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Human artificial chromosomes have been used to model requirements for human chromosome segregation
and to explore the nature of sequences competent for centromere function. Normal human centromeres require
specialized chromatin that consists of alpha satellite DNA complexed with epigenetically modified histones and
centromere-specific proteins. While several types of alpha satellite DNA have been used to assemble de novo
centromeres in artificial chromosome assays, the extent to which they fully recapitulate normal centromere
function has not been explored. Here, we have used two kinds of alpha satellite DNA, DXZ1 (from the X
chromosome) and D17Z1 (from chromosome 17), to generate human artificial chromosomes. Although arti-
ficial chromosomes are mitotically stable over many months in culture, when we examined their segregation in
individual cell divisions using an anaphase assay, artificial chromosomes exhibited more segregation errors
than natural human chromosomes (P < 0.001). Naturally occurring, but abnormal small ring chromosomes
derived from chromosome 17 and the X chromosome also missegregate more than normal chromosomes,
implicating overall chromosome size and/or structure in the fidelity of chromosome segregation. As different
artificial chromosomes missegregate over a fivefold range, the data suggest that variable centromeric DNA

content and/or epigenetic assembly can influence the mitotic behavior of artificial chromosomes.

Twenty years have passed since the first yeast artificial chro-
mosomes (YACs) were constructed in an effort to elucidate
the minimal components necessary for eukaryotic chromo-
some function (37). These pioneering studies demonstrated
that both centromere competence and overall chromosome
organization play a role in the segregation of chromosomes
(19, 36, 56). From the yeast Saccharomyces cerevisiae to hu-
mans, mitotically stable chromosomes require centromeres
and other chromosomal features, including telomeres and or-
igins of replication (10, 13, 49). While these components have
been well characterized in the yeasts S. cerevisiae and Schizo-
saccharomyces pombe (2, 4, 32, 46, 61), tractable experimental
approaches to define the corresponding elements in humans or
other organisms with larger chromosomes have only recently
begun to be developed (16, 26, 49, 68).

The first step in creating human artificial chromosomes was
to identify the DNA sequences responsible for human centro-
mere function. Despite the evident importance of the centro-
mere in all eukaryotic organisms, the DNA sequences respon-
sible for centromere activity are not conserved evolutionarily
(30). Whereas the S. cerevisiae “point” centromere is only 125
bp and is shared among all yeast chromosomes (21), other
eukaryotic centromeres are substantially larger, more complex,
and markedly heterogeneous in sequence and composition.
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For example, the S. pombe centromere is composed of inner
and outer repeat sequences and varies from 40 to 100 kb in size
(7, 39). Arabidopsis thaliana centromeres have been localized
to 500- to 1,300-kb regions of chromosomes resistant to mei-
otic recombination, and the sequences at these loci are com-
posed of 180-bp tandem repeats and retrotransposon elements
(9, 15, 42). Similarly, the Drosophila centromere, modeled by a
420-kb region of a stable minichromosome, appears to be
made up of simple repeats and transposable elements (54, 55).

Human centromeric regions are composed of megabases of
repetitive alpha satellite DNA that varies in sequence identity
and organization from chromosome to chromosome (62). The
only commonality between alpha satellite DNA and all of the
other well-characterized centromeric DNA sequences is an
increase in AT-richness compared to the genome average (5).
The structure of alpha satellite DNA is based on ~171-bp
monomers repeated in tandem to make up higher-order repeat
units that are in turn repeated to generate megabase size
arrays (for reviews, see references 1 and 68). While monomers
within each higher-order repeat are only 65 to 90% identical to
each other, the multimeric higher-order repeats within the
same array are highly homogeneous (44, 45, 71). Although
alpha satellite DNA is located at the centromeres of all normal
human chromosomes (31, 45, 71), the defining characteristics
of alpha satellite required for centromere function are un-
known. Notwithstanding the likely role of epigenetic influences
on centromere activity (17, 49), the functional competence of
alpha satellite may be due to its highly repetitive structure, its
AT-richness, or the presence of critical binding sites for par-
ticular centromere proteins (5, 40).

While it is well-known that centromeres play a pivotal role in
chromosome segregation, the precise mechanisms are incom-
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pletely understood and are likely to be both complex and
multifactorial. First, the centromere must assemble a kineto-
chore, a proteinaceous structure responsible for attaching the
chromosome to spindle microtubules (for a review, see refer-
ence 58). Checkpoint pathways ensure that all chromosomes
have aligned properly at metaphase before proceeding into
anaphase (for a review, see reference 38). Once a bipolar
spindle attachment has been established, the sister chromatids
separate by resolving cohesins present at the centromere until
their release at anaphase (for reviews, see references 27 and
60). To segregate properly, therefore, chromosomes must con-
tain sequences competent to assemble kinetochores, maintain
cohesion, separate sister chromatids, and satisfy spindle check-
points.

