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Human artificial chromosomes (HACs) are promising reagents for the analysis of chromosome function.
While HACs are maintained stably, the segregation mechanisms of HACs have not been investigated in detail.
To analyze HACs in living cells, we integrated 256 copies of the Lac operator into a precursor yeast artificial
chromosome (YAC) containing �-satellite DNA and generated green fluorescent protein (GFP)-tagged HACs
in HT1080 cells expressing a GFP-Lac repressor fusion protein. Time-lapse analyses of GFP-HACs and host
centromeres in living mitotic cells indicated that the HAC was properly aligned at the spindle midzone and that
sister chromatids of the HAC separated with the same timing as host chromosomes and moved to the spindle
poles with mobility similar to that of the host centromeres. These results indicate that a HAC composed of a
multimer of input �-satellite YACs retains most of the functions of the centromeres on natural chromosomes.
The only difference between the HAC and the host chromosome was that the HAC oscillated more frequently,
at higher velocity, across the spindle midzone during metaphase. However, this provides important evidence
that an individual HAC has the capacity to maintain tensional balance in the pole-to-pole direction, thereby
stabilizing its position around the spindle midzone.

The centromere is an essential functional domain responsi-
ble for the correct inheritance of eukaryotic chromosomes
during cell division. The centromere region has a number of
specific functions (1, 7, 34, 38): (i) assembling centromere/
kinetochore components CENP-A, CENP-B, CENP-C, CENP-H,
hMis6 (CENP-I), hMis12, and CENP-F, as well as microtubule
motor proteins (CENP-E and dynein-dynactin) and mitotic
checkpoint proteins (Mad2 and BubR1); (ii) capturing spindle
microtubules, which align chromosomes at the metaphase
plate and maintain balanced tension; (iii) resolving sister chro-
matid cohesion at the point of metaphase/anaphase transition;
and (iv) moving the resolved chromatids toward each spindle
pole.

Even in the most simple and well-characterized centromere,
that of the yeast Saccharomyces cerevisiae, more than 65 pro-
tein components are involved in centromere structure and
function, and many of them are conserved between yeast and
humans (31). Although it is not clear how these evolutionarily
conserved centromere components are assembled at the spe-
cific site on the chromosomes, chromatin assembly involving
CENP-A, a centromere-specific histone H3 variant, appears to

be an essential step in incorporating the many other centro-
mere components and, thus, in specifying the position of the
centromere (15, 24, 47, 58, 61). Several lines of evidence also
support the importance of epigenetic mechanisms. On stable
dicentric chromosomes created by chromosome rearrange-
ments, most active centromere markers do not assemble on the
inactive centromere, despite the presence of human centro-
mere-specific alphoid DNA (9, 57). A more striking phenom-
enon is the stable maintenance of a “neocentromere.” On
rearranged chromosome fragments from patients, in rare
cases, a functional centromere called a neocentromere forms
in the complete absence of alphoid DNA (8).

Centromeric DNA organization is divergent among species,
and these centromere structures are formed and maintained
on species-specific centromere DNA in humans, mouse, rice,
maize, and budding and fission yeasts (7, 23, 31, 40, 42, 57).
The relevant centromere DNA sequence in the yeasts S. cer-
evisiae and Schizosaccharomyces pombe, if introduced as naked
DNA into yeast cells, can induce the assembly of a functional
centromere by a de novo mechanism (12, 19). All normal
human centromeres are assembled and maintained at the
megabase level of organization by repetitive loci composed of
171-bp repeat units of �-satellite (alphoid) DNA (18, 26, 63).
The importance of alphoid DNA has also been demonstrated.
It is required for the maintenance of truncated minichromo-
somes (22, 41) and in de novo assembly of human artificial
chromosomes (HACs) (10, 11, 16, 21, 27, 39).

A yeast artificial chromosome (YAC) or bacterial artificial
chromosome (BAC) clone containing a 60- to 70-kb �21-I
alphoid array from chromosome 21 efficiently formed HACs,
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which bound CENP-A, CENP-B, CENP-C, and CENP-E in
human cultured cells. These HACs were predominantly
present at one copy per cell and segregated stably at 98.4 to
99.9% stability per cell division in the absence of selection.
HACs were formed by a de novo mechanism, without acqui-
sition of detectable host sequences, which in all cases involved
multimerization of the input YAC/BAC DNA of about 30 to
50 copies (�3 Mb), indicating that the repeated structure of
alphoid DNA containing CENP-B binding sites (CENP-B box)
and the YAC (BAC) arms including a selectable marker gene
might be sufficient to establish mitotically stable chromosomal
structures and centromere functions by a de novo mechanism
(3, 27, 48). Thus, the first-generation HACs still have a crucial
advantage for identifying the important structures required for
a stable human chromosome and for analyzing mechanisms of
centromere assembly. Moreover, in addition to functional ki-
netochore assembly, sister chromatid cohesion and its resolu-
tion mechanisms which involve passenger proteins (INCENP
and Aurora B, e.g.) (34) and heterochromatin (HP1) (17, 60)
might be required for the proper segregation of chromosomes.
Thus, it is important to clarify whether de novo created HACs
composed of the multimer alphoid DNA insert and YAC
(BAC) vector arms have the capacity to carry out each step of
chromosome segregation properly. However, HACs are very
small, having negligible chromosome arms compared to host
chromosomes, and thus are difficult to distinguish without flu-
orescent in situ hybridization (FISH) analysis of fixed and
spread metaphase-arrested cells that have been treated with
inhibitors of microtubule assembly (27, 36, 52). In addition,
even natural chromosomes display increased numbers of ab-
normal kinetochores (merotelic attachment of kinetochore mi-
crotubules) at a 15-fold higher rate than that seen in normal
PtK1 cells after treatment with an inhibitor of microtubule
polymerization (6).

In this study, we used the green fluorescent protein (GFP)-
Lac repressor fusion protein (GFP-LacR) and Lac operator
system (51) to follow the segregation of individual HACs in
living cells in detail. Time-lapse analyses of GFP-tagged HACs
and host centromeres in living cells during mitotic cell cycles
indicated that the HACs were properly aligned at the spindle
midzone. Sister chromatids of the HAC separated with the
same timing as the host sister centromeres and moved to each
spindle pole with mobility similar to that of the host centro-
meres. Although the HACs oscillated more frequently, at
higher velocity, around the spindle midzone than the host
chromosome during metaphase, individual HACs had the ca-
pacity to maintain balanced tension in the pole-to-pole direc-
tion. Thus, a HAC composed of a multimer of input �-satellite
YACs retains most of the functions expected of the centro-
meres on natural chromosomes.

