyler-Smith et al. 1999).
In one case, however, the chromosome was unstable (Rivera et al.
1996), and in the other two cases, the neocentromere was em-
bedded in the heterochromatic block of Yq. Very recently, Amor
et al. (2004) have reported a two-generation family, in which the
active centromere of one chromosome 4 has been relocated to
4q21.3 in otherwise cytogenetically normal and mitotically
stable karyotypes. Our case 2, and the case reported by Amor et
al. (2004) may be regarded as a present-day episode equivalent to
new centromere appearance that occurred during the course of
evolution.

The evolutionary history of the chromosome 15 disclosed a
clear link between two human neocentromere cases at 15q24-
15926 and an ancestral centromere at 15925 (Ventura et al.
2003). This was not the case for the two neocentromeres we have
studied in the present study. On the other hand, the first case
clearly identifies a region prone to neocentromere emergence
that may represent a vestige of a very ancient centromere inac-
tivation event. The search for ancestral centromeres, however,
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becomes very difficult when the investigation extends beyond
primates. We think that this topic will warrant further attention
as soon as additional data on genome evolution of mammals
becomes available.

As stated, segmental duplications are biased to accumulate
near pericentromeric regions. Large nonpericentromeric olfac-
tory receptor duplicon clusters, however, are present in the hu-
man genome (Niimura and Nei 2003). Two nonpericentromeric
olfactory receptor clusters lying on chromosome 3 are precisely
located at domains identified by A2 and I1 markers. The evolu-
tionary history of chromosome 3 linked together these two mark-
ers, with a pericentromeric location in the primate ancestor. This
observation may suggest that segmental duplication clusters now
positioned within euchromatin may be pericentromeric in ori-
gin. The significance of such euchromatization events of former
pericentromeric sequence awaits further characterization.

METHODS

Primate metaphases used to track the evolutionary history of
chromosome 3 were obtained from lymphoblastoid or fibroblast
cell lines as previously described (Montefalcone et al. 1999). Hu-
man metaphase spreads were obtained from PHA-stimulated pe-
ripheral lymphocytes of normal donors by standard procedures.
All human BACs used in this study are from the RP11 library (P.
de Jong; http://www.chori.org/bacpac/). Chromosome prepara-
tions were cohybridized in situ with probes directly labeled, by
nick-translation, with Cy3 (Perkin-Elmer), FluorX-dCTP (Amer-
sham), DEAC (Molecular Probes), CyS (Amersham) essentially as
already described (Ventura et al. 2003). Chromosome identifica-
tion was obtained by simultaneous DAPI staining, producing a
Q-banding pattern. Digital images were obtained using a Leica
DMRXA2 epifluorescence microscope equipped with a cooled
CCD camera (Princeton Instruments). DAPI, DEAC, FluorX, Cy3,
and CyS fluorescence signals, detected with specific filters, were
recorded separately as gray scale images. Pseudocoloring and
merging of images were performed using Adobe Photoshop soft-
ware.

All of the probes used in the present study were first vali-
dated in human chromosomes.

Fourteen overgo probes of 40 bp each were designed on
sequences conserved between the human and mouse genomes
according to the HomoloGene database (http://www.ncbi.nlm.
nih.gov/HomoloGene/) as described by McPherson et al. (2001).
The probes were hybridized to high-density filters and the images
were analyzed with ArrayVision Ver6.0 (Imaging Research, Inc.).
The sequence and location of Overgo probes are reported in Ta-
ble 2.
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