The study of human artificial chromosomes (as well as nat-
urally occurring or engineered human chromosome rearrange-
ments) has demonstrated that certain sequences are capable of
establishing and maintaining centromeres, but the functional-
ity of these centromeres has not been studied in detail. Studies
from a number of groups have shown that alpha satellite DNA
from several human chromosomes is capable of forming de
novo centromeres in artificial chromosome assays (11, 14, 16,
18, 22, 24, 34, 40, 45). Some types of alpha satellite assemble
artificial chromosomes that are maintained stably in culture
over many cell divisions and contain centromeres that colocal-
ize with kinetochore proteins associated specifically with active
centromeres. Additional supporting evidence for the critical
role of alpha satellite in human centromere function has come
from detailed analysis of either natural or engineered chromo-
some rearrangements (20, 35, 45, 47, 59). These data suggest
that, to a first approximation, artificial and rearranged chro-
mosomes are behaving like normal chromosomes. However,
the detailed segregation of these chromosomes has not been
systematically evaluated or compared to that of normal chro-
mosomes.

Here, we have investigated the extent to which human arti-
ficial chromosomes provide a model to study chromosome
segregation. In this study, we examine the mitotic segregation
of natural human chromosomes, human artificial chromo-
somes, and rearranged human chromosomes to investigate the
roles of centromere and chromosome structure in proper chro-
mosome segregation.

MATERIALS AND METHODS

Cell lines. The near tetraploid human fibrosarcoma cell line HT1080 was
grown in alpha minimal essential medium (MEM) (Gibco Inc.) supplemented
with 10% fetal bovine serum (HyClone), penicillin and streptomycin, and glu-
tamine. Human fibroblast cell line GM8148 (66) was derived from a patient with
the karyotype 47,XX,del(17)(pter—p11.2::cen—qter), + der(17)(:p11.2—cen:).
This cell line has a deletion in chromosome 17 (approximately 2.5 Mb of D17Z1
and several megabases of euchromatin adjacent to the centromere deleted) and
also contains a ring chromosome derived from the deletion event.

A human fibroblast cell line was derived from a patient with the karyotype
46,X,1(X)/45,X. This cell line contains a small ring chromosome estimated to be
approximately 10 Mb in size. The ring chromosome contains an apparently
complete DXZ1 array, plus several megabases of euchromatin adjacent to DXZ1
(S. Schwartz, unpublished data). Both fibroblast lines were grown in alpha MEM
supplemented with 15% fetal bovine serum, penicillin and streptomycin, and
glutamine.

Large insert clones and artificial chromosome formation. A ~85-kb Notl
fragment from bacterial artificial chromosome (BAC) RPCI-11 242E23 contain-
ing DXZ1 higher-order alpha satellite DNA repeats from the human X chro-
mosome (45) was isolated and cloned into the pPAC4 vector, containing a
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blasticidin resistance gene (12). The construction of BAC VJ104a32, containing
~86 kb of synthetic alpha satellite from chromosome 17 (D17Z1), has been
described elsewhere (16). To generate artificial chromosomes, DXZ1- and
D17Z1-based constructs were transfected in multiple independent experiments
into human HT1080 fibrosarcoma cells and subjected to drug selection (14, 45).

In an alternative strategy (R. W. Mays, unpublished data), VJ104a32 and a
BAC containing ~140 kb of a genomic fragment including the human HPRT
gene were both modified to contain 800 bp of human telomere repeat sequences
(16) and were then cotransfected into HT1080 cells. Transfected cells were
grown in medium containing both HAT (hypoxanthine-aminopterin-thymidine)
to select for hypoxanthine phosphoribosyltransferase (HPRT) expression and
G418 to select for Bgeo expression. Two artificial chromosome-containing cell
lines, PF2.6 and PF2.7, were generated using this method. Pulsed-field gel anal-
ysis (16) demonstrated that PF2.6 was linear and PF2.7 was circular (R. W. Mays
and M. K. Rudd, unpublished data).

FISH and immunostaining. After transfection, drug-resistant colonies were
screened for artificial chromosomes by fluorescence in situ hybridization (FISH)
as described previously (14, 16). Once artificial chromosomes were identified
cytogenetically, cell lines were grown in the presence or absence of drug selection
for at least 30 days to measure mitotic stability (14, 16), expressed on a per cell
division basis as previously described (16). Metaphase chromosomes were pre-
pared by standard protocols, and 50 metaphase spreads were scored per time
point. Alpha satellite FISH was performed as described previously (14).

Telomere DNA probes obtained from Applied Biosystems, Inc., were hybrid-
ized to chromosome spreads fixed in 3:1 methanol-acetic acid fixative as de-
scribed previously (25). Immunostaining for centromere protein E (CENP-E)
was performed as described previously (16).

Alpha satellite DNA acquisition. Cell lines containing putative artificial chro-
mosomes were tested for acquisition of alpha satellite DNA from endogenous
HT1080 chromosomes with centromere-specific FISH probes. Pancentromeric
primers amplified alpha satellite DNA from the HT1080 cell line, which was
subsequently labeled as a FISH probe, as described previously (22). Excess
unlabeled pBamX7 (70) or p17HS8 (64) DNA was denatured and preannealed
with the pancentromeric FISH probe to block FISH signals from the alpha
satellite DNA used to generate the artificial chromosome. Artificial chromo-
somes lacking pancentromeric FISH signals were then tested with individual
centromeric FISH cocktails as a more rigorous test. Degenerate alpha satellite
consensus primers (65) were modified (5'TCA(A/T)(C/G)T(C/A)ACAGAGTT
(G/T)AAC3'/5'CACATC(A/C)CAAAG(A/T/C)AGTTTC3') to amplify alpha
satellite DNA from monochromosomal rodent/human somatic cell hybrid DNA
(from Coriell Cell Repositories, mapping panel 2). PCR products from each
monochromosomal hybrid were pooled into six cocktails. Alpha satellite PCR
products were pooled from chromosomes 1, 6, 13, and 20 (cocktail 1); chromo-
somes 2, 7, 14, and Y (cocktail 2); chromosomes 3, 8, 15, and 19 (cocktail 3);
chromosomes 4, 9, 16, and 21 (cocktail 4); chromosomes 5, 11, 22, and 17 or X
(cocktail 5); and chromosomes 10, 12, and 18 (cocktail 6). PCR product cocktails
were directly labeled as described previously (14). Cocktails of alpha satellite
were hybridized to artificial chromosomes under stringent conditions (65% for-
mamide-2X SSC washes at 42°C [1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate]) as described previously (16) to detect alpha satellite other than the
DXZ1 or D17Z1 present on the artificial chromosome. Artificial chromosomes
that were negative with the pancentromere probe and all of the individual
cocktails were concluded to be of de novo origin.

Anaphase segregation assay. To measure chromosome segregation, cell lines
were arrested at anaphase with nocodazole, a benzimidazole derivative that
binds to tubulin dimers, inhibiting microtubule assembly. After anaphase arrest,
cells were treated with dihydrocytochalasin B to prevent cytokinesis, suspending
cells (and their segregating daughter chromosomes) in anaphase or telophase
(52, 53). After such treatment, an estimated 20% of cells are found in anaphase
or telophase configurations. Artificial chromosome, ring chromosome, and nor-
mal chromosome segregation was monitored by FISH to identify the relevant
chromosome(s), using chromosome-specific alpha satellite probes. The vector
probes pPAC4 (12) and VJ104 (16) were used to identify the DXZ1 and D17Z1
artificial chromosomes, respectively. Chromosome-specific centromere probes
and whole chromosome paints (from Vysis Inc.) were used to measure chromo-
some segregation. For each cell line, 200 cells were scored in duplicate, for a total
of 400 cells scored per data point. The frequency of missegregation was calcu-
lated for each chromosome as the number of missegregating chromosomes
divided by the total number of chromosomes scored for each type.
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TABLE 1. Characteristics of human artificial chromosomes
Characteristic
Input DNA Cell line -
Relative size” CENP-E? Mitotic Centromere? Telomere®
stability®
Strategy 1
DXZ71 X-1 Small + + Acquisition -
X-2 Small + - ND ND
X-3 Small + + Acquisition -
X-4 Medium + + De novo -
X-5 Medium + + De novo =
X-6 Small + ND Acquisition -
D17Z1 17-1 Small + + De novo -
17-2 Small + + De novo =
17-3 Medium + ND De novo -
17-4 Medium + ND De novo -
Strategy 2
D1771 PF2.6 Small + + De novo +
PF2.7 Small + + De novo -
17-15 Large + + De novo +

¢ Relative size was determined by DAPI staining, and artificial chromosomes were grouped into small, medium, and large categories. Small artificial chromosomes
were estimated to be ~15 Mb or less, medium artificial chromosomes were estimated to be between 15 and 30 Mb, and large artificial chromosomes were estimated

to be larger than 30 Mb.

® Immunostaining for the presence of anti-CENP-E antibodies on the artificial chromosome (16).
¢ Mitotic stability was measured as described in Materials and Methods. Mitotically stable artificial chromosomes were retained at a rate of 98.6 to 100% per cell

division, calculated as described previously (16). ND, not done.

4 Artificial chromosomes were tested for the acquisition of non-input alpha satellite DNA sequences (Materials and Methods).

¢ Artificial chromosomes were assayed for the presence of functional telomeres. Artificial chromosomes constructed from circular input DNA (in cell lines X-1 to
17-4) did not acquire telomere sequences as demonstrated by FISH. The presence of functional telomeres in artificial chromosomes in which telomere sequences were
included in the input constructs (PF2.6 and PF2.7) was confirmed by gamma irradiation and pulsed-field gel analysis.

RESULTS

We have used two approaches to make human artificial
chromosomes. In the first approach (14, 45), we used large
fragments of alpha satellite DNA cloned into BAC or P1
artificial chromosome (PAC) vectors to generate circular hu-
man artificial chromosomes. In the second approach, we used
cotransfection of synthetic arrays of alpha satellite combined
with large fragments of human genomic DNA and synthetic
telomeres (16) (Mays et al., unpublished) to generate both
linear and circular artificial chromosomes.

Type of alpha satellite DNA influences artificial chromo-
some formation. Artificial chromosome studies have used a
variety of chromosome-specific alpha satellite DNA sequences
to generate de novo centromeres (11, 14, 16, 18, 22, 24, 34, 40,
45). Our studies focused on higher-order X chromosome
(DXZ1) and chromosome 17 (D17Z1) alpha satellite. DXZ1
and D17Z1 alpha satellite are closely related; both are com-
posed of ~171-bp monomers arranged in a pentameric orga-
nization, and corresponding monomers within DXZ1 and
D17Z1 are 85% identical on average (64).

Despite their sequence relatedness, DXZ1 and D17Z1 form
artificial chromosomes at very different frequencies in HT1080
cells. (Although the DXZ1 and D17Z1 constructs used have
different BAC or PAC vectors and drug resistance markers,
previous studies have shown that this difference does not sig-
nificantly influence artificial chromosome formation rates
[14].) After transfecting either the DXZ1- or D17Z1-contain-
ing constructs into HT1080 cells, we selected blasticidin- or
G418-resistant colonies and then detected artificial chromo-
somes by FISH with probes to either type of alpha satellite

DNA. Consistent with other studies (14, 34), D17Z1 formed
stable artificial chromosomes in a high proportion of drug-
resistant colonies (30 to 40% in other studies; 6 of 8 colonies
here). However, the artificial chromosome formation rate for
DXZ1 was much lower; DXZ1 formed artificial chromosomes
in only 7% (6 of 88) of drug-resistant colonies in three exper-
iments.

Artificial chromosome composition. Previous studies have
demonstrated that some artificial chromosomes may acquire
DNA sequences other than the transfected input DNA (14,
16). Because we wished to address the centromeric compe-
tence of DXZ1 and D17Z1 sequences, it was necessary to rule
out that any other alpha satellite DNA had assembled into the
artificial chromosome that might confer centromere activity.
To this end, we used centromeric FISH assays to detect alpha
satellite besides that of the input DNA on each artificial chro-
mosome (Materials and Methods). While it is formally possible
that the artificial chromosomes could have acquired DXZ1 or
D17Z1 from endogenous chromosomes, this possibility would
not be detected by these methods. However, on the basis of
previous experiments (16), we expect such highly specific re-
combination-mediated acquisition to be unlikely. Of the five
DXZ1-containing chromosomes tested, three had acquired al-
pha satellite DNA other than DXZ1; only two, therefore,
could be validated as containing de novo centromeres (45). In
contrast, none of the four D17Z1-based artificial chromosomes
tested was positive for non-D17Z1 alpha satellite DNA by
FISH; thus, all were of de novo origin (Table 1). The difference
between the two types of input alpha satellite is likely related
to the formation efficiency of the two constructs (14); poorly or
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FIG. 1. FISH analysis of artificial chromosomes. Arrowheads denote artificial chromosomes. DAPI (4',6'-diamidino-3-phenylindole) stains
chromosomes in blue. (A to C) CENP-E immunostaining (green) stains active centromeres, while alpha satellite FISH (red) hybridizes to the
artificial chromosome and the relevant endogenous centromere. Cell lines X-5 (A) and X-6 (B) contain DXZ1-based artificial chromosomes
probed with DXZ1. (C) Cell line 17-1 contains a D17Z1-based artificial chromosome probed with D17Z1. (D) Cell line 17-15. A green
chromosome 8 paint probe hybridizes to the endogenous chromosome 8 as well as the artificial chromosome. The D17Z1 FISH probe in red
hybridizes to the artificial chromosome as well as the endogenous chromosome 17. (E) Cell line PF2.6. The green D17Z1 probe hybridizes to the
artificial chromosome and to the centromeres of the endogenous chromosomes 17. An HPRT probe in red hybridizes to the artificial chromosome.
The insert shows a DAPI image of the artificial chromosome. (F) Cell line 17-1. A telomere probe in green hybridizes to the ends of all

chromosomes except for the artificial chromosome.

moderately competent constructs are thus more likely to show
acquisition of endogenous alpha satellite sequences. Interest-
ingly, the two validated de novo DXZ1-based artificial chro-
mosomes (X-4 and X-5) appear to be cytologically larger than
the three acquisition DXZ1-containing artificial chromosomes
(Fig. 1). This could reflect a greater size requirement for
DXZ1-based artificial chromosomes. We assayed the artificial
chromosomes in this study only for the acquisition of alpha
satellite, as no other sequences have been implicated in cen-
tromere function in humans (43, 45).

Artificial chromosome centromere function. While both
DXZ1 and D17Z1 can form de novo centromeres on an arti-
ficial chromosome, the functionality of these centromeres re-
mained to be determined. CENP-E, a motor protein, is part of
the kinetochore (72, 73) and localizes specifically to active
centromeres (50), making it a useful marker of functional
centromeres. We immunostained cell lines containing human
artificial chromosomes with antibodies to CENP-E. Like en-
dogenous chromosomes, all artificial chromosomes were pos-
itive for the characteristic pattern of CENP-E staining (Fig. 1

and Table 1). To further evaluate the artificial chromosome
centromeres, we examined the mitotic stability of several arti-
ficial chromosomes in the presence and absence of drug selec-
tion (Table 1, strategy 1). Of the seven artificial chromosomes
tested in this way, six were mitotically stable both in the pres-
ence and absence of drug selection and were retained at a
calculated rate of 98.6 to 100% per cell division. The fact that
the artificial chromosomes in this study are retained after many
cell divisions indicates that, like previously described artificial
chromosomes (11, 14, 16, 18, 22, 24, 34, 40, 45), they segregate
well, even in the absence of selection.

Artificial chromosome segregation in anaphase. Mitotic sta-
bility in the drug selection assay reflects the proportion of cells
containing one or more artificial chromosomes over time; as
such, it is only an indirect measure of segregation events in
individual cell divisions. To investigate the segregation of the
artificial chromosomes more directly, we implemented an assay
based on use of nocodozole to trap cells in anaphase and thus
monitor chromosome segregation directly at each cell division
(52, 53). We monitored the segregation of seven human arti-
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FIG. 2. Anaphase segregation assay. Anaphase nuclei were stained
blue with DAPI and hybridized with FISH probes to detect artificial
and natural chromosomes. In each example, the green alpha satellite
FISH probe hybridized to the artificial chromosome as well as natural
chromosomes with the same alpha satellite DNA as the artificial chro-
mosome. A red vector probe hybridized to the artificial chromosomes,
but not the natural chromosomes. Thus, the natural chromosomes
appear as green dots, while the artificial chromosomes appear as
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ficial chromosomes (see Fig. 3B), three formed with DXZ1
and four formed with D17Z1. Six of the seven artificial chro-
mosomes tested were fully validated and of de novo origin (see
above), while one of the DXZ1 artificial chromosomes, X-3,
had acquired endogenous chromosome 7 alpha satellite and
thus contained multiple types of alpha satellite. After the cells
were suspended in anaphase, we performed FISH with probes
to identify the artificial chromosome and endogenous X chro-
mosomes or chromosomes 17 in each cell line, providing a
direct comparison of the segregation of artificial chromosomes
to the corresponding endogenous chromosomes in the same
cell (Fig. 2). In addition to the endogenous chromosomes 17
and X, we also examined the segregation of natural human
chromosomes 7, 18, and Y as controls.

Missegregation of the natural human chromosomes tested
ranged from 0.33 to 1.1% per chromosome per cell division
(Fig. 3A). These data are consistent with previous studies of
chromosome segregation in other human cell lines using this or
similar assays (6, 53). In contrast, the human artificial chromo-
somes tested missegregated between 1.6 and 9.7% per chro-
mosome per cell division (Fig. 3B). Notably, the artificial chro-
mosome in cell line X-3 missegregated at a rate of 2.0% =
0.4%, similar to the rates of other artificial chromosomes stud-
ied. Although this artificial chromosome had acquired endog-
enous alpha satellite that may or may not be acting as the
functional centromere, it behaved like the other artificial chro-
mosomes. The wide range of artificial chromosome missegre-
gation rates is due largely to the artificial chromosomes in cell
lines 17-3 and 17-2, with missegregation rates of 4.3% =+ 0.05%
and 9.7% = 0.2%, respectively. Even without including these
two artificial chromosomes, however, the missegregation rates
of artificial chromosomes and natural chromosomes were sig-
nificantly different from each other (P < 0.001).

Variant chromosome segregation. The differences in segre-
gation between natural chromosomes and artificial chromo-
somes could be explained by a number of factors relevant to
centromere and/or chromosome function. To shed light on the
possible differences in missegregation rates between artificial
and natural chromosomes, we next examined a number of
variant human chromosomes. To control for possible variation
between diploid human cell lines and the hyperdiploid HT1080
line, we first examined the segregation of the normal 17 and X
chromosomes in the diploid lines. The frequencies of misseg-
regation detected (0.6 and 0.1%, respectively) were indistin-
guishable from those shown in Fig. 3A for HT1080, indicating
that such possible cell line effects are negligible.

As one hypothesis, artificial chromosomes may missegregate
more than natural chromosomes due to the presence of de
novo centromeres, which may be compromised in some as yet
unidentified way relative to endogenous centromeres. If de

merged green and red signals. (A) Cell line X-5. The natural X chro-
mosomes segregated 2:2, and the artificial chromosomes segregated
1:1. (B) Cell line 17-2. The natural chromosomes 17 segregated 4:4,
and the artificial chromosomes segregated 2:4, reflecting a likely non-
disjunction event. (C) Cell line X-5. The natural X chromosomes
segregated 2:2, and the artificial chromosomes segregated 1:2 with a
lagging artificial chromosome in between the other segregating chro-
mosomes. (D) Cell line 17-3. The natural chromosomes 17 segregated
4:4, and one of the artificial chromosomes was in an anaphase bridge.
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FIG. 3. Missegregation of natural, artificial, and variant chromosomes. Missegregation rates were calculated as the number of missegregating
chromosomes divided by the total number of chromosomes present of each type. Error bars represent one standard deviation from the mean of
two segregation experiments for each chromosome. The total number of cells scored for each data point was >400. (A) Missegregation rates for
natural chromosomes 7, X, 17, 18, and Y. (B) Missegregation rates for artificial chromosomes in cell lines X-3, X-4, X-5, 17-1, 17-2, 17-3, and 17-4.
DXZ1-based artificial chromosomes (squares) and D17Z1-based artificial chromosomes (triangles) are indicated. (C) Missegregation frequencies
for chromosome 17 with a deletion [d(17)], the ring chromosome 17 [r(17)], and the ring X chromosome [r(X)]. (D) Missegregation rates for

D17Z1-based artificial chromosomes in cell lines 17-15, PF2.6, and PF2.7.

novo centromeres were the only factor causing the observed
increase in missegregation, then we would expect chromo-
somes of a given size with those with natural centromeres to
segregate better than those with artificial chromosomes. To
test this, we measured the segregation of two naturally occur-
ring, patient-derived ring chromosomes, one derived from the
X chromosome and one derived from chromosome 17. These
ring chromosomes are cytologically similar in size to artificial
chromosomes and contain either DXZ1 or D17Z1 alpha sat-
ellite at their natural centromeres. When analyzed in the an-
aphase assay, the chromosome 17-derived ring chromosome
missegregated with a frequency of 2.5% = 0.3%, while the
X-derived ring missegregated with a frequency of 4.5% = 0.8%
(Fig. 3C). Notably, these rates are within the range of artificial
chromosome missegregation, rather than the range of natural
chromosome missegregation. These data argue, therefore, that
the presence of de novo centromeres alone does not account
for an increase in segregation defects.

The amount of alpha satellite DNA could also play a role in
chromosome segregation. With the exception of the Y centro-
mere, natural human centromeres are composed of several mega-
bases of alpha satellite (29, 67), although the minimum amount of
alpha satellite capable of centromere function is unknown. To
investigate the possible effect of alpha satellite array size on seg-
regation, we next analyzed the segregation of a patient-derived
chromosome 17 with a deletion in the alpha satellite array. This
chromosome contains less than a quarter of the alpha satellite
present at the normal chromosome 17 centromere (700 kb versus
3.2 Mb) (66); however, it segregates normally in the anaphase
segregation assay, with a missegregation rate of 0.12% = 0.1%
(Fig. 3C). Thus, at least above 700 kb of alpha satellite, alpha
satellite array size does not determine chromosome segregation.
On the basis of the relative intensity of FISH signals, we estimate
that the artificial chromosomes in this study contain more than
700 kb of alpha satellite. Therefore, it is unlikely that the segre-
gation errors we observe in artificial chromosomes are due to a
lack of alpha satellite DNA.

Since both artificial chromosomes with de novo centromeres

and ring chromosomes with natural centromeres missegregate
more than normal chromosomes, the data suggest that some
characteristic of chromosome structure other than the origin of
the centromere plays a role in chromosome segregation. Both
artificial chromosomes and ring chromosomes are smaller than
natural chromosomes. If chromosome size is involved in seg-
regation, then we would expect larger artificial chromosomes
to segregate better than smaller artificial chromosomes, as is
the case with YACs (36, 37). To determine whether the size of
human artificial chromosomes affects segregation, we exam-
ined an artificial chromosome with a de novo D17Z1 centro-
mere that, by translocation, had acquired a large region of
chromosome 8q (16). This chromosome (in clone 17-15) is
much larger than any of the other artificial chromosomes or
ring chromosomes in this study (Fig. 1) (Table 1, strategy 2)
and is the only artificial chromosome with a normal euchro-
matic chromosome arm. Unlike the artificial chromosomes and
ring chromosomes, it is linear and is capped by telomere re-
peats at each end of the chromosome (16). This large linear
artificial chromosome missegregates at a frequency of 0.75% =+
0.35%, within the range of natural human chromosomes (Fig.
3D). These data argue that chromosome size and/or organiza-
tion is involved in ensuring proper segregation.

If linear structure alone contributes to proper chromosome
segregation, then linear artificial chromosomes should segre-
gate better than circular ones. Indeed, studies in S. cerevisiae
have shown that circular YACs missegregate more frequently
than linear YACs of a comparable size (37). Small human
artificial chromosomes could also be affected by circular struc-
ture, since the seven artificial chromosomes studied here in
detail were formed from constructs without telomere se-
quences and, when assayed for the acquisition of telomere
sequences using telomere probes (Materials and Methods),
contain no detectable telomere sequences (Table 1 and Fig. 1).

To evaluate the effect of linearity on chromosome segregation,
we next studied the segregation of two additional artificial chro-
mosomes, one linear (PF2.6) and one circular (PF2.7) (Table 1,
strategy 2), containing copies of the human HPRT gene (Mays
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TABLE 2. Segregation errors

No. (%) of missegregating

Total no. of o
Chromosome type chromosomes chromosomes
scored Total NDJ Lag
Normal 31,867 153 124 (81) 29 (19)
Artificial 13,193 447 268 (60) 179 (40)
Ring 947 13 11 (85) 2 (15)

“ Missegregating chromosomes exhibiting nondisjunction (NDJ) or anaphase
lag.

and Rudd, unpublished). Both of these artificial chromosomes
contain de novo D17Z1 alpha satellite centromeres, a fragment of
genomic DNA containing HPRT gene sequences, and telomere
repeats (Materials and Methods) (Mays et al., unpublished). The
missegregation frequencies for PF2.6 and PF2.7 are 4.1% =+
0.35% and 5.2% = 0.55%, respectively, both within the range of
artificial chromosome missegregation rates (Fig. 3D). The simi-
larity in segregation between the circular and linear artificial chro-
mosomes refutes the possibility that circular structure alone
causes an increase in segregation errors.

Types of missegregation errors. In addition to the frequency
of missegregation, the types of segregation errors differed be-
tween artificial chromosomes and natural chromosomes (Table
2). We analyzed each type of chromosome for the number of
detected nondisjunction and anaphase lag events, as these
types of error could easily be distinguished cytogenetically
(Fig. 2). (We excluded from this analysis other errors in which
the mechanism could not be inferred, i.e., apparent 1:0 segre-
gation. These uncharacterized errors were equally represented
among natural and artificial chromosomes, making up 12 to
18% of the total segregation errors, and could reflect absence
of replication, chromosome loss, or hybridization failure.)

Natural chromosomes are more likely to exhibit nondisjunc-
tion than lag during anaphase (Table 2); of the 153 missegre-
gating natural chromosomes detected in this study, 81% exhib-
ited nondisjunction, while only 19% exhibited anaphase lag.
This trend was also apparent in the limited number of ring
chromosome missegregation events detected, among which
85% exhibited nondisjunction and 15% exhibited anaphase
lag. In contrast, missegregating artificial chromosomes (n =
447) exhibited nondisjunction 60% of the time and exhibited
anaphase lag 40% of the time. The frequencies of nondisjunc-
tion and anaphase lag exhibited by artificial chromosomes and
natural chromosomes are statistically different (P < 0.001 by
the chi-square test), suggesting that the mechanism of segre-
gation error varies between natural and artificial chromo-
somes. Even among artificial chromosomes, missegregation
rates and type of missegregation vary from clone to clone (data
not shown), likely reflecting the different de novo centromeres.
For example, the artificial chromosome in cell line X-5 exhib-
ited anaphase lag 30% of the time (n = 13) and nondisjunction
70% of the time (n = 30), while the artificial chromosome in
cell line 17-3 had a higher incidence of lag (54% of missegre-
gating chromosomes [n = 27] versus 46% nondisjunction [n =
23]). The propensity for anaphase lag in artificial chromosomes
compared to natural chromosomes and ring chromosomes sug-
gests that de novo centromeres are structurally and function-
ally compromised in some manner and/or may be missing crit-
ical factors required for normal chromosome segregation.
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DISCUSSION

Chromosome segregation is a complicated process involving
factors specific to centromere structure and function, as well as
more general aspects of chromosome organization (49). In S.
cerevisiae, the requirements for proper chromosome segrega-
tion have been well defined using YACs as a model. Here, we
have used a human artificial chromosome system as a similar
model for addressing the critical DNA elements required for
proper segregation of human chromosomes in mitosis. By
studying the segregation of natural chromosomes, artificial
chromosomes, and patient-derived variant chromosomes, we
have begun to examine the requirements for proper chromo-
some segregation.

Chromosome size and structure affect segregation. Chromo-
some size is a likely factor in chromosome segregation, as
revealed initially with YACs (37). Our data with human natu-
ral and artificial chromosomes support this notion; human
artificial chromosomes and ring chromosomes analyzed in this
study are smaller than normal chromosomes, and they misseg-
regate more often than normal chromosomes (Fig. 3). Thus,
there may be a minimum chromosome size threshold (presum-
ably smaller than the normal Y chromosome) below which
chromosomes are more prone to mitotic error.

Overall chromosome structure and organization may also
affect segregation. Ring chromosomes and the majority of hu-
man artificial chromosomes in this study are circular, and both
of these types of chromosome missegregate more often than
normal chromosomes. However, a linear artificial chromosome
in this study, PF2.6, missegregates at a rate similar to those of
circular artificial chromosomes, arguing that circular structure
alone does not account for the observed increased frequency of
segregation errors. In contrast, linear artificial chromosome
17-15 missegregates within the range of normal chromosomes
(Fig. 3); however, this chromosome has acquired a region of a
normal chromosome arm (16) and consequently is much larger
than the other artificial chromosomes examined in this study.
This artificial chromosome may segregate properly due to its
large size or to the presence of a bona fide chromosome arm.
This conclusion has implications for the design of next-gener-
ation human artificial chromosomes.

The type of segregation error exhibited by chromosomes is
indicative of the mechanism of centromere dysfunction. The
fact that normal chromosomes and ring chromosomes exhibit
relatively less chromosome lag than artificial chromosomes
suggests that de novo centromeres are compromised in a way
that increases the frequency of anaphase lag. Artificial chro-
mosomes are composed of alpha satellite DNA plus BAC or
PAC vector sequences concatamerized into chromosomes
larger than the original 100-kb input DNA. Multiple stretches
of alpha satellite separated by vector sequences on an artificial
chromosome may be assembling dicentric or multicentric chro-
mosomes. Dicentric chromosomes in S. cerevisiae and humans
are prone to segregation defects. In S. cerevisiae, dicentric
minichromosomes are mitotically unstable and have a higher
copy number than monocentric minichromosomes (23). Simi-
larly, human dicentric chromosomes are more prone to lag
than normal chromosomes (53). In both of these previous
studies, the distance between centromeres affects segregation;
when centromeres are close to each other, they may function as
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a monocentric chromosome. At the resolution of metaphase
chromosomes, artificial chromosomes appear to bind centro-
mere proteins in one discrete kinetochore; however, the pre-
cise organization of DNA and proteins is not currently known.
Further analysis of the structure of artificial chromosomes may
prove that some are functionally di- or multicentric and/or
others lack proteins required for centromere function.

Factors affecting chromosome segregation. Among the arti-
ficial chromosomes examined in this study, we observe a wide
range of missegregation rates (Fig. 3). Furthermore, the fre-
quency of anaphase lag is greater in artificial chromosomes
than in normal chromosomes (Table 2). Unlike natural human
chromosomes, artificial chromosomes must form de novo cen-
tromeres in culture, a process requiring specific DNA se-
quences (40, 69), centromeric proteins, and epigenetic chro-
matin modifications (8). As each artificial chromosome
centromere is created independently, some may establish bet-
ter centromeric configurations than others.

Segregation errors may arise from impaired assembly of
trans-acting centromeric factors on the artificial chromosome.
For example, CENP-A, a histone H3 variant found at the
centromere, plays a critical role in centromere function and is
conserved from S. cerevisiae to humans (41, 48). While we did
not directly address whether the artificial chromosomes in this
study contain CENP-A, its presence is suggested by the local-
ization of the centromere protein CENP-E (Table 1) (14, 16,
22, 33). Furthermore, CENP-E associates with only a subset of
the total mass of alpha satellite DNA on both normal and
artificial chromosomes (Fig. 1) (14, 45, 51, 63). Whether the
remaining alpha satellite is truly redundant or whether it serves
a more general function as pericentric heterochromatin re-
mains unknown (49). Thus, at the current level of analysis,
there are no indications that interactions between kinetochore
proteins and centromeric DNA are compromised.

Examination of centromere function in model organisms dem-
onstrates that, in addition to the CENPs, other proteins are re-
quired at the centromere to ensure proper chromosome segrega-
tion. For example, deletion of the heterochromatin protein HP1
homolog, Swi6, in fission yeast results in chromosome lag (3).
Mouse cells depleted for HP1 exhibit micronuclei, an indicator of
missegregation (57). Checkpoint proteins monitor bipolar kinet-
ochore attachment to spindle microtubules and initiate the met-
aphase-to-anaphase transition. The absence of checkpoint pro-
teins necessary for the anaphase-promoting complex causes a
delay in the onset of anaphase (38). Centromeric cohesion is also
critical for chromosome segregation. The absence of Drosophila
cohesion protein MEI-S332 results in chromosome segregation
defects, as well as reduced transmission frequency of minichro-
mosomes (28). Similarly, when Rad21, a member of the fission
yeast cohesion complex, is depleted from fission yeast chromo-
somes, there is an increase in the incidence of chromosome lag
(3). Therefore, the presence of heterochromatin, checkpoint, co-
hesion, or other as yet unidentified proteins may be necessary for
proper segregation of artificial chromosomes, and one or more of
these aspects may be suboptimal in the human artificial chromo-
somes examined here.

This study suggests that both chromosome and centromere
structure play important roles in chromosome segregation.
From our analysis of artificial, variant, and normal chromo-
somes, it appears that chromosome size and/or composition is
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involved in chromosome segregation. Future investigations
into the organization of a range of different human artificial
chromosomes may help to identify the factor(s) responsible for
impaired de novo centromeres and give us more insight into
the requirements (both genetic and epigenetic) for human
chromosome segregation.
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