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Centromere on the Move
Lee H. Wong and K. H. Andy Choo'

The Murdoch Childrens Research Institute, Royal Children’s Hospital, Melbourne 3052, Australia

The centromeres of primate chromo-
somes are composed of complex arrays
of alphoid sequences that are organized
from tandemly repeating units of 171
bp. The ubiquity of alphoid DNA at the
centromeric regions suggests a prefer-
ence for repetitive DNA in the assembly
of the kinetochore. Nevertheless, recent
analyses of ectopic centromeres (neo-
centromeres) at non-alphoid-containing
chromosomal sites suggest that centro-
meres can be “repositioned” along a
chromosome through a still poorly un-
derstood epigenetic mechanism of “ac-
tivation” of hitherto noncentromeric
genomic DNA (Choo 1997). In this is-
sue, Ventura et al. (2001) present evi-
dence for centromere repositioning
along the X chromosome during pri-
mate evolution that raises interesting
mechanistic possibilities.

Centromere Repositioning
Via Neocentromere Emergence?

The study of Ventura et al. (2001) is
based on comparison of the conserva-
tion of DNA sequences on the X chro-
mosomes of humans and two of the Le-
muridae: the black lemur and the ring-
tailed lemur. Lemurs are small primates
related to the monkey and are found
mainly in Madagascar. Unlike the sub-
metacentric human X chromosome, the
black and ringtailed lemur chromo-
somes are telocentric and metacentric,
respectively. Ventura et al. have per-
formed FISH analysis on the lemur X
chromosomes using human chromo-
somal paints and a panel of BACs/
cosmids spanning the entire X chromo-
some. Based on the relative map posi-
tions of these probes, they conclude that
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the lemur X chromosomes are isose-
quential to the human X chromosome
(Fig. 1). They then propose that neocen-
tromere activation may account for the
centromere repositioning that has given
rise to the acrocentric, metacentric, and
submetacentric configurations in the
three different species (Fig. 2). Because
the corresponding chromosomal re-
gions at which the neocentromeres pu-
tatively originated do not contain the
large arrays of repetitive sequences that
are now found at the repositioned cen-
tromeres, Ventura et al. suggest that het-
erochromatic materials may have gradu-
ally accumulated at the neocentromere
sites. In addition, the investigators indi-
cate that there has been a loss of repeti-
tive DNA materials from the original
centromeres of the X chromosomes.
Ventura et al. do not favor the alter-
nate possibility of insertional transposi-
tion of normal centromere DNA, based

Human X chromosome
(Submetacentric)

Figure 1

Black Lemur
X chromosome
(Telocentric)

on the observation that no crosshybrid-
ization was detected on the human X
chromosome when probes amplified
from the dissected lemur centromeric
segments were used in FISH analysis.
However, the fact that the centromere
sequences of the X chromosomes in hu-
mans and in the black lemur are com-
mon to those found on the centromeres
of other chromosomes within the same
cell raises the possibility that the chro-
mosome-X centromeres may have origi-
nated by transposition or acquisition of
a functional centromere from another
chromosome (Fig. 3). Nevertheless, it re-
mains possible that any transposition or
acquisition of centromere repeats may
have occurred subsequent to the activa-
tion of a neocentromere, therefore still
identifying neocentromerization as the
primary trigger for centromere reposi-
tioning (Fig. 2). The data do not allow
these possibilities to be discerned.

Ring-tailed Lemur
X chromosome
(Metacentric)

FISH mapping showing centromere repositioning on the X chromosomes of three dif-

ferent primate species. Centromere position is indicated by the black box. Colored asterisks, num-
bered 1-19, represent positions of the different BAC or cosmid probes used in FISH mapping
analysis. Subchromosomal paints are indicated by the regions shown in red, green, or purple.
Despite the different positions of the centromeres, all three chromosomes are found to be isose-
quential.
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Figure 2 Centromere repositioning caused by activation of a neocentromere. A neocentromere may be formed de novo from a resident noncentromeric
DNA on an ancestral X chromosome via epigenetic mechanisms not involving alteration to the primary nucleotide sequence of this DNA. This is then
followed by the acquisition and/or amplification of repetitive DNA on the neocentromere and the inactivation and deletion of the old centromere.
Alternatively, a neocentromere may be formed through the same epigenetic mechanisms following an initial transposition of a small noncentromeric
genomic DNA fragment from another chromosomal site onto the ancestral X chromosome (not shown).

