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In the beginning—even before the Human
Genome Project—there were chromo-

somes. Notwithstanding their primary role
in determining the transmission of genes
and alleles during mitosis and meiosis and
their clear relevance to major forms of hu-
man pathology such as cancer and birth
defects, chromosomes in complex eukary-
otic organisms remain relatively poorly un-
derstood. The molecular basis for functional
chromosomal elements such as telomeres,
origins of DNA replication and the centro-
mere are under investigation in a host of
organisms ranging from the unicellular
yeast Saccharomyces cerevisiae to humans.
This task has been both complicated and
motivated in part by the fascinating obser-
vation that the cellular, genomic, and mo-
lecular mechanisms of some of these func-
tional elements are remarkably variable
from organism to organism (1). Nowhere is
this more evident than for the centromere,
the chromosomal locus responsible for at-
tachment of the chromosome to the mitotic
and meiotic spindle apparatus and thus for
segregation of chromosomes to daughter
cells during cell division. Centromeres can
be small, unitary elements (as in S. cerevi-
siae), localized repetitive elements stretch-
ing on for millions of base pairs (as in many
plants and animals, including humans), or
dispersed elements distributed along the
length of the chromosome (as in the nem-
atode Caenorhabditis elegans) (1). And most
recently, as illustrated by the paper of Saf-
fery et al. (2) in this issue of PNAS, it has
become apparent that, even in organisms
characterized by a localized centromere,
other chromosomal sequences that are lo-
cated far away from the normal centromere
and that normally have nothing to do with
centromere function can fulfill the role
of a centromere. These so-called ‘‘neocen-
tromeres,’’ once formed, appear to behave
functionally in all respects as if they are bona
fide centromeres. A lingering debate in the
field has been whether the existence of
neocentromeres, especially in humans, im-
plies the existence of many different se-
quences equally capable of forming a func-
tional centromere, or whether it reflects a
strong selection for sequences—no matter

how inefficient—capable of conferring
mitotic stability (3, 4). Saffery et al. (2) have
addressed this question by attempting to
generate human artificial chromosomes
with neocentromeres. Neocentromeres
were first described in maize as subtelomeric
heterochromatic ‘‘knobs’’ that could be
transformed into functioning centromeres
capable of mobilization on the spindle (5).
However, unlike
maize neocen-
tromeres, which
are comprised
primarily of tan-
demly repeated
satellite DNA
with homology
to maize centro-
mere DNA (6),
human neocen-
tromeric DNA is not repetitive (7) and
appears not to share obvious homology with
the 171-bp repeated DNA family, alpha
satellite, that characterizes normal human
centromeres (3). Furthermore, several
dozen neocentromeres have been docu-
mented in the human genome, from many
different chromosomal regions (8–10).
Together, these observations have been
used to argue in favor of the model that the
basis for centromere activity in human chro-
mosomes is epigenetic, rather than deter-
mined solely by primary sequence (3, 4, 8,
11). The basis for such an epigenetic mark is
not clear and may reflect a functional de-
terminant created by secondary structure
(4, 12, 13) or some other characteristic of
centromere behavior such as late DNA rep-
lication (3, 14).

Although neocentromeres are the most
striking example of the functional plastic-
ity of centromeres in higher organisms,
they are by no means the only example.
Human centromeres, for example, can
adopt a wide range of apparently equally
functional configurations (4). A typical
centromere appears to consist of several
million base pairs of alpha satellite DNA,
although there is substantial variation
both in the amount of alpha satellite as
well as its primary sequence from chro-
mosome to chromosome. Dicentric

chromosomes—generally presumed to be
unstable because of their susceptibility to
chromosome breakage (15)—are in fact
frequently stabilized by centromere inac-
tivation, the epigenetic modification of
one of the two centromeres to render
it incapable of forming a kinetochore
and binding to spindle microtubules (4,
16). Although the molecular basis of

centromere in-
activation is un-
known, it is ac-
companied by
absence of cen-
tromere and ki-
netochore pro-
teins that are
normally associ-
ated with func-
tionally active

centromeres (16). Among these is centro-
mere protein A (CENP-A), a centromere-
specific histone H3 variant that normally
associates with alpha satellite DNA and
marks centromeric chromatin (17).
CENP-A homologues have been de-
scribed at yeast, worm, and fly centro-
meres, indicating an evolutionarily highly
conserved chromatin component at func-
tional centromeres despite the wild vari-
ation in centromeric DNA content among
eukaryotic chromosomes (1, 18). It is thus
particularly notable that neocentromeres
are associated with all of the known, func-
tionally implicated centromere proteins
(9, 10, 19). Furthermore, in the chromatin
of the one neocentromere examined to
date, CENP-A is associated over a nearly
half million base pair region of genomic
DNA that is, at least at the level of primary
sequence, not detectably different from
that of surrounding non-CENP-A-binding
DNA (20). Thus, neocentromeres appear
to be indistinguishable from normal, alpha
satellite-based centromeres in terms of the
chromatin and kinetochore complex that
provides functional activity.