MATERIALS AND METHODS

Cell lines. HT1080 cells (ATCC CCL121) were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Nissui) supplemented with 10% (vol/vol) fetal
bovine serum, penicillin, streptomycin, and L-glutamine at 37°C in 5% CO2. To
establish a cell line [HT1080GFP-LacI(11-3)] expressing the GFP-Lac repressor
fusion protein (GFP-LacR), HT1080 cells were transfected with XmnI-linearized
p3� SS dimer Imp GFP plasmid (a gift from Andrew S. Belmont [51]) containing
a GFP-Lac repressor fusion gene with the F9-1 promoter and the hygromycin
gene with the thymidine kinase promoter by Lipofectamine (Invitrogen) accord-
ing to the manufacturer’s instructions. To construct cell lines expressing red

fluorescent protein (RFP), CENP-C protein fused to RFP (DsRed1)
(pRFPCENP-C [59]) was introduced by Lipofectamine transfection into the
HT1080GFP-LacI(11-3) cells containing a HAC or a host centromere integra-
tion signal derived from �7C5opYAC DNA.

Replacement of the left arm of an alphoid YAC with the arm containing
multiple Lac operators. The left-arm replacement vector (pLmegaLacOpuro), a
modified version of pMega� (27), contains a SCAN linker (SalI and NotI sites),
a telomere cassette (1.1 kb of mammalian TTAGGG telomere repeats) flanked
by 0.3 kb of yeast TG(1-3) telomere repeats, and an SalI/ApaI fragment of 256
copies of the Lac operator derived from pSV2-DHFR-8.32 (where DHFR is
dihydrofolate reductase; a gift from Andrew S. Belmont [51]) inserted at the
SpeI, PvuII, and AatII sites, respectively, of YCp lac111 (14), which contains
LEU2-ARS1-CEN4. Before the SalI/ApaI fragment containing 256 copies of the
Lac operator was dissected, a 1.7-kb SalI fragment derived from pGKpuro (62)
was inserted into the XhoI site of pSV2-DHFR-8.32. The SCAN linker consisted
of 5�-CTAGTCGACCATCGATACCAATGCATTGGCGGCCG-3� and 5�-CT
AGCGGCCGCCAATGCATTGGTATCGATGGTCGA-3� sequences.

In retrofitting the left YAC arm, 500 ng of pLmegaLacOpuro linearized with
NotI and SalI and 500 ng of uncut YpSL1-Ura (Rad52 expression plasmid) were
used to cotransfect 2 � 108 EPY305-5b cells (MATa rad52-D2000 leu2-D1 lys2
ade2-101 his3-D200 trp1::hisG ura3-52) (32), containing �7C5hTELYAC, by the
lithium acetate method as previously described (27). The replacement of the left
YAC arm of the retrofitted YAC (named �7C5opYAC) was confirmed by
selection, the strain’s growth requirements (Leu� and Lys�), pulsed-field gel
electrophoresis, and Southern hybridizations.

Construction of an alphoid BAC containing multiple Lac operators. To gen-
erate a BAC containing alphoid DNA (pBAC�7C5), the 70-kb NotI fragment of
�21-I alphoid DNA from �7C5hTELYAC was inserted into the NotI site of
pBeloBAC11 (30). Next, the XhoI fragment containing 256 copies of Lac oper-
ators derived from pSV2-DHFR-8.32 (51) and the PvuII/EcoRI fragment of the
SV2bsr gene derived from pSV2bsr (28) with a linker were inserted into the XhoI
site of pBAC�7C5. This BAC was named pBAC�LacObsr.

YAC or BAC transfection. YAC DNAs were purified by pulsed-field gel elec-
trophoresis as previously described (27). A total of 25 ng of purified �7C5opYAC
DNA was mixed with 100 ng of �7C5hTEL YAC DNA in 400 �l of 10 mM Tris
(pH 7.4), 0.1 mM EDTA, and 100 mM NaCl and used to transfect 80% confluent
HT1080LacI/GFP cells in 3.5-cm dishes, using Lipofectamine according to the
manufacturer’s instructions. BAC DNAs were purified using a QIAGEN large
construction kit (QIAGEN). Using 4.5 �l of Lipofectamine, 0.4 �g of purified
BAC DNAs (a 1:4 mixture of pBAC�lacObsr and pBAC�7C5) was used to
transfect HT1080LacI/GFP cells. Blasticidin S-resistant cells were selected with
4 �g/ml blasticidin S (Kaken Seiyaku) for more than 3 weeks and then analyzed
by FISH.

De novo HAC formation analyses by FISH. Standard techniques for FISH
were carried out for the alphoid YAC- and BAC-transformed cell lines as
previously described (35). The probes used were p11-4 alphoid DNA (26) for the
�21-I loci and pYAC4 (5) for YAC arm DNA. Pan-alphoid and intra- and
inter-Alu sequences were described in our previous reports (27, 36). The BAC
vector template was generated by PCR as described in our previous report (48).
Plasmid DNAs and PCR products were labeled using a nick translation kit with
digoxigenin 11-dUTP or biotin 16-dUTP (Roche Diagnostics). Images were
captured using a cooled charge-coupled-device camera (PXL; Photometrics
Ltd.) and analyzed by IPLab software (Signal Analytics).

Indirect immunofluorescence and simultaneous staining by FISH. Indirect
immunofluorescence and simultaneous staining by FISH were carried out as
previously described (35). Cytospun mitotic cells were fixed in fixation solution
(4% paraformaldehyde, 136.9 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.47
mM KH2PO4) for 15 min and washed two times in phosphate-buffered saline.
The cells were then treated with 0.5% Triton X-100 and 0.1 M glycine for 5 min
each. Antibodies used were anti-CENP-A (mAN1) (36), anti-CENP-B (2D8D8)
(48), anti-CENP-C (CGp2) (59), and anti-GFP (Roche Diagnostics or Medical
and Biological Laboratories) (44).

Live-cell observation. Observation of live cells was carried out according to a
modified version of a published method (20). Cells cultured in a 35-mm glass-
bottom dished were stained with 1 �g/ml Hoechst 33342 (Invitrogen) for 10 min
and washed twice with DMEM supplemented with 10% fetal bovine serum. The
cells were cultured in phenol red-free DMEM supplemented with 10% fetal
bovine serum, penicillin, and streptomycin at 37°C in a 5% CO2 atmosphere for
30 min. These cells were then placed in a microscopic stage chamber (Zeiss
CZI-3, equipped with a temperature and CO2 control set and an objective
heater). Observation was carried out, and images were taken using a Zeiss
microscope (Axiovert 200; AttoArk Hg lamp controller adjusted to 50 W)
equipped with a cooled charge-coupled-device camera (MicroMax; Princeton
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Instruments) coupled to MetaMorph (Universal Imaging) at 15 Z-steps in every
3- or 5-min capture period. The captured images were used to produce recon-
structions of the image stacks with AutoDeblur (AutoQuant Imaging).

Data analyses of captured digital images from live cells containing GFP signals
from different focal planes were stacked and produced the image of the HAC or
the host chromosomal centromeres at each time point. Relative distance be-
tween the GFP signal and the spindle equator at the each time point was traced
and plotted with Photoshop (Adobe). Velocities (�m/min) of HACs and host
centromeres were calculated and plotted from the distances that GFP signals
moved within each time interval (3 or 5 min).

Size analyses of minichromosomes and quantitation of alphoid YAC arms.
Metaphase cells containing minichromosomes were stained with 5 �g/ml pro-
pidium iodide after methanol/acetic acid (3:1) fixation. Fluorescence from 10
minichromosomes and chromosome 21 of each cell line was analyzed using
IPLab. Minichromosome sizes were determined by quantitation of the fluores-
cence and comparison to the long arm of chromosome 21 (�50 Mb). The copy
numbers of the YAC on the minichromosomes were also determined to be 24 or
33 copies (including 3 or 10 copies of �7C5opYAC) by real-time PCR of the left
and the right YAC arm DNA (43).

RESULTS

Generation of a HAC detectable with the GFP-LacR/LacO
system. To investigate the precise segregation of a HAC in
living mitotic cells, we introduced a GFP-Lac repressor fusion
protein (GFP-LacR) and Lac operator system into our HAC
(Fig. 1). A 10-kb fragment containing 256 copies of the Lac
operator sequence (LacO) was integrated into a HAC precur-
sor YAC (�7C5hTEL) or BAC (pBAC�7C5) containing 70 kb
of centromere-competent 21-I alphoid DNA from the centro-
mere region of chromosome 21. Derived YAC DNA
(�7C5opYAC) or BAC DNA (pBAC�LacObsr) was purified
and introduced into human cultured HT1080 cells expressing
GFP-LacR [HT1080GFP-LacI(11-3)]. As we obtained only
low numbers of transformants with individual YAC or BAC
DNA constructs containing the inserted LacO, we could not
obtain transformants showing GFP signals in the repeated
experiments (see Discussion). Next, purified �7C5opYAC
DNA (or pBAC�LacObsr DNA) containing the LacO frag-
ment was mixed with original �7C5hTEL YAC DNA (or
pBAC�7C5, respectively) at a 1:4 molar ratio and introduced
into HT1080GFP-LacI(11-3) cells. In the previous reports, de-
spite the multimerized structure of input DNA molecules,
HACs were formed efficiently from the mixture of input YAC
or BAC DNA (16, 44). In the present result, among 17 ana-
lyzed stable transformants from the YAC DNA mixture, seven
cell lines showed one to three GFP signal spots in the nuclei of
almost all living cells (Fig. 2A). FISH analysis of metaphase
spreads from these seven cell lines using a YAC vector probe
and �21-I alphoid probe indicated that high-efficiency HAC
formation as an extra minichromosome with GFP signals oc-
curred in two cell lines (94% and 77% of spreads) (Table 1 and
Fig. 2B and C). The other five cell lines showed the YAC
integration signals in the region of either the telomere or the
centromere of host chromosomes. The efficiency of HAC for-
mation (about 30% of transformants) and the other fates of
the introduced YAC are both very similar to our previous
results using an original alphoid YAC without LacO sequence
(27). We also obtained two HAC-containing cell lines (98%
and 67% of spreads) from 24 analyzed cell lines derived from
BAC DNA transfection. Our structural analyses of the two
independent HACs derived from YAC mixture (�7C5YAC
and �7C5opYAC) indicated that no signal showed an acquisi-

tion of the host chromosomal arm fragment on the both HACs
with inter- and intra-Alu PCR probes by FISH analysis, while
all host chromosome arms were detectable with these probes
(Fig. 3A). No host centromeric alphoid DNA was detected on
the HACs other than the alphoid DNA derived from chromo-
somes 13 and 21, which cannot be distinguished from the insert
alphoid DNA of the YACs by FISH analysis with pan-alphoid
probes (Fig. 3B). The copy number of the input alphoid YAC
DNA on the two HAC cell lines analyzed by real-time PCR
presents, in total, 24 or 33 alphoid YAC copies (corresponds to
a total size of 2.4 or 3.4 Mb, respectively, including 3 or 10
copies of �7C5opYAC DNA). These data are consistent with
the size estimated from the DNA content of the HACs: about
1/10 to 1/20 (about 3 to 5 Mb) of the length of the long arm of

FIG. 1. Alphoid YAC/BAC constructs with Lac operators.
(A) �7C5hTEL YAC has 70 kb of �21-I alphoid DNA (�7C5). The left
arm of the �7C5hTEL YAC was replaced with the vector (pLmega-
LacOpuro) by homologous recombination in yeast. The resultant YAC
vector (named �7C5opYAC) contains 256 copies of Lac operators on
its left arm. The HAC containing �7C5opYAC DNA is made detect-
able by the binding of GFP fusion Lac repressor proteins (GFP-LacR)
expressed in living cells. (B) Scheme of the BAC vectors containing
�7C5 alphoid DNA. Both alphoid BACs contain 70-kb �21-I alphoid
DNA derived from �7C5hTEL YAC. pBAC�LacObsr contains 256
copies of Lac operators, as does the �7C5opYAC vector, and the
SV2bsr gene as a selective marker.
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chromosome 21 (see Materials and Methods). Moreover, chro-
matin immunoprecipitation analysis showed that the essential
marker for the functional centromere, CENP-A, directly as-
sembled on the input alphoid YAC DNAs (see Fig. S1 in the
supplemental material). In agreement with our previous struc-
tural and chromatin immunoprecipitation analyses of indepen-
dent and reproducible HACs derived both from the same
insert alphoid DNA and the synthetic �21-I alphoid DNA (27,
36, 43, 44, 48), all these results are consistent with nonacqui-
sition of host chromosome sequences during HAC formation
with amplified introduced DNAs. However, it would be diffi-
cult to exclude a possible presence of small host DNA se-
quence below the threshold of any detection methods.