In the ringtailed lemur X chromo- mosomes in this species, and to the peri- likely to have occurred, and neocen-
some, the centromere sequence is centromeric heterochromatin of chro- tromerization probably provides a better
unique in regard to other centromeres, mosomes 3 and 6 of the black lemur, explanation. The low level of crosshy-
although slight homology to the inter- was described. In this case, direct trans- bridization with the heterochromatin of
stitial heterochromatin of various chro- position of centromeric DNA is less other chromosomes suggests a possibil-
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Figure 3 Centromere repositioning caused by transposition of normal centromere. Centromere repositioning may occur because of transposition of a
fully functional centromere, followed by loss of the old centromere on the X chromosome.
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ity of transposition of noncentromeric
heterochromatic DNA during the evolu-
tion of this neocentromere (Fig. 2). The
transposition of such DNA may have oc-
curred either prior to the formation of a
neocentromere or following an inde-
pendent neocentromerization event. A
recent study demonstrating that non-
centromeric heterochromatic DNA is a
good substrate for neocentromerization
(Henikoff et al. 2000; see below) adds
some support to the possibility of the
transposition of heterochromatic DNA
in inducing neocentromere formation.
It is also possible, although unlikely,
that the acquisition of such heterochro-
matin-related DNA may simply be an in-
cidental occurrence that has nothing to
do with the evolution of this centro-
mere. Further discrimination between
these possibilities will require the iden-
tification of the functional DNA se-
quences within the repositioned centro-
mere and comparison of this sequence
with those found in the corresponding
euchromatic portion of the other pri-
mate X chromosomes or the heterochro-
matic DNA of other chromosomes.

What Triggers the Formation
of a Neocentromere?

In humans, the appearance of a neocen-
tromere and the inactivation of a pre-
existing centromere go hand in hand
(Choo 1997; Warburton et al. 2000).
Epigenetic modifications that are
known to induce higher-order chroma-
tin repackaging have been proposed to
account for the observed assembly of ki-
netochores on noncentromeric se-
quences in various species, including
Drosophila and humans, suggesting that
the mechanisms may be universal
(Steiner and Clark 1994; du Sart et al.
1997; Williams et al. 1998). Possible epi-
genetic modifications include deposi-
tion of centromere DNA-binding pro-
tein that results in higher-order chroma-
tin reorganization or occur via chemical
modification of centromeric DNA or its
associated histones and nonhistone pro-
teins, such as methylation, polyribosyla-
tion, acetylation/deacetylation, phos-
phorylation, and ubiquitination (Choo
2000). In Drosophila, neocentromere for-

mation has been proposed to be a con-
sequence of cis-spreading of centromeric
epigenetic modifications to juxtaposed
DNA during chromosomal rearrange-
ments (Williams et al. 1998). This cis-
spreading model postulates that an al-
tered centromere-specific chromatin
conformation is being imposed onto an
euchromatic region. Partridge et al.
(2000) have also demonstrated the cis-
spreading of fission yeast centromere
proteins and suggested that the plastic-
ity in centromere formation may be me-
diated in part by spreading of chroma-
tin-associated proteins beyond the
nucleation point, possibly via un-
deracetylated or methylated chromatin.
However, it is conceivable that activa-
tion may also occur via trans-spreading
of epigenetic information through inter-
action between two noncontiguous
chromosome regions.

Alternatively, de novo formation of
a centromere may simply begin with
random imprinting or marking of a
DNA sequence that favors the incorpo-
ration of some centromeric factors, such
as the histone H3-like protein CENP-A.
Once imprinted, the sequence can ac-
quire additional proteins required for
proper kinetochore assembly and propa-
gate as a functional neocentromere re-
gardless of the underlying nucleotide se-
quence composition. The initial state of
the neocentromere may be imperfect for
longterm evolutionary stability and may
be subjected to further selection for im-
proved Kinetochore binding, for ex-
ample, through repeated rounds of du-
plication of some crucial binding site,
ultimately resulting in a new tandem ar-
ray of repeats. Alternatively, as discussed
above, the imperfect neocentromere
may undergo an acquisition of a more
preferred centromeric state through
transposition of other centromeric or
heterochromatic DNA.

Neocentromere Hotspots?