See companion article on page 5705.
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It is this premise that Saffery et al. (2) set
out to explore in the context of human
artificial chromosomes. The concept of ar-
tificial chromosomes was introduced nearly
twenty years ago in S. cerevisiae (21), refer-
ring to construction of a fully functional
chromosome from its component parts.
Since then, artificial chromosomes have
been used to explore many features of chro-
mosome biology, especially in S. cerevisiae
and Schizosaccharomyces pombe (22). More
recently, an artificial chromosome system
has been developed in human cells, based on
the ability of alpha satellite DNA to provide
de novo centromere function (23, 24). In-
deed, the observation that alpha satellite
DNA can seed formation of de novo cen-
tromeres in artificial chromosomes while
other sequences cannot (25) provides the
strongest argument that alpha satellite in
fact comprises the functional centromere of
normal human chromosomes (26). Whereas
formation of mitotically stable artificial
chromosomes from individual components
provides an assay for the function of cen-
tromeric DNA, an alternative strategy em-
ploys engineering of already existing, natu-
ral chromosomes to provide information on
the function of individual elements in their
chromatin state. In this strategy, telomere-
associated chromosome truncation is used
to delete most or all of the chromosome
arms, thus generating stable ‘‘minichromo-
somes’’ that can be as small as several mil-
lion base pairs (27, 28). (By comparison,
even the smallest normal human chromo-
some is some 50 million base pairs in
length.) This approach has been used (28) to
carefully engineer chromosomes for the
purposes of mapping and characterizing as-
pects of normal centromere structure and

behavior. With respect to centromere func-
tion, an important distinction between the
two assays is that one tests the functionality
of already competent centromeric chroma-
tin, whereas the other tests the functionality
of purified DNA, which must presumably be
packaged into chromatin before becoming
functional (refs. 3 and 4; Fig. 1).

Saffery et al. (2) have used both ap-
proaches to examine the centromere com-
petence of neocentromere sequences from a
well characterized chromosome 10-derived
marker chromosome called mardel (10). In
this chromosome, the neocentromere has
been previously localized to a fully se-
quenced '80-kb region originating from
10q25 (7, 29). First, Saffery et al. used the
neocentromeric DNA as a candidate cen-
tromere in a human artificial chromosome
assay. In over 450 clones examined, no ar-
tificial chromosomes were detected, in con-
trast to alpha satellite-containing input se-
quences that routinely generate artificial
chromosomes in up to 50% of clones tested
(23–25). Similarly, they were unable to gen-
erate an artificial chromosome by using a
modified yeast artificial chromosome ap-
proach (30), substituting neocentromeric
DNA for alpha satellite. The inability of
neocentromeric sequences to form artificial
chromosomes by using either approach ar-
gues strongly that these sequences—at least
in the form of naked DNA—are less effi-
cient than alpha satellite DNA at forming a
de novo functional centromere.

To test the ability of chromatin at the
mardel(10) neocentromere to function, they
then used the minichromosome assay, trun-
cating mardel(10) with a telomere-contain-
ing construct containing targeting DNA
from the chromosome arms (2). The result-

ing minichromosomes were estimated to be
,1–2 million base pairs in size, among the
smallest human minichromosomes yet engi-
neered. Extensive genomic characterization
and functional testing provided direct evi-
dence for the function of the mardel(10)
neocentromere.

The conflicting results obtained by Saf-
fery et al. (2) when using the artificial chro-
mosome assay and the minichromosome
assay likely reflect that the two assays mea-
sure different aspects of centromere assem-
bly and function (Fig. 1). The biological
relevance of the initial steps of centromere
assembly in the de novo assay is open to
some question, as naked centromeric DNA
presumably does not exist in Nature. None-
theless, remodeling of centromeric chroma-
tin likely occurs during development and
during epigenetic resolution of unusual cen-
tromere configurations, as must occur dur-
ing centromere inactivation in dicentric
chromosomes or in activation of neocentro-
meres (3, 4, 11). Formation of de novo
centromeres in the artificial chromosome
assay thus may provide a suitable model
for exploring aspects of and requirements
for centromere remodeling, which likely in-
volves incorporation of the centromere-
specific histone variant CENP-A (18). In
contrast to the de novo assay, the engineer-
ing of minichromosomes does not involve
generation or remodeling of centromeric
chromatin; rather, it utilizes an already
functional centromere (or neocentromere)
as the basis for engineering smaller deriva-
tives that are still capable of normal chro-
mosome function. One particularly intrigu-
ing aspect of centromere organization and
function raised by neocentromeres and by
the aforementioned variation among cen-
tromeric DNAs from different species and
organisms is the extent to which a centro-
mere from one organism can substitute for
that of another (1).

Lastly, as pointed out by Saffery et al. (2),
the generation of minichromosomes based
on neocentromeres provides an alternative
to strategies that consider the use of artifi-
cial chromosomes as potential nonviral gene
therapy or gene transfer vectors (23, 26, 31).
In principle, it may be possible to make
neocentromere-based minichromosomes
(2) that are smaller than alpha satellite-
based minichromosomes (27, 28, 32). How-
ever, it will be necessary to test this premise
directly, as the lower limit of neocentro-
meric DNA required hasn’t been estab-
lished. Notwithstanding the conceptual ad-
vantages of this approach, it is important to
recall just how inefficient chromosome en-
gineering in mammalian cells is compared
with other, high-efficiency systems (21).
Natural or unnatural, the potential of hu-
man artificial chromosomes may not be fully
realized until more tractable approaches for
chromosome engineering, handling, and
transfer are developed and explored.

Fig. 1. Formation of human artificial chromosomes and engineered minichromosomes containing
natural centromeres (Top) or neocentromeres (Bottom). Minichromosomes, generated by telomere-
associated truncation (27, 28), can be formed from either centromeric or neocentromeric chromatin that
already possesses the epigenetic modifications necessary for functional centromere competence (18). In
contrast, human artificial chromosomes can be generated de novo from isolated centromeric DNA (alpha
satellite; refs. 23, 24, and 30), but not from isolated neocentromeric DNA (2). Thus, at the level of DNA,
alpha satellite and neocentromeric DNA are not equivalent at centromere formation.
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