Distribution of centromere proteins relative to LacO/GFP-
LacR on the HAC. Next, we analyzed the correlation of the
GFP-LacR-tagged sites with the sites of centromere protein
assembly on the HACs and on the YAC integration site of the
host centromere as a control, using indirect immunofluores-
cence staining with specific antibodies on fixed spreads of
metaphase chromosomes. In the four HAC cell lines derived
from the YAC and the BAC transformants, GFP-LacR signals
overlapped with extrachromosomal DAPI (4�,6�-diamidino-2-
phenylindole) signals and CENP-B (a specific binding protein
of type-I alphoid DNA) staining regions and were always ac-
companied by staining for the inner kinetochore essential pro-
teins, CENP-A and CENP-C, both of which assemble on only
the active centromere/kinetochore (Fig. 4A). No other specific
GFP signal was detected on the host chromosomes in these cell
lines; there was a weak background of GFP-LacR over the
entire nucleus and the chromosomes (Fig. 2A and B). In the
cell line in which the YAC was integrated into the host cen-
tromere (op10), the GFP signal also overlapped with CENP-A,
-B, and -C assembled at the canonical host centromere/kineto-
chore (Fig. 4B). Thus, centromere/kinetochore components
(CENP-A, -B, and -C) assembled on HACs containing GFP-
LacR bound to multimerized LacO.

Stability of HACs containing GFP-LacR binding sites. Sta-
ble HACs are formed from the multimerized structure of the
input alphoid YAC/BAC DNA and have been shown to be
composed of a regular multimerized structure of an input
alphoid YAC DNA if linear DNA molecules terminating with
telomere sequences are used (27, 36, 43). Consequently, we
have focused our further analyses using the GFP-LacR/LacO
system on YAC-based HACs. We obtained sublines of cells

FIG. 2. Artificial chromosomes containing �7C5opYAC DNA can be detected as green fluorescence signals of GFP-LacR. (A) Introduced
�7C5opYAC was observed as a tiny green fluorescent spot of GFP-LacR (arrowhead in right frame) in a living transformed cell. DNA was
counterstained with Hoechst 33342 (left). (B) GFP-LacR fusion protein specifically assembled on the minichromosome containing �7C5opYAC
(arrowhead). Cytospun metaphase chromosomes were immunostained with anti-GFP antibody (green), and chromosomes were counterstained
with DAPI (blue). (C) FISH analysis of a minichromosome containing �7C5opYAC (arrowhead). Cells were hybridized with a YAC vector probe
(red) and �21-I alphoid DNA probe (green). Chromosomes were counterstained with DAPI (blue). (D) The association and dissociation of
GFP-LacR with the minichromosome containing �7C5opYAC were reversibly controlled by IPTG treatment. The signal of GFP-LacR on the
GFP-HAC (arrowhead in left frame) disappeared with 0.2 mM IPTG treatment for 2 h (middle frame). At 24 h after removal of IPTG, GFP-LacR
signals were again observed (arrowheads in right frame). The data from cell line op29 were used. Scale bars, 10 �m.

TABLE 1. Efficiency of HAC formation by transfection with
alphoid YAC/BAC DNA containing LacOa

Introduced DNA mix
No. of

cell lines
analyzed

Fate of transfected DNA
by FISH analysis
(no. of cell lines)

HAC
formation

Host
chromosomal

integration
regionb

Tel Cen Arm

�7C5opYAC-�7C5hTEL YAC 7 2 4 1 0
pBAC�LacObsr-pBAC�7C5 24 2 0 17 5

a Cell lines were classified according to transfected DNA fate as measured by
FISH and GFP analysis. In each category, more than 50% of FISH signals were
on either minichromosomes (two 7C5hTEL cell lines) or host chromosomes.

b Tel, telomeric; Cen, centromeric; Arm, chromosome interstitial integration
sites.
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containing one copy (op21-510 and op21-516) and multiple
copies (mainly two copies; op21-410 and op29-13) of HACs in
the majority of cells by subcloning from the original cell lines
(op21 and op29). The stability of the HACs was analyzed by
observation of GFP signals in living cells (Fig. 2A); (this
method can avoid errors due to spreading) and on cytospun
metaphase spreads (Fig. 2B) or by FISH on metaphase spreads
(Fig. 2C) during 10 weeks (70 days) of growth in nonselective

medium. The cell population containing two to three HAC
copies fluctuated in a small number, and then the cell popu-
lations with no HAC signal increased gradually during long
culture. This result was consistent and independent of the
detection method (Table 2) (the loss rate R 	 0.0064 to 0.0090
for op21-510 and op21-516), suggesting that this small insta-
bility might be caused by irregular nondisjunction and conse-
quent chromosome loss events during passage in culture. The

FIG. 3. Structural analyses of the GFP-HAC by FISH. (A) Metaphase GFP-HACs were hybridized with a mixture of intra- and inter-Alu PCR
products (green signals) and the YAC vector probe (red signals). DNA was counterstained with DAPI (blue signals). No positive signals were
detected on the GFP-HACs (arrowhead) using Alu PCR probes, while the strong hybridization signals were detected on whole host chromosome
arms (right upper frame). (B) Metaphase GFP-HACs were hybridized with the PCR-amplified pan-alphoid DNA probes (green signals) designed
to detect all human centromeres and the YAC vector probe (red signals) and counterstained with DAPI (blue signals). The excess amount of
nonlabeled �21-I alphoid DNA was added to the hybridization mixture as a competitor. The signals of pan-alphoid DNA were specifically
competed out from the GFP-HAC (arrowhead) and chromosomes 13 and 21, confirming the absence of the other host centromeric alphoid DNA
sequences on the GFP-HAC. Bars, 5 �m.
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cell sublines containing multicopy HACs (op21-410 and op29-
13) also maintained a loss rate lower than an R value of 0.014
(data not shown). All the results showed that HACs were
maintained substantially stably, with an efficiency of 98.6 to
99.4% per cell division. When isopropyl-
-D-thiogalacto-
pyranoside (IPTG) was added to the medium for 2 h, GFP-
LacR signals disappeared from the HAC, but the signals on the
HAC reappeared when IPTG was removed from the medium
(Fig. 2D). Thus, GFP-LacR binding to the HAC is reversible.
However, the stability of the HAC was not changed by pre-
venting GFP-LacR binding to the HAC by adding IPTG for an
additional 9 weeks (63 days) of culture (Table 2) (R 	 0.0074).
Thus, the stability of HACs containing the GFP-LacR/LacO
system is similar to that of HACs based on an alphoid YAC
without the GFP-LacR/LacO system (98.4 to 99.5% stability
per cell division) (27) and can be followed by the GFP signal in

living cells without using FISH analyses. The GFP signal from
the YAC integrated into the host centromere (op10) was quite
stable (R � 0.001; data not shown).

Real time analyses of HACs in living mitotic cells. Before
starting our precise, real-time observation of HAC segrega-
tion, we measured the average periods for each mitotic phase
in normal HT1080 cells under the same conditions used for
GFP signal analysis. We used a fluorescent microscope with a
stage chamber at 37°C and 5% CO2, in which HT1080 cells
grow normally for at least 3 days. In a normal HT1080 cell, the
pole-to-pole orientation of the spindle rotates from vertical to
horizontal during prometaphase. We defined the period
“prophase to prometaphase” expediently as from nuclear
membrane breakdown to the end of the spindle’s rotation to
the horizontal position, “metaphase to anaphase onset” as
from the end of spindle rotation to the start of sister chromatid
separation, and “anaphase to telophase” as from anaphase
onset to the end of cytokinesis. In normal HT1080 cells, on
average, prophase to prometaphase was 40.6 min (n 	 5),
metaphase to anaphase onset was 42.2 min, and anaphase to
telophase was 18.6 min; the total time of the mitotic phases was
101.4 min (Table 3). The most sensitive mitotic periods (from
metaphase to anaphase onset in HT1080 cells) were not af-
fected by continuous exposure to B excitation (Zeiss AttoArk
at 50W) for 10 min or to GFP-specific excitation but were
arrested by a 30-s continuous exposure to UV excitation (Table
3). The metaphase to telophase mitotic periods of HT1080-
derived cells containing one or two copies of an HAC (op29
cell line) and the host centromere YAC integration signals
(op10 cell line) were not significantly different from those of
the parental HT1080 cells during our time-lapse analyses of
GFP signals (Table 3).

Timing of sister chromatid separation. To analyze HAC
segregation, we used two different approaches using living
cells. One was coobservation of GFP-HAC signals and centro-
meres of host chromosomes, which were visualized by RFP
fused to CENP-C (RFP-CENPC). The second method was
real-time observation and comparison of GFP-HAC signals
and GFP-host centromere signals during mitosis using time-
lapse analyses.

For the first approach, RFP-CENPC was expressed in the
cell lines containing �7C5opYAC DNA. Through the cell cycle
from G1 to G2 in a living cell, GFP signals on a HAC and on
a centromeric integration site of a host chromosome were
closely associated with one (own centromere) of the centro-
meres detected by RFP-CENP-C signals (Fig. 5A and B). Dur-
ing the periods from G2 to metaphase, GFP signals on the
HAC were detected between a duplicated pair of RFP-
CENP-C signals (Fig. 4A and 5A in metaphase). From the
prometaphase to metaphase periods, GFP signals on the HAC
aligned at the metaphase plate with the same timing as the host
RFP-CENP-C centromeres. At anaphase onset, both GFP sig-
nals on the sister chromatids of the HAC separated into two
signals at the same time as the sisters of the host centromeres
and moved in the directions of the spindle poles. At least from
the observations of a total of 200 GFP-HAC signals in live cells
(op29) in metaphase and anaphase, we failed to detect a lag-
ging HAC signal that was apart from host centromere move-
ments or a nondisjunction signal (for example, 2:0 separation),
consistent with the low loss rate. Thus, most of the centro-

FIG. 4. Assembly of centromere components on human artificial
chromosomes containing �7C5opYAC (GFP-HAC). Metaphase GFP-
HACs in the op29 cell line (A) and a GFP-host centromere in the op10
cell line (B) were analyzed by indirect immunofluorescence using anti-
CENP-A, anti-CENP-B, or anti-CENP-C (all red, as indicated on the
figure) and anti-GFP (green) antibodies. Chromosomes were counter-
stained with DAPI (blue). Arrowheads indicate HACs (A) or host
centromeres integrated by �7C5opYAC (B). Scale bar, 10 �m.
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meres of the artificial chromosomes function to align the chro-
mosome accurately at the metaphase plate, maintain sister
chromatid cohesion until the end of metaphase, and resolve
the cohesion at the same time as host chromosome’s sister
centromere separation, in synchrony with the mitotic cell cycle
progression to anaphase onset.

Dynamics and velocity of an HAC during metaphase and
anaphase. We asked if the centromere of the artificial chro-
mosome controls the balance of tension between the sister
kinetochores and spindle poles and if it has motor activities on
spindle microtubules equivalent to those of the centromeres on
host chromosomes (38, 45, 54). We observed the dynamics of
the HACs by time-lapse analysis in living cells in mitosis. Time-
lapse images of GFP-HAC and GFP-host centromeres in living
cells during late prometaphase to telophase are shown in Fig.
6. GFP signals from a HAC and a host centromere were de-
tected as single spots and closely colocated double dots, re-
spectively, near the spindle equator, from the end of promet-
aphase to metaphase (Fig. 6A and B; see Fig. S2, S3, and S4 in
the supplemental material). At anaphase onset (Fig. 6A and B,

TABLE 2. Comparison of HAC stability tested by living cell, cytospin, and FISH analysesa

Cell line No. of
days Analysis method Total no. of

metaphase cells

Fate of transfected DNA (%)b

HAC loss
rate (R)cNo. of HACs/cell Integration

signal No signal
1 2 3

op21-510 0 Living cell 36 97 3 0 ND 0
0 Cytospin 38 97 0 0 0 3

14 Living cell 52 88 4 0 ND 8
14 FISH 67 91 4.5 0 0 4.5

28 Living cell 57 86 3 0 ND 11
28 FISH 68 82 6 2 0 10

42 Living cell 53 85 0 0 ND 15
42 FISH 67 78 10 3 0 9

56 Living cell 64 61 6 5 ND 28
56 FISH 93 67 5 0 0 28

70 Living cell 53 57 5 0 ND 38 0.0064
70 FISH 58 47 5 0 0 48 0.0090

op21-516 0 Living cell 23 100 0 0 ND 0
0 Cytospin 34 94 3 0 0 3

70 Cytospin 63 57 3 0 0 40 0.0072

op21-410 0 Living cell 89 27 67 5 ND 1
0 Cytospin 51 12 78 6 0 4

op21-510 49d FISH 68 68 0 0 0 32 0.0074
112e FISH 66 41 2 0 0 57 0.0074

a Metaphase cells were prepared from cell lines after 0, 2, 4, 6, 8, or 10 weeks in the absence of blasticidin S selection. The fate of the HAC was scored by the
observation of GFP signals in living cells (Living cell) or on metaphase spreads (Cytospin) or by FISH analysis on metaphase spreads (FISH).

b Based on signals from minichromosomes or integrated DNA. In observations of living cells, GFP signals from minichromosomes and integrated DNA are not
distinguishable (ND).

c The HAC loss rate (R) was calculated by the following formula: N70 	 N0 � (1 � R)70. N0 and N70 are the rates for HAC-containing cells in each cell line at
the time points of day 0 and day 70 (10 weeks).

d IPTG was absent during the culture.
e IPTG was added at day 49.

TABLE 3. Periods of mitotic phases of GFP-HAC-containing cells
and normal HT1080 cells

Cell line and treatment

Avg time (min) of mitotic
period (range)a

Metaphase to
anaphase onset

Anaphase onset
to telophase

HT1080 42.2 (36–50) 18.6 (13–23)
B excitation for 10 min 38.2 (35–42) 20.6 (16–27)
UV excitation for 5 s 39.6 (33–45) 22.0 (16–30)
UV excitation for 30 s Arrest

op29b 38.4 (37–40) 17.6 (12–21)
op29c 40 18
op10d 37.2 (33–40) 21.3 (15–30)

a Mean value from observations of five individual live cells. All values except
that of HT1080 with UV excitation for 30 s showed no significant differences by
Student’s t test (P � 0.05).

b Cell line with 1 HAC by GFP analysis.
c Cell line with 2 HACs by GFP analysis. Data are from a single cell.
d Cell line with host centromere YAC integration signal.
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where time zero indicates the last time point before sister
chromatid separation), the GFP signals from both were sepa-
rated into two spots near the spindle equator (Fig. 6C and D;
points 11 and 10, respectively, indicate HAC and host centro-
mere signals) and moved toward each spindle pole. This timing
and positioning are equivalent to those seen during host sister
chromatid separation (Fig. 5).

Displacements of individual GFP signals relative to the spin-
dle equator in successive intervals (3 or 5 min) from the end of
prometaphase to telophase (cytokinesis) are shown in Fig. 7

(y axis, distance from spindle equator; y 	 0 at time zero).
During this period, GFP-HAC moved faster and changed di-
rection frequently (oscillation, 3 to 9 times; average, 6.0) across
or around the spindle equator along the pole-to-pole axis (Fig.
7A), while the GFP-host centromere moved slowly and oscil-
lated less (0 to 3 times; average, 1.3) (Fig. 7B). In the cell
containing two HACs, two GFP-HAC signals also oscillated
frequently and independently during metaphase periods, but
the sister GFP signals from these two HACs separated with the
same timing at anaphase onset (Fig. 7A, graph 6). Poleward-

FIG. 5. GFP-LacR signals on the HAC and the host centromere colocalized with CENP-C through the cell cycle. GFP-LacR (green) and
CENP-C fused with RFP (red) on the GFP-HAC in op29 cell line (A) and the GFP-host centromere in op10 cell line (B) were observed in living
cells. Arrows indicate GFP-HACs. Scale bars, 10 �m.
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antipoleward oscillation around the spindle midzone is char-
acteristic of metaphase centromere movements (33, 55, 56).
Although more frequent oscillation across the spindle equa-
tor was observed with HACs during metaphase, the results
indicated that the individual HACs stayed near the spindle
midzone. During the late anaphase (telophase) period,
some GFP signal tracks, both from sister HAC chromatids
and host sister centromeres, showed turning from the pole-
ward to the reverse direction (Fig. 7A, graph 3, and B,
graphs 3 and 4), and these three-dimensional rotational
movements of the gathered sister chromatids in the z-axial

(depth of the stage) and the longitudinal (the equator) di-
rections might be caused by cell-cell interactions and the
directional change of cell division after anaphase. In these
cases, the spindle pole-to-pole direction is not completely
horizontal at time zero; sister centromere displacements at
anaphase are shown to be nonsymmetrical to some degree
(Fig. 7A, graphs 2, 3, 5, and 6; and B, graphs 3 and 4). In
addition to these common movements of HACs and host
sister centromeres, some HACs (Fig. 6C, numbers 1, 2, and
6-1; see Fig. S4A in the supplemental material) also gradu-
ally moved in the longitudinal direction during metaphase,

FIG. 6. Analysis of GFP-LacR signal trails during mitosis in live cells. Images from time-lapse analysis of live cells showing the GFP-LacR
signals on GFP-HACs (A) and GFP-host centromeres (B). Scale bar, 20 �m. Time zero is the last time point at which the sister chromatids of the
GFP-HAC or the GFP-host centromere were still associated, just before anaphase onset. Arrows indicate the direction of the chromosome
movement during anaphase onset (pole-to-pole direction). The trails of GFP-HACs (C) and GFP-host centromeres (D) during mitosis are shown.
Numbers in panels C and D correspond to frame numbers in panels A and B, respectively. Broken line indicates border of the mitotic cell surface.
Scale bar, 10 �m. The data from op29 cell 1 (A and C) and op10 cell 1 (B and D) were used as examples.
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compared to the simple oscillation at the same longitudinal
position of the rest of the HACs and host centromeres (Fig.
6D; see Fig. S4B in the supplemental material).

The velocities (�m/min) of HACs and host centromeres
were calculated and plotted from the distances that GFP sig-
nals moved within each time interval of 3 or 5 min, including
two-dimensional movement from one time point to the next
time point; the average velocities calculated from all the ve-
locities measured along each observation were plotted in Fig.
7C. The maximum velocity and the average velocity of HACs
during metaphase periods were 0.40 to 1.22 �m/min and 0.38
�m/min, respectively, and were at least twice the host centro-
mere velocities of 0.12 to 0.58 �m/min and 0.16 �m/min, re-
spectively (P � 0.01). However, in anaphase, although both the

maximum velocity and the average velocity of HACs and host
centromeres increased, these HAC velocities (0.71 to 1.79 �m/
min and 0.55 �m/min, respectively) approached and were not
significantly different from those of the host centromeres (0.50
to 1.32 �m/min and 0.56 �m/min, respectively; P � 0.9) of the
cell lines. Although frequent oscillation and higher velocity
before anaphase onset were observed with HACs, the sister
chromatids of the HACs and of the host chromosomes moved
to the spindle poles with similar velocities in anaphase.

DISCUSSION

A HAC retains most of the functions expected of the cen-
tromere of a stable chromosome. The following observations

FIG. 7. The movement and the velocity of GFP-HACs and GFP-host centromeres during mitosis. The distances (one dimensional) from spindle
equator (y 	 0) to GFP-LacR signal of GFP-HACs (A) and GFP-host centromeres (B) at the each time point were plotted. The x axis represents
time points. Time zero is the same as that described in the legend of Fig. 6. We regarded the stage from �37 min to 0 min as prometaphase-
metaphase periods (gray area) and as a basis of the average length of prometaphase-metaphase under these culture conditions for these cell lines
(Table 3). Velocities (�m/min) of HACs and host centromeres were calculated from the distances that GFP signals moved within each time interval
of 3 or 5 min, including two-dimensional movement from one time point to the next time point; average values of each observation in metaphase
or anaphase were plotted with bars in panel C. Dashed lines indicate the average velocity of GFP-HACs and GFP-host centromeres calculated
from all the velocities measured along each observation. The bars on the columns indicate the standard deviations. �, a maximum value (velocity)
during the observation. The data from cells A (graphs 1 to 6 correspond to op29 cells 1 to 6, respectively) and B (graphs 1 to 4 correspond to op10
cells 1 to 4, respectively) were used. The average velocity of HACs and the host centromeres during metaphase periods are significantly different
(P � 0.01), while in anaphase, average velocities of the HACs and host centromeres were not significantly different (P � 0.9) by a Student’s t test.
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provide evidence that the HAC has a functional centromere
that is indistinguishable from that of a natural chromosome. (i)
Marker components for the centromere/kinetochore (CENP-A,
-B, and -C), microtubule motor, kinetochore-dependent check-
point (CENP-E and Mad2) (27, 48) (see Fig. S5 in the supple-
mental material), inner centromere, and heterochromatin (HP1�
and Aurora B) (44) assembled on the HAC. (ii) The HAC can
align accurately at the spindle midzone (Fig. 5, 6, and 7). (iii) The
sister chromatids of the HAC are resolved at the same time as
those of the natural chromosomes (Fig. 5, 6, and 7). (iv) The
centromere of the artificial chromosome has motor activity
(about 0.55 �m/min) on spindle microtubules equivalent to that
of the centromeres on host chromosomes (about 0.56 �m/min)
during anaphase (Fig. 7C). Consistent with the long-term stability
of the artificial chromosomes in nonselective culture conditions
(98.6 to 99.4% per cell division) (Table 2), all these results clearly
indicate that de novo HACs retain most of the functions expected
of the centromeres of natural chromosomes. Thus, it also implies
that the multimer of the input alphoid YAC DNA can provide a
common foundation for chromatin assembly and the structures
required for a functional centromere and a stable chromosome.

HACs align at the metaphase plate accurately. Laser micro-
surgery experiments demonstrated that a chromosome arm
dissected from the proximal part of the chromosome contain-
ing a centromere moved rapidly in the direction of the spindle
midzone (50). A chromosome arm receives the ejection force
from the pole through the interaction between spindle micro-
tubules and chromokinesin (Kid). Immunodepletion of a Kid
homologue from Xenopus egg extract prevents normal chro-
mosomal alignment (2, 13). In human cells, antibody-induced
inhibition of Kid blocks chromosome oscillations, with the
chromosome arm atypically extending towards the spindle
poles during congression, while the chromosomes are aligned
at the spindle midzone (33). These results indicate that human
chromosomes can align and stabilize their position at the spin-
dle midzone through kinetochore functions. The total size of a
HAC (3 to 5 Mb) corresponds to less than only 1/10 of the long
arm (�50 Mb) of the small human chromosome 21. The
smaller size and the negligible chromosome arm on the HAC
imply that the HAC simply receives a smaller polar ejection
force. Irrespective of this disadvantage of the HAC, our ob-
servation showed that HACs could align at the spindle mid-
zone accurately, with mitotic periods similar to those of the
original HT1080 cell line (Fig. 5, 6, and 7 and Table 3), indi-
cating that the HAC can accomplish this mostly by kinetochore
function. The main reason for the small instability of the HAC
might be nondisjunction and consequent chromosome loss
events during passage in the culture (Table 2). However, using
the present system, we failed to determine how the nondis-
junction and the loss occur or whether the lagging HAC is
checked or unchecked by the mitotic checkpoint under normal,
nonselective culture. CENP-E and Mad2, factors which are
involved in the kinetochore-dependent checkpoint (7), can as-
semble on the artificial chromosomes derived from the alphoid
YAC or BAC in metaphase-arrested cells (27, 48) (see Fig. S5
in the supplemental material), suggesting the possibility that an
unattached HAC might also be monitored by the spindle
checkpoint mechanism (see below).

The disadvantages of the smaller size of the HAC may be
more serious if a HAC happens to be located outside of the

spindle during prophase. It was reported that some HACs
displayed increased instability (2 to 10%; mainly nondisjunc-
tion and lagging chromosomes) when cells were doubly treated
with an inhibitor of microtubule polymerization (nocodazole)
and then of cytokinesis (dihydrocytochalasin B) (52). The chro-
matin organization and balanced assembly of centromere/
kinetochore components on de novo HACs may be more sen-
sitive or dynamic, and thus affected, if the cellular and chro-
matin environment is drastically changed by such treatments.
Indeed, even the natural chromosomes displayed merotelic
kinetochores at a 15-fold higher rate (17%) than was seen in
normal PtK1 cells after treatment with an inhibitor of micro-
tubule polymerization (6), and mechanisms exist to correct
improper kinetochore-microtubule attachments in the normal
condition (54).

Frequent oscillations with larger velocities across around
the spindle midzone with all HACs. The control of tension
generated by interactions between spindle microtubules and
kinetochores at each side of the centromere is one of the major
functions of the kinetochore and the inner centromere struc-
ture (7, 34, 38, 45, 54). Interestingly, more frequent oscillations
with larger velocities across and around the spindle midzone
were observed with all HACs, relative to those of natural
chromosomes, during metaphase. It is conceivable that a
smaller polar ejection force on chromokinesin because of a
HAC’s small size may decrease the stabilizing force of the
HAC at the spindle midzone and, thus, may cause an increase
in the frequency of the oscillations, with larger amplitudes,
across the spindle equator. However, this interpretation is not
consistent with the observation that antibody-induced inhibi-
tion of Kid blocks chromosome oscillations (33). The smaller
size of an HAC may simply increase the HAC’s degrees of
freedom among the gathering chromosomes for movement in
the spindle pole-to-pole direction and even for movement in
the longitudinal direction in some cases. Otherwise, if there is
a longer time lag between the tension and the counter-tension
reactions at the centromere on the HAC than at the centro-
mere on the host chromosome, the HAC may oscillate with
larger amplitudes. However, actual HACs in living cells oscil-
late more frequently, with quicker motion, than the host chro-
mosomes. The elastic nature of the inner centromere regions
of human chromosomes has been demonstrated in living cells
during oscillation (55). It is possible that the inner centromere
region of the HAC derived from the multimerized structure of
the 70 kb of alphoid DNA plus the 35 kb of YAC vector is less
elastic than that of the natural centromere, based on the mega-
base-level order of the repetitive array, which is able to absorb
the tension generated by polymerization or depolymerization
of microtubule plus ends at the outer kinetochores (54). It
could, therefore, generate the time margin just before applying
the counter-tension at the outer kinetochore side, and as a
result, a HAC with a less elastic structure between sister ki-
netochores might start to move quickly across the spindle
equator if an unbalanced tension were generated and might
frequently change direction if counter-tensions were applied.
The resolution and sensitivity of our present observation sys-
tem limit its use for shorter time-lapse observations of the
distance between sister kinetochores, so further improvements
of the system are required in order to determine which possi-
bility is correct. However, in either case, the frequent oscilla-
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tions around the spindle midzone indicate frequent generation
of tension and counter-tension by frequent switching between
polymerization and depolymerization of microtubule plus ends
on the HAC. This is consistent with the HAC’s having these
major, precisely controlled functions of the kinetochore and
the inner centromere structures.

The sister chromatids of the HAC are resolved coordinately
with the natural chromosomes. Recent analyses have indicated
that, in addition to functional kinetochore assembly, sister
chromatid cohesion and its resolution mechanisms involved
with passenger proteins (INCENP and Aurora B, e.g.) are
required for the proper segregation of the chromosomes (34).
In fission yeast, cohesin is associated with a heterochromatin
protein HP1 homolog (Swi6) (4, 46). In higher eukaryotes, the
disruption of heterochromatin causes the loss of proper cohe-
sion and missegregation of chromosomes (17, 60). The sister
chromatids of the HAC are resolved with the same timing as
those of natural chromosomes, synchronizing the progression
of the mitotic cell cycle. The result indicates that the artificial
chromosomes can maintain sister chromatid cohesion and can
control its resolution mechanisms (Fig. 5, 6, and 7) and thus
execute segregation processes properly, as required for a single
chromosome in synchrony with the mitotic cell cycle. In addi-
tion to these results, the observation that all HAC sister chro-
matids (whether derived from the YAC-based linear or BAC-
based circular constructs) that we have analyzed to date hold
together in mitotic cells arrested by treatment with an inhibitor
of microtubule assembly (Fig. 4) also strongly supports the
conclusion that sister chromatid cohesion controlled by mitotic
checkpoint mechanisms is coupled to the assembly of the func-
tional centromere on the HAC.

From this point of view, the assembly of heterochromatin
(trimethyl-H3K9 and HP1�) is indispensable to the control of
the cohesion of the stable HACs. Indeed, our recent experi-
ments showed that an additional insertion of a marker gene
with a strong promoter/enhancer into the vector sequence sig-
nificantly reduced the efficiency of HAC formation. Con-
versely, the additional transcriptional activities of these marker
genes increased the assembly of the centromere proteins
CENP-A, -B, and -C on the insert alphoid DNA at the ectopic
integration site of the input alphoid BAC DNA (44). There-
fore, the balanced assembly of heterochromatin as well as the
assembly of the functional centromere/kinetochore structure is
required for stable HAC formation (37, 43). In our present
experiments, we obtained only a small number of transfor-
mants with �7C5opYAC DNA transfection alone. The exis-
tence of multiple LacO sequences or multiple LacR molecules
that bind to the vector arm might incline the initial balance of
centromere chromatin and heterochromatin on the introduced
DNA to either side. The result also indicates that even this
kind of YAC construct can form a stable HAC if the YAC
DNA is mixed with an original alphoid YAC (�7C5hTel) DNA
to compensate for the insufficient seed for chromatin assembly;
thus, the number of the multiple LacO sequences is reduced to
one-fifth (see similar results from the mixture of the different
BAC constructs in reference 44). With the HAC formed from
the YAC DNA mixture, sister chromatid cohesion controlled
by a mitotic checkpoint mechanism functioned correctly and
was resolved. Moreover, once a stable HAC was formed, the
presence or absence of a large amount of LacR binding to

the HAC did not affect its stability seriously, suggesting that
having only one-fifth the number of multiple LacO sequences
might not target a critical structure on the HAC. Otherwise,
the chromatin assembly and self-maintenance mechanisms of
the HAC permit considerable modulating capacity (plasticity)
for ectopic protein binding. This kind of plasticity in HAC
formation and centromere assembly are the most interesting
properties in regard to extending the description of species-
specific centromere DNA structure, the existence of active
genes within centromere domains (42), and neocentromere
formation (53), as well as for future applications of the HAC
vector.

The only treatments we applied to the cells for HAC for-
mation were transfection of a naked alphoid YAC/BAC DNA
and selection. Our results indicate that HT1080 cells can gen-
erate quite elaborate mechanisms for stably replicating and
segregating de novo chromosome systems. De novo centro-
mere assembly in cultured human cells requires human cen-
tromere-specific alphoid DNA containing CENP-B binding
sites (37, 48). However, CENP-B is not required for chromo-
some segregation itself in CENP-B knockout mice, human
neocentromeres, and centromeres on Y chromosomes (9, 25,
29, 49). This is surprising, because the results strongly suggest
that the elaborate chromosome systems for replication and
segregation may be established semiautonomously if a nones-
sential but centromere-specific DNA-binding protein starts to
assemble and thus changes the status of the naked input DNA.
To date, a few cell lines combined with a particular satellite
DNA are known to have this capacity. Despite these discrep-
ancies, we have also generated de novo artificial chromosomes
reproducibly in a mouse cell line; this assembly is dependent
on the existence of the CENP-B/CENP-B box interaction on a
satellite DNA (T. Okada and H. Masumoto, submitted for
publication). Further investigation is required to determine
how the cellular environment and chromatin assembly (of eu-
chromatin, centromeric chromatin, and heterochromatin) and
the nature of repetitive DNA are involved in the process.
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