It is not known how a site is selected for
neocentromere formation. A recent
study on a series of inv dup (13q) chro-
mosomes containing neocentromeres
has identified specific “hotspots” for
neocentromere activation at 13932 and

13921 (Warburton et al. 2000). It is pos-
sible that neocentromere sequences may
share some sequence characteristics
with one another and with «-satellite
DNA, which has been shown to be a pre-
ferred substrate for centromere forma-
tion (Harrington et al. 1997; Ikeno et al.
1998). The development of a rapid
method for identifying functionally
critical neocentromere DNA, based on a
combined chromatin immunoprecipita-
tion and array analysis procedure de-
scribed in Lo et al. (2001), should allow
the in-depth investigation of this possi-
bility through in silico analysis and
comparison of a variety of cloned neo-
centromere DNA sequences.

Platero et al. (1999) have demon-
strated that centromere competence can
be an innate characteristic of DNA con-
taining heterochromatic blocks, which
may favor contacts for microtubule at-
tachment and oscillation during mito-
sis. This study raises the possibility of
chromosomal regions with heterochro-
matic properties being intrinsic sites for
neocentromere activation. Henikoff et
al. (2000) have also shown that the het-
erochromatic state facilitates the local-
ization of CENP-A proteins in both Dro-
sophila and humans. Furthermore, it has
been reported that a dicentric Y chromo-
some is capable of forming a new con-
striction in the g-terminal heterochro-
matic region of the chromosome
(Bukvic et al. 1996). Although most neo-
centromeres are localized at euchro-
matic regions, heterochromatin-
associated proteins have been detected
at neocentromeres, suggesting that neo-
centromeres, regardless of whether they
originate from heterohromatic DNA,
carry some properties of heterochroma-
tin (Saffery et al. 2000). Thus, it appears
that a genomic region with intrinsic het-
erochromatic properties, or the ability to
acquire such properties, may be favored
sites for neocentromerization.

Mechanisms for Accumulation
of Repetitive DNA
at Euchromatic Neocentromere

Recent molecular and cytological stud-
ies have identified the occurrence of du-
plication and transposition of region-
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specific low-copy repeat elements, or du-
plicons, at the pericentromeric regions
of chromosomes (Eichler et al. 1997;
Horvath et al. 2000a,b). Analysis of the
molecular structure of a 160-kb DNA
segment that separates a-satellite from
non-a-satellite on human chromosome
16p11 reveals that this junction is com-
posed of duplicated segments from
Xq28 and 4q24 and that this DNA is
found further amplified and spread to
other pericentromeric regions, resulting
in the formation of large blocks of se-
quences of high homology among non-
homologous chromosomes (Horvath et
al. 2000b). Guy et al. (2000) and Jackson
et al. (1999) have similarly identified
distinct domains of duplicated se-
quences at the proximal regions flank-
ing chromosome 10 centromere, indi-
cating reorganization of human peri-
centromeric heterochromatin and
evolution of a boundary between peri-
centromeric repeats and euchromatins.
They suggest that pericentromeric dupli-
cation represents a transient intermedi-
ate of duplication of euchromatin into
centromeric heterochromatin. Pericen-
tromeric regions, therefore, may be pre-
ferred sites for recruitment of repeats
and DNA transposition, leading to ex-
pansion of satellite blocks and the re-
construction of a more complex repeat
structure that results in the accumula-
tion of heterochromatic DNA at the re-
positioned centromeric sites described
by Ventura et al. (2001).

Many Questions Remain Unanswered

The study of Ventura et al. (2001) and
that of an earlier report from the same
group (Montefalcone et al. 1999) repre-
sent the first attempts to understand the
gain or loss of centromeres on a chromo-
some on an evolutionary scale. These
occurrences result in the apparent repo-
sitioning of centromeres on chromo-
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somes. Although the approach used by
these investigators has clearly provided
useful insights into various mechanistic
possibilities, many unanswered ques-
tions remain. What triggers the need to
reposition a centromere? How are neo-
centromeres activated and epigeneti-
cally inherited? Do the pericentromeric
heterochromatin contribute to this acti-
vation? How has the heterochromatin
evolved on a repositioned centromere?
How are functional higher-order neo-
centromere structures produced by a di-
versity of underlying DNA sequences?
What are the mechanisms for the loss of
a pre-existing centromere on a chromo-
some carrying a repositioned centro-
mere? There are, clearly, many experi-
mental paths that can be followed in
search of answers to these questions, in-
cluding the use of different organisms
ranging from single-cell eukaryotes (Sac-
charomyces cerevisiae and Schizosaccharo-
myces pombe) to the higher eukaryotes
(such as Caenorhabditis elegans, Dro-
sophila, Arabidopsis, and primates). The
choice of primates as the subject of
study by the Rocchi laboratory provides
evolutionary data that fill a relevant and
important gap to meet these challenging
questions.
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