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Summary

To investigate the mechanism of chromatin assembly at
human centromeres, we isolated cultured human cell lines
in which a transfected alpha-satellite (alphoid) YAC was
integrated ectopically into the terminal region of host
chromosome 16, where it was stably maintained.
Centromere activity of the alphoid YAC was suppressed at
ectopic locations on the host chromosome, as indicated by
the absent or reduced assembly of CENP-A and -C.
However, long-term culture in selective medium, or short-
term treatment with the histone deacetylase inhibitor
Trichostatin A (TSA), promoted the re-assembly of CENP-
A, -B and -C at the YAC site and the release of

artificial chromosome both indicated that CENP-A and
CENP-B assembled only on the inserted alphoid array but
not on the YAC arms. On the YAC arms at the alphoid YAC
integration sites, TSA treatment increased both the
acetylation level of histone H3 and the transcriptional level
of a marker gene. An increase in the level of transcription
was also observed after long-term culture in selective
medium. These activities, which are associated with
changes in chromatin structure, might reverse the
suppressed chromatin state of the YAC at ectopic loci, and
thus might be involved in the epigenetic change of silent
centromeres on ectopic alphoid loci.

minichromosomes containing the YAC integration site.
Chromatin immunoprecipitation analyses of the re-formed
minichromosome and the alphoid YAC-based stable human

Key words: Centromere, Alpha-satellite, Mammalian artificial
chromosome, Heterochromatin, Histone acetylation

Introduction alphoid DNA)-binding protein (Earnshaw et al.,, 1987;

The centromere is an essential functional domain responsiblasumoto et al., 1989b; Cooke et al., 1990), and CENP-C, an
for the correct inheritance of eukaryotic chromosomes duringiiner kinetochore protein (Saitoh et al., 1992). However, the
cell division. In mitosis, a specific structure, the kinetochorepresence of alphoid DNA is not sufficient to create a functional
is formed at the outer surfaces of the centromere (Brinkley argentromere structure. On stable dicentric chromosomes,
Stubblefield, 1966; Rattner, 1987; Pluta et al., 1995; ClevelarldENP-A, CENP-C and CENP-E [a kinesin-like motor protein
et al., 2003) and directs chromosome segregation. Seveff@und at the kinetochore (Yen et al., 1991; Wood et al., 1997)]
protein components of the centromere/kinetochore structur@® not assemble on the inactive centromere despite the
have been identified, including the centromeric proteingresence of alphoid DNA and CENP-B (Sullivan and
(CENP) CENP-A, -B,-C, -E, -H,-F, and hMis6 (CENP-I) and Schwartz, 1995; Warburton et al., 1997; Fisher et al., 1997). A
hMis12 (Warburton, 2001; Goshima et al., 2003; Liu et al.marker chromosome containing a neocentromere, which lacks
2003), some of which are conserved between yeast species dttdectable alphoid DNA and CENP-B (du Sart et al., 1997),
humans (Kitagawa and Hieter, 2001). In contrast, centromerlyas found to be mitotically stable, and most of the known
DNA organization varies widely among species (Murphy andentromere proteins assembled at the site of the neocentromere
Karpen, 1998; Choo, 2001; Henikoff et al., 2001). (Saffery et al., 2000). One possible explanation for these
Our understanding of the molecular mechanisms that specifihenomena is that centromere activity is maintained by a
the sites of functional centromeres in higher eukaryotes is stiihromatin assembly mechanism rather than by the primary
incomplete (Shelby et al., 2000). Many observations an®NA sequence (Steiner and Clarke, 1994; Williams et al.,
analyses of human chromosomes have indicated that tid€98; Murphy and Karpen, 1998; Wiens and Sorger, 1998).
mechanisms specifying the sites for functional centromeres areOn all normal human chromosomes, however, functional
highly complex. Extensive stretches of alpha satellite (alphoidjentromere structures are formed and maintained on alphoid
DNA, consisting of tandemly repeated, 171 bp units, ar®NA arrays. The mechanisms that specify the location of
present in the centromeric regions of all normal humamentromeres are not straightforward, because simple
chromosomes (Willard and Waye, 1987; Choo et al., 199Imechanisms do not explain these paradoxical events. Despite
Marcais et al., 1993). These sequences colocalize with protefhese discrepancies, several groups have succeeded in
components of the centromere/kinetochore domaingenerating mammalian artificial chromosomes (MACs) with
(Masumoto et al., 1989a), including CENP-A, a centromerefunctional centromeres that depend on type | alphoid sequences
specific histone H3 variant (Palmer et al., 1991; Sullivan et alfor de novo events (Harrington et al., 1997; lkeno et al., 1998;
1994); CENP-B, a CENP-B box (a 17 bp sequence found iMasumoto et al., 1998; Henning et al., 1999; Ebersole et al.,
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2000; Mejia et al., 2001; Grimes et al., 2002; Ohzeki et alMitotic stability of re-formed minichromosomes

2002). However, MAC formation as the predominant effectrhe cell line 7C5HT1-19 was cultured in selective medium for 60
was observed in approximately 30-40% of cell lines, and in days and subclones were established during the next 30 days. To test
subpopulation of cells the multimerized alphoid YAC DNAs minichromosome stability, the subclones were cultured for a further
integrated into host chromosomes. The different fates of th@0 days in nonselective medium and analyzed by FISH.

introduced YAC DNA in different cells suggest that epigenetic

controls, such as those that regulate chromatin assembly, &gromatin immunoprecipitation (ChIP)

Involve(_i in this process. . . . Cells were crosslinked for 5 minutes in 0.25% formaldehyde. The
_In this study, to investigate how epigenetic mechanismgaction was stopped by addition of glycine to 417 mM and cells were
direct the assembly of chromatin on human centromeres, Weashed three times with TBS and frozen in liquid nitrogen. Chromatin
isolated a cell sub-line in which the transfected alphoid YAGvas fragmented by sonication to a size of 100-500 bp in sonication
DNA was integrated into a host chromosome and was stabhuffer (5 mM Hepes pH 8.0, 1j8M aprotinin, 10uM leupeptin, 1
maintained without changes in the overall DNA structure omM DTT, 40 uM MG132) using Bioruptor Closed Type Sonicator
the introduced alphoid YAC array during subcloning. We(Cosmo Bio Co,, Ltd). ,
demonstrate that the suppressed state of centromeres on th&he soluble chromatin was pre-cleaned with normal mouse 19G
alphoid construct can be changed, and that this is accompanigtjnta Cruz) and immunoprecipitated with anti-CENP-A (MAN1) or

A ) ; nti-CENP-B (mouse monoclonal antibodies raised against human
by %EtNP '_A‘I’ B af[nd C aﬁsemb_l’%; aslshgwnfun?ﬁr t\\;vAoCdgfere ENP-B, 2D8D8 and 5E6C1) antibodies in IP buffer (30 mM Hepes
conaiuons: long-term culture witn selection 1or the -borne 8.0, 150 mM NaCl, 1 mM EGTA, 2 mM Mggl2 mM ATP, 1.5

marker, and treatment with an inhibitor of histone deacetylasgy aprotinin, 10pM leupeptin, 1 mM DTT, 0.1% NP-40, 40M

Trichostatin A (TSA). Under selective pressure or treatmeniiG132). Protein G Sepharose (Amersham) blocked with 5% BSA
with TSA the transcription of a marker gene located in the YAGvas added, and the antibody-chromatin complex was recovered by
arm was increased. These processes, which change tntrifugation. The ChIP assay using anti-acetylated histone H3
chromatin structure, might be involved in the mechanisms dfUpstate Biotech) was carried out basically according to the
epigenetic change of the suppressed state of centromeresm@nufacturer's protocol. The recovered DNA and the soluble
ectopic alphoid DNA loci. chromatin (as input) were quantitated by real-time PCR. The
percentage recovery of DNA fragments and the ratio of enrichment
) were calculated as described below. The statistical significance of the
Materials and Methods results obtained was confirmed using theest (level of
Cell lines significance=0.05).

The cell lines 7C5HT1, 7C5HT1-2, 7C5HT1-19, 7C5HT2, obtained
by a21-1 YAC (a7C5hTEL) transfection, and the cell line B13HT1, Real-time PCR

obtained bya21-11 YAC (aB13hTEL) transfection, were described . - _— .
previously )(ﬁ((eno et aI.,(1998). 7C%HT2-1 is a 7C5HT?2 derivative.The amount of immunoprecipitated DNA and the dilution of the input

; ; NA were measured by real-time PCR using the iCycléM®@ulti-
Cell lines del.20HT3-26 and del.22HT1-3 were obtained b - ) . .
transfection of deletion series of th@ CShTEL YAC, del.20 (30 kb Cc_)lor Real Time PCR De_tectlon System (B'Q'Rad)'. The foII_owmg
insert ofa21-1 alphoid) and del.22 (10 kb insert @21-I alphoid) primers were used to amplifyy S2 the left alphoid junction, the right

. . . . Iphoid junction, bsr, the alphoid 11mer and 5S ribosomal
YAC, respectively, into the cell line HT1080. Details of the & - .
characterization of the structure and the capacity for centrome NALLYS2-1, 3-ATGACTAACGAAAAGGTCTGGATA-3", LYS2-

assembly of each deletion of th@1-I alphoid YAC and introduced 3! S-ATCATGAGGCACATCGAGCTGAGG-3 ARM2, 5-GCGG-
cell lines will be described elsewhere (Y.O. and H.M., unpuinshed)CCGCCCAATGCATTGGTACC'S mCbox-3, SAGATTTTAGAT-
GATGATATTCCCG-3; ARM4, 5-ACCATACCCACGCCGAAAC-
AAGCG-3; mCbox-2, 5GCTT(T/G)GAGGATTTCGTTGGAA-
Fluorescence in situ hybridization (FISH) GCG-3; bsr-F, 5TCCATTCGAAACTGCACTACCA-3; bsr-R,
Standard techniques were employed for FISH (Masumoto et ald-CAGGAGAAATCATTTCGGCAGTAC-3; 11-10R, 5AGGGAA-
1989a). Probes used were chromosome 16 Painting Probe DIGGTCTTCCCATAAAAACT-3; mChox-4, 5GTCTACCTTTTATT-
labeled (Roche Diagnostics K. K.), p11-4 alphoid DNA (lkeno et al.,TGAATTCCCG-3; 5SDNA-F1, >CCGGACCCCAAAGGCGCAC-
1994) for then21-1 loci and pYAC4 (Burke et al., 1987) for YAC arm GCTGG-3 58DNA-R1, 5TGGCTGGCGTCTGTGGCACCCGCT-
DNA. Images were captured using a cooled-CCD camera (PXL3- Except for thébsr gene, amplifications were carried out using the

Photometrics Ltd) and analyzed by IPLab software (Signal Analytics)QuantiTect SYBR Green PCR Kit (QIAGEN). Quantitatiotsfwas
carried out using the Tag-Man probe method with a bsr-FAM probe,

] ) ) o the primer 5Fam-AATGGCTTCTGCACAAACAGTTACTCGTCC-
:?l(;l{_'ect immunofluorescence and simultaneous staining by Tamra-3 and AmpliTaq Gold DNA polymerase (AP Biosystems).
Indirect immunofluorescence and simultaneous staining by FISH ) )
were carried out as previously described (Masumoto et al., 1989alfichostatin A treatment of the 7C5HT1-19 cell line
Antibodies used were anti-CENP-A (MAN1) (Masumoto et al., 1998)Aliquots of 2.441(Ff cells were seeded in 10 ml of medium with 250,
anti-CENP-B (2D8D8) (Ohzeki et al., 2002), and anti-CENP-C500 or 1000 ng/ml of Trichostatin A (TSA) (Wako). After 2 days, the
(CGp2) (Ikeno et al., 1998). In the 7C5HT1-19 and del.22HT1-3 celmedium was changed. Cell samples for cytological and ChIP analyses
lines, more than 50 and 30 metaphase cells from each preparatimere prepared 7 days after removal of the TSA.
were analyzed, respectively. Intensities of CENPs and YAC signals on
integrated alphoid YACs were analyzed by NIH image (National ) )

Institute of Health, USA) and IPLab software (Signal Analytics). Western blot analysis of the TSA-treated 7C5HT1-19 cell line

Signal intensities with the chromosome 16 painting probe in capturelixtraction of cellular histones was performed basically according to
images were measured using IPLab. Each value was normalized ttte method of Yoshida et al. (Yoshida et al., 1990). The extracted
that of the host chromosome 16. cellular histones from >8L0* cells were applied to a 12% SDS-
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polyacrylamide gel or Triton-acid urea gel, electrophoresed, an A AR AR
blotted onto a PVDF membrane (Immobilon, Millipore). The (47CShTEL) (¢B13hTEL)
membrane was probed with anti-acetylated histone H3 and H4 (A L e ] [ i
Lys 12) antibodies (Upstate Biotechnology) or anti-CENP-A antibody * in‘tl';aﬁ_ls_:%%téugen }

(mAN1), followed by secondary antibody, anti-rabbit IgG HRP

conjugate or anti-mouse 1gG HRP conjugate (Bio-Rad). Blots wer A P
developed using ECL (Amersham Pharmacia). ﬁ "
74 i
RT-PCR and real-time RT-PCR | sub-cloning
RT-PCR was carried out using a One-step RNA PCR kit (AMV) + + +
(TaKaRa) according to the manufacturer’s protocol, using total RN/ p——, S ToaTe
prepared with the SV Total RNA Isolation system (Promega). Primer (TCSG oc) integration integration
for bsr amplification were BSR-1 (BATGAAAACATTTAACA- LSt Rl =
TTTCTCAA-3) and BSR-4 (STTAATTTCGGGTATATTTGAG- jaaﬂ S g‘, Q
TGG-3). Primers for humag-actinamplification were obtained from (ﬁ"“’- 16
Clontech. For each reaction 125 ng of total RNA was used. Produc 16 celllines 2 cell lines 1 cell line

were electrophoresed on agarose gels, and stained with ethidit

bromide. Quantitation of transcriptional products was also performe

by real-time RT-PCR using the iCycler T® Multi-Color Real Time

PCR Detection System (Bio-Rad). Real-time RT-PCR was carried ot B
using a QuantiTect SYBR Green RT-PCR kit (QIAGEN) according tc

the manufacturer’s protocol. Primers fmar amplification were bsr-F

=
A ANWVWIMAN B>

and bsr-R. Primers for humg@actinamplification were hActin-a (5 15kb ~70kb 11kb
ATCTGGCACCACACCTTCTACAATGAGCTGCG-3 and hActin- Scal — eftarm | _alphoid insert + rightarm
¢ (5-GTCATCTTCTCGCGGTTGGCCTTGGGGTTCAGR For cell line (copies) | (copi

each reaction, 20 or 4 ng of total RNA was used. Each quantir of 7C5HTH 26 | 29

transcript was normalized to that of the endogeifsastin transcript, 7C5HT1-2 34 | 35

and these ratios compared to that of the 7C5HT1-19 cell line at d¢ :

t 7C5HT1-19 26 29
0 (transcription level). Relative copy numbers of tise gene were i
quantitated by real-time PCR using genomic DNA. Each transcriptio..

level was normalized using the relative copy number ob#igene  Fig. 1. Cell lines obtained by transfection of an alphoid YAC
(relative transcription). Total RNA from the TSA-treated 7C5HT1-19constructs into HT1080 cells. (A) Following transfectiorn@fl-|

cell line was prepared after 2 days of TSA treatment. alphoid YAC @7C5hTEL) DNA, the de novo assembly of functional
centromeres was observed coincident with MAC formation. MAC
formation was not observed for transfection veii-Il alphoid
Results YAC (0B13hTEL). 7C5HT1-19 is a subclone of a MAC-containing
Fates of alphoid YAC DNA introduced in a single cell line cell line (7C5HT1). (B) The strLJdc‘:jurg and coph/ lnumber of the
Transformation with a YAC (or a BAC) bearing alphoid @/Phoid YAC in the 7C5HT1 and derivative cell lines were
sequences derived from the centromere of chromosome 2 tel'ml'ggg by Southern blot analysis (lkeno et al., 1998; Masumoto
(a21-1 YAC) promoted de novo mammalian artificial eral, )
chromosome (MAC) formation as the predominant effect in
approximately 30% of cell lines. To investigate how epigenetic
controls for the chromatin assembly mechanism are involveBisassembly of centromere/kinetochore components at
in centromere/kinetochore formation, we assessed the fate ¥ integration site of alphoid YAC
the introduced alphoid YAC DNA. We subcloned a cell lineA chromosome with two functional centromeres (a dicentric
containing a MAC (7C5HT1) and analyzed derivatives bychromosome) is mitotically unstable, and can be stabilized by
FISH (Fig. 1A). In one of 19 subcloned cell lines (7C5HT1-‘inactivation’ of one of the two centromeres. At the inactive
19), alphoid YAC DNA signals were detected only in thecentromeres of stable dicentric chromosomes, most known
telomeric region of the short arm of chromosome 16 in evergentromere proteins are disassembled, although alphoid DNA
cell examined (Fig. 1A). Restriction analyses of genomiand CENP-B are still present (Earnshaw and Migeon, 1985).
DNA indicated that the overall structure and copy number ofWe next examined the assembly of the centromere/kinetochore
the alphoid YAC DNA at the integration site in 7C5HT1-19 components CENP-A, CENP-B and CENP-C at the site of
cells were not significantly different from those of the originalintegration of the alphoid YAC construct by indirect
cell line 7C5HT1, which contains a stable MAC (Fig. 1B) [seeimmunofluorescent staining and simultaneous FISH analysis
Fig. 5in lkeno et al. (Ikeno et al., 1998)]. Multimerized YACs (Fig. 2A-F). The intensity of each signal relative to that of the
were stably maintained at the same integration sites in atlative chromosome 16 centromere was measured and plotted
7C5HT1-19 cells even after 80 days of culture in nonselectivéFig. 2G-L, and for CENP-B also in Fig. 2P). In 17-20% of
media (Fig. 3A,F bottom). This result suggests that thC5HT1-19 cells, CENP-A, -B and -C signals were detected
centromere activity on the integrated alphoid YAC in theat YAC integration sites (Fig. 2A,C,E,Q, Table 1) but signal
7C5HT1-19 subclone might be functionally suppressedntensities were very weak compared with those of the native
without detectable rearrangement of the multimerized YAGhromosome 16 centromere (Fig. 2G,|,K). In about 80% of the
DNA, although we cannot rule out more limited sequenceells, CENP-A, -B and -C signals were almost undetectable at
changes. the YAC integration site, despite the presence of 26-29 copies
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Fig. 2. Assembly and disassembly of CENPs on an integrated alphoid YAC. Metaphase chromosomes from the cell lines 7C5HT1-19 (A-F) and
B13HT1 (M-O) were analyzed by FISH with th@1-I probe (red in A,B) or the YAC arm probe (red in C-F,M-0O), in combination with
immunofluorescence using antibodies against CENPs (green in A-F,M-0). Scalelar<Cl2romosomes were counterstained with DAPI

(blue). Arrowheads indicate the integration sites of the alphoid YAC. (G-L) Plots of the intensity profile of immunofluorggoaieélack)

for anti-CENP antibodies and FISH signals (red) along the dotted line on chromosome 16 shown in A-F. Intensities wereataasurdae

positions marked by the star and the asterisk, as shown in merged images of A-F. (P) The intensity of CENP-B immunoflabessitence

alphoid YAC integration site relative to that of the resident centromere on chromosome 16 was plotted. The red dottedtéadhedbwer

limit of CENP-B signal that is above background level. (Q) The proportion of cells containing the CENPs signals on thefspbdid

sites. Bars indicate s.e.m. (standard error of mean).

Table 1. Effects of TSA treatment on CENP assembly at alphoid YAC DNA sites

Percentage of cells with signals for CENPs oiiginﬁ?ﬁ

Cell lines TSA CENP-A CENP-B CENP-C minichromosomes
7C5HT1-19, day 0 - 17 (5.5) 20 (0) 17 (4.9) 0

+ 65 75 54 30 (3.4)
7C5HT1-19 bs+, day 80 - 75 (6.3) 88 (4.2) 75 (0) 58 (2.8)
7C5HT2-1 - 13 39 23 2 (1.4)*

+ 50 60 44 16 (4.9)*
del.20HT3-26 - nt nt nt 2(1.3)

+ nt nt nt 26*
del.22HT1-3, day O - 0 83 0 0

+ 23 91 23 0
B13HT1 - 0 0 0 0

+ 0 0 0 0

Cell lines were treated with 1000 ng/ml (*500 ng/ml) TSA for 2 days and cultured for 7 days without TSA. The percentagesithf CEINP signals and
minichromosomes were scored in 25-80 metaphase spreads. 7C5HT1-19 bs+, day 80, is the 7C5HT1-19 subclone culturednfeekE sy siedium.
Values in parentheses are s.e.m. (standard error of mean); nt, not tested.
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of the YAC arm fragments and insert alphoid arrays (70 kbjrom host chromosomal fragments were detected (Ikeno et al.,
keeping the initial YAC DNA structures (a total length of 1998; Masumoto et al., 1998; Ohzeki et al., 2002), most re-
alphoid arrays corresponds to 2 megabases containing CENfermed minichromosomes (93%) in 7C5HT1-19 cells
B binding motif, CENP-B box) (Fig. 1B, Fig. 2B,D,F,H,J,L,Q). contained a small portion of the chromosome 16 arm DNA at
These variegated assemblies of CENPs are also observedvatious levels (Fig. 3B, middle panel), but with less signal
synthetica21-I alphoid BAC integration sites (Ohzeki et al., intensity than normal chromosome 16 short arms detected with
2002). In contrast, in the B13HTL1 cell line, which was obtained chromosome 16 painting probe (Fig. 3C). Thus, in these
by transfection with the21-Il alphoid YAC and which could cases, chromosome breakage might have occurred randomly
not generate active centromeres or MACs, CENP-A, -B, andbetween the YAC integration site and the native centromere of
C signals specific to the integrated multimeripd-Il DNA  chromosome 16 (Fig. 3C).
were not detected (Fig. 2M-0). These results suggest that theReal-time PCR analysis showed that, although the copy
suppressed state of chromatin at the alphoid YAC integrationumber of alphoid YAC in each cell line changed only 0.8- to
site is stable, similar to what has been observed in inactive2-fold after 80 days in culture, the level of transcription of
centromeres of dicentric chromosomes. thebsrgene as analyzed by real-time RT-PCR decreased to one
tenth the original level after 80 days in culture without
o . . . . selection and increased about threefold under selective
Minichromosome formation associated with an activated  conditions (Fig. 3F). Thus, the relative transcriptional level of
centromere on the alphoid YAC site the bsr gene increased during selection, although this
We used a system containing blasticidin S (BS) and th#anscriptional activity is still very weak compared with that of
blasticidin S resistance gersf) to obtain alphoid YAC DNA the endogenoy8-actingene. All these results strongly suggest
transformants. BS inhibits protein synthesis globally, and théhat a functional centromere/kinetochore chromatin structure
bsr gene product inactivates BS by deamination (Dinos and/as re-assembled in parallel with the small increase in the
Kalpaxis, 1997). Although introduced alphoid YACs weretranscriptional activity of the BS resistance gene on the YAC
stably maintained at the same integration sites in all 7C5HT&arm through culture under selective conditions.
19 cells even after 80 days in culture in nonselective medium,
when the subclone 7C5HT1-19 was cultured for long periods .
in medium containing BS the number of YAC integration sited?irect assembly of CENP-A and -B on introduced a21-I
that showed CENP-A, -B and -C signals increased (Fig. 2Q®/phoid DNA
and a chromosome fragment containing the YAC integratiodo monitor the assembly of CENP-A and CENP-B on
site was frequently observed (Fig. 3A,B). The results of FISHnhtroduced alphoid YAC DNA at the molecular level, we
analysis, shown in Fig. 3A, indicate that the proportion ofcarried out chromatin immunoprecipitation (ChIP) assays on
7C5HT1-19 cells containing a re-formed minichromosome/C5HT1-2 cells, 100% of which contain a single stable MAC
increased with the length of time in culture (from 30% at dayFig. 1). Cells were fixed with formaldehyde and sonicated to
60 to 58% at day 80), while YAC-specific signals decreased atduce the size of DNA to 100-500 bp, and then
the host chromosome ends (from 64% at day 60 to 32% at dagmunoprecipitated with mouse monoclonal antibodies
80). After 80 days of growth in selective medium, 58% of cellsagainst CENP-A or -B. The precipitated DNA samples were
contained such a minichromosome signal including the YAQuantitated by real-time PCR with the primer sets shown in
site and 17.1% of cells showed integration of the alphoid YAG-ig. 4A. All of the primer pairs could amplify the target
at a telomere region of a host chromosome other thasequences in a concentration-dependent manner in real-time
chromosome 16. A total of 14.6% of cells still showed the samBCR using sequential dilutions from1Qo 104 of input
integration of the alphoid YAC into the chromosome 16 end®NA (Fig. 4B). Immunoprecipitation with all the antibodies
by FISH analysis (Fig. 3A,B). Some structural instability andtested allowed very low and similar levels of recovery of
rearrangement involving the exposed double strand break®ntrol 5S ribosomal DNA on which no centromere protein
might have occurred even in this fibrosarcoma-derived cell linassembly was observed (lkeno et al., 1998) (Fig. 4C).
(HT1080) in which a high telomere seeding activity wasTherefore, we used the recovery ratios of 5S ribosomal DNA
indicated (Holt et al., 1996; Tsutsui et al., 2003). However, nto the input DNA as an internal control for normalization of
growth difference was detected between 7C5HT1-2 anthe recovery ratio of the DNA fragment from each cell line.
7C5HT1-19. On all the re-formed minichromosomes (100%)The relative enrichment of each DNA fragment compared to
CENP-A, -B and -C signals were detected with specifithe recovery of 5S ribosomal DNA by the
antibodies, along witlw21-1 YAC signals (Fig. 2Q, Fig. 3D). immunoprecipitation analysis is indicated in Fig. 4D,E,F. By
In addition, the re-formed minichromosomes were very stablymmunoprecipitation with mouse normal IgG, no specific
maintained as a single extra-chromosomal copy after furthehromatin site was precipitated (Fig. 4D, enrichment ratios are
culturing for 60 days without the selective drug (Fig. 3E).0.5-to 1.4-fold) in any of the cells teste1-I alphoid arrays
These results indicate that re-formed minichromosomewere specifically and highly enriched 6.7- to 13-fold and 13-
contain  functional  centromere/kinetochore  structuresto 25-fold by immunoprecipitation with anti-CENP-A and
However, in a cell line containing21-11 alphoid YAC DNA  anti-CENP-B antibodies, respectively, in all cell lines
(B13HT1), CENP-A, -B, and -C signals were not detected witlanalyzed and under all conditions (Fig. 4E,F). This result is
the multimerizedx21-11 YAC integration site and chromosome consistent with many cytological observations showing
fragments were never released from the integration site undeentromere protein assembly @®1-l1 alphoid sequences
the same conditions (Table 1). (Ikeno et al., 1994; Ikeno et al., 1998; Masumoto et al., 1998).
In contrast to the de novo MAC on which no signals derived However, in this ChIP analysis, it is difficult to distinguish



4026 Journal of Cell Science 116 (19)

021-1 alphoid sequences on introduced YAC DNA fra@l-  containing alphoid DNA with the CENP-B box as its

| alphoid DNA at the native centromere of chromosome 21principal component were also enriched 4.9- to 6.0-fold and
We have demonstrated de novo assembly of CENP-A of.2- to 4.5-fold with anti-CENP-A and anti-CENP-B
introduced alphoid DNA derived from synthetic (thusantibodies, respectively, in 7C5HT1-2 cells, which contain a
distinguishable21-1 type alphoid using another ChIP and single stable MAC (Fig. 4E,F). In contrast, théSlocus on
competitive PCR assay (Ohzeki et al.,, 2002). Thus, in ththe YAC left arm and thbsrlocus on the right arm were only
present study, we designed primers that bridge the boundariglgghtly enriched with these antibodies (0.8- to 1.8-fold). The
between the insert alphoid DNA and the YAC left or right armresults indicate that, despite the multimeric structure of the
(the left alphoid junction or the right alphoid junction, alphoid YAC DNA, CENP-A and CENP-B actually
respectively). Both the left and the right alphoid junctionsassociated only with the 70 kb alphoid arrays on the de novo
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MAC, and CENP-A and CENP-B did not assemble on thevith BS selection. However, even under conditions in which a

YAC arms. 3.6- to 9.2-fold enrichment of the alphoid junctions was
In contrast, in the 7C5HT1-19 cell line, the left and rightachieved, DNA sequences on both YAC arrsr @nd LYS

alphoid junctions were enriched only 1.8- to 2.3-fold with anti-sites) were not significantly immunoprecipitated with anti-

CENP-A and anti-CENP-B antibodies, indicating that CENP-CENP-A and anti-CENP-B antibodies (1.0- to 2.0-fold),

A and CENP-B assembly on the ectopic alphoid array of theuggesting that epigenetic CENP-A and CENP-B re-assembly

integrated YAC was also reduced at molecular level (Figremained restricted to the 70 &B1-1 alphoid DNA array (Fig.

4E,F). However, when 7C5HT1-19 cells were cultured for 8GE,F).

days with BS selection, both of the alphoid junctions were

enriched 3.6- to 9.2-fold by immunoprecipitation with anti- )

CENP-A and anti-CENP-B antibodies (Fig. 4E,F). The reMinichromosome formation and CENP re-assembly

assembly of CENP-A and CENP-B, as shown by the Chifduced by inhibition of histone deacetylase

analysis, coincided well with cytological observations of thewhat is the mechanism responsible for the re-assembly of

same cell lines cultured for 80 days with BS selection. All theseentromere components? To study this question, cells showing

results indicate that in 7C5HT1-19 cells, the extent of CENPrelatively higher transcription activity of thesr gene were

A and -B assembly on integrated alphoid YAC DNA wasselected by long-term culture with blasticidin S (BS). In treated

reduced, reflecting centromere inactivity, and increased whesells, the chromatin structure might differ from its original

minichromosome formation was induced by long-term culturestate. Therefore, one possible explanation is that during long-
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term culture in medium containing BS, structural changes ihyperacetylation and converts a transcriptionally inactive
chromatin might have occurred at the ectopic alphoid YAC sitehromatin structure into an active one at many loci (Bartsch et
that would allow the assembly of functional al., 1996). The results of western blotting indicated that the
centromere/kinetochore components. To test this hypothesigyels of acetylation of histone H3 and H4 in the cell line

we used a histone deacetylase inhibitor, Trichostatin A (TSAJC5HT1-19 were increased by TSA treatment for 2 days (Fig.
(Yoshida et al., 1990), to alter the state of chromatin at YAGA). In contrast to what was observed for histone H4, using
integration  sites. TSA treatment causes histondriton-acid urea (TAU) gel, neither the mobility nor the
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Fig. 5. Effects of TSA treatment on the ectopic alphoid YAC sites. (A) 7C5HT1-19 cells were analyzed after 2 days of TSA treditereat or a
further 7 days of culture without TSA, by western blotting using anti-acetylated histone H3 (upper) and H4 (lower) aiBpa@esiT1-19
cells were treated with TSA and applied to TAU gel (left and middle) and SDS gel (right) and analyzed by western blottinigagitylated
histone H4 (Lys 12) or anti-CENP-A antibody. (C) Proportions of cells containing a minichromosome. Cells were treatethelitiatein
concentrations of TSA for 2 days and then cultured for 7 days without TSA. More than 50 metaphase cells were analyzeahfipteeach s
Bars indicate s.e.m. (D) ChIP analysis of TSA-treated 7C5HT1-19 cells using anti-acetylated histone H3 antibody. HT1€t8 telded

with 1 pg/ml of TSA for 2 days and then cultured for 7 days without TSA. Immunoprecipitated DNA was quantitated by real-time PCR using
primers indicated in Fig. 4A. The bar chart shows the percentage of recovery by immunoprecipitation (% IP) using norraatitgG or
acetylated histone H3 antibody. The colors of the columns denote the different DNA sequences as shown in lower paneat8atre.imdi

(E) Relative transcription levels of thsrgene in TSA-treated cells were analyzed by real-time RT-PCR. The transcription levelg-attime
gene were not significantly changed by the TSA treatment in this analysis, so eachlervghokcript was normalized to that of {Bactin
transcript. Bars indicate s.e.m.
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intensity of CENP-A was affected directly, even by 1000 ng/mtreatment. After 80 days of culture with BS selection, the ratio
of TSA treatment, in our experiment (Fig. 5B). The effect ofof recovery of thébsr gene increased to 4.9%, reaching the
TSA treatment on minichromosome re-formation and CENRame level as with artificial chromosomes. The patterns of the
re-assembly was analyzed after 7 days in culture after removacovery of each DNA sequences on the YAC in 7C5HT1-2
of TSA, because high concentrations of TSA cause cell cycleells were similar but increased by 1.2- to 1.6-fold after TSA
arrest in the G1 and G2 phases (data not shown). During thi®atment (data not shown). All these results indicate that
period, the levels of histone H3 and H4 acetylation in 7C5HT1histone H3 associated only with thbsr locus was
19 cells were reduced to the levels seen in untreated cells (Flgyperacetylated on the artificial chromosome containing the
5A). FISH analysis combined with indirect active centromere, on the YAC integration site in cells treated
immunofluorescence staining showed that the assembly w@fith TSA and on the YAC site in cells after 80 days of the
centromere proteins at the alphoid YAC sites occurred ikulture with the selective condition. The level of transcription
54—-75% of 7C5HT1-19 cells cultured after TSA treatment, andf the bsr gene as analyzed by real-time RT-PCR increased
minichromosomes with active centromere components alswith a higher TSA concentration (Fig. 5E). Thus, these results
formed in 17-30% of the cells (Fig. 5C, Table 1). Similarindicate that TSA treatment changes the chromatin structure
results were obtained following treatment with sodium butyratef the bsr gene, which is close to the insert alphoid DNA on
(data not shown), another histone deacetylase inhibitdhe YAC site, into a weak transcription-capable state.
(Candido et al., 1978). The ChIP analysis indicated that TSA
treatment of 7C5HT1-19 cells caused a 5.7- to 11-fold
enrichment of both alphoid junctions on the YAC site byDe novo assembly of active centromere/kinetochore
immunoprecipitation with anti-CENP-A and anti-CENP-B components without chromosome rearrangements
antibodies (Fig. 4E,F). However, DNA sequences on both YAVe examined several different cell lines (7C5HT2-1,
arms psrandLYSsites) were not significantly enriched (1.3- del.20HT3-26) in whichn21-I YAC and its derivative YACs
to 2.1-fold). Thus the same phenomenon, indicating epigenetand BACs were integrated at other sites. TSA treatment also
CENP-A and CENP-B re-assembly and activation of aaused minichromosomes to form at varying frequency,
centromere restricted to the ectopic 700&1-I alphoid DNA  accompanied by CENP-A, -B and -C signals from di24.-I
array, was produced by two different treatments of the cellsrAC integration sites in these cell lines (Table 1). When the
long-term culture with BS selection or short-term culture with10 kba21-1 alphoid DNA YAC was integrated at an interstitial
TSA. site (del.22HT1-3 cell line; about 98 copies of multimerized
YAC DNA were integrated into a single site of a host
chromosome, thus totaling 980 kba21-1 alphoid DNA but
Centromere activation associated with the activation of interrupted by YAC arm sequences about every 10 ld2af
transcription of a YAC marker gene | alphoid array, data not shown), no assembly of CENP-A and
What is the common mechanism by which both treatmentsC was detected on the YAC sites with the specific antibodies
affect the ectopic alphoid YAC sites? During long-term culturgFig. 6A,E,H,L,N, Table 1). However, TSA treatment induced
with BS selection, the relative transcriptional level of ltise  the de novo assembly of CENP-A and CENP-C at this 10 kb
gene on the YAC arm increased. We therefore analyzed ttaphoid YAC integration site without chromosome breakage
effect of TSA on the chromatin structure at the introducedFig. 6B,FI1,M,N, Table 1). Even before TSA treatment, CENP-
alphoid YAC locus by using a ChIP assay with an antibodyB signals were detected at YAC integration sites in 83% of cells
against acetylated histone H3 (Fig. 5D). The extent of recovelFig. 6C,J,N, Table 1); however, of these, 62% showed very
of alphoid DNA, 5S ribosomal DNA and the sequences of theveak CENP-B assembly which could barely be distinguished
YAC were assessed in recovered DNA by real-time PCR (e.grom background levels (Fig. 6N). After TSA treatment, the
Fig. 4A,B). Acetylated histone H3 assembles anywhere omtensity of the CENP-B signals at the YAC integration sites
DNA, so that in this analysis we directly compared each ratilncreased significantly (Fig. 6D,K,N). Therefore, prior
of the recovered DNA to the input DNA. With control normal chromosome breakage is not required for centromere
IgG, all the tested DNA fragments were recovered at lowchromatin reassembly at the alphoid YAC sites, and only the
levels (less than 0.014+0.008%, Fig. 5D). The ratio oftructural change of chromatin by hyperacetylation induced by
recovery otsrsequences derived from the YAC vector on theTSA treatment is needed. No abnormalities were observed at
artificial chromosome with an active centromere in 7C5HT1the centromeres on host chromosomes after TSA treatment and
2 cells was very high (4.7%) with the anti-acetylated histon@o extra assembly of CENP-A, -B and -C was detected on the
H3 antibody compared with the recovery of 5S ribosomathromosome arm regions other than at the YAC integration site
DNA (0.39% in Fig. 5D), genomic alphoid DNA (0.054%), (Fig. 6G).
the left and the right alphoid junctions (0.044, 0.070%, YAC integration sites derived from21-1l alphoid YAC
respectively) and.YSlocus (0.048%). On the other hand, the(B13HT1) never formed minichromosomes after TSA
ratio of recovery of thésrgene from the YAC integration site treatment, nor did centromere components assemble there (Fig.
in 7C5HT1-19 cells with anti-acetylated histone H3 was lowsC, Table 1), while transcription from the selectable marker
(1.9%, 1/2.5 of that of thdsr gene in 7C5HT1-2 cells). gene increased (Fig. 5E). Thus, centromere component re-
However, after TSA treatment recovery increased 4.6-foldssembly occurs universally and specifically at of#-|
(8.7%). In contrast, those of 5S ribosomal DNAs (0.27-alphoid YAC/BAC integration sites of HT1080 cell lines. The
0.35%), genomic alphoid, the left and the right alphoidcentromere competence of th21-1l alphoid YAC integration
junctions and_YSlocus (less than 0.075%) were changed bysite might be different from that of21-1 alphoid YAC
1.3- to 2.4-fold, with very low levels even after the TSAintegration sites, which show strong CENP-B binding.



4030 Journal of Cell Science 116 (19)
TSA -

TSA +

1.0

CENP-A/YAC CENP-A ;

05

CENP-B/YAC CENP-B s

LA

CENP-C/YAC

CENP-A o TSA-
0.8 + TSA+

o
o
e
B
o

0.2 e e
aaanaﬂw

Relative intensity

CENP-B K
1l
[)

Relative intensity
k=]
T

CENP-C

Relative intensity
-—

FAEaats

CENP-A/YAC

] T L

Each individual cell

Fig. 6. De novo assembly of CENPs at the integrated 10 kb alphoid YAC DNA site without chromosome rearrangement. (A-G) Metaphase
chromosomes from the del.22HT1-3 cell line, untreated (A,C,E) or treated (B,D,F,G) with 1000 ng/ml of TSA, analyzed by
immunofluorescence using antibodies against CENPs (green), and FISH using the YAC arm probe (red). The chromosomes wareedounters
with DAPI (blue). Arrowheads indicate the integration sites of the 10 kb alphoid YAC. Scale pars(l2-M) Intensity plot of CENP signals
(black) and YAC signals (red) at the 10 kb alphoid YAC site on the host chromosome DNA. (N) The plots of relative inteEsity-af

(upper), -B (middle), -C (lower) signals at each alphoid YAC integration site on the host centromeres in the del.22Hihe-8raeddted

(square) or treated (diamond) with 1000 ng/ml of TSA. Red dotted lines indicate the lower limit of signals distinguishdialekigoound

levels.

Discussion Centromere components assemble on 70 kb a21-I

In many species, epigenetic controls of chromatin assembB/phoid arrays but not on YAC arms in a stably

including CENP-A appear to be fundamentally important inPropagated artificial chromosome

specifying the position of centromere structures and function®©ur stable MACs consist of multimers of introduceal-I
However, the mechanisms and the molecular basis remaatphoid YAC DNA. Cytological and ChIP analyses indicated
unclear. Our previous study showed that the informatiothat on a stable MAC with an active centromere, CENP-A and
carried by the primary sequence of t1-| alphoid DNA is CENP-B assembled only on 70 &R21-I alphoid arrays of the
important for de novo formation of functional centromereinsert but not on sequences located 3 kb or 8 kb from the
chromatin accompanied by binding of CENP-A, -B, -C and -alphoid junctions on the YAC arms (Fig. 7A). CENP-A is also
E. Our present analyses indicate that epigenetic mechanismssociated with neocentromeres. These findings suggest that
also affect the centromere activityaw21-1 alphoid YAC DNA  assembly might not depend on specific DNA sequences (Lo et
at an ectopic locus. Two different cellular treatments, long-termal., 2001). However, a DNA sequence underlying a
culture under selection for a YAC marker and administratiomeocentromere cannot undergo de novo centromere formation
of TSA, which induced a change in chromatin structure(Saffery et al., 2001). We have demonstrated that a synthetic
affected the assembly of CENPs at an ectopic alphoid YA@Iphoid construct with canonical CENP-B boxes is active for
DNA site and caused the re-formation of minichromosomesge novo centromere assembly including CENP-A, and can
with functional centromeres. promote MAC formation, whereas the same construct with
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point mutations affecting every CENI A
B box does not exhibit these activiti HT1-2 coeo®®
@

(Ohzeki et al., 2002). Thus, function vl Y11 Y Y )
centromeres cannot form de novo

-
alphoid DNA without CENP-B boxes @ vs AN \WWINNVNVN—L= —EXT/~ mac tormation
Alphoid DNA with CENP-B boxes 7/ e ' /L
may have a specific capacity f
assembling centromere chromatin. B
In our present study, thesrgene on HT1-19

Ao Ac

active centromere

® D K
the YAC arm was transcribed ai (v eleleleX XeXe Lo Xl e o) le e 4 2]
acetylated histone H3 was assemble ;,\ P i E: ::l // host chromosome
this locus. Based on such an alph .. s /L integration
YAC multimer, a functional inactive centromere

centromere structure was assemkt
and propagated as a stable MA

Therefore, non-CENP-A chromat HEA19 AW ToA X K X X T

intervals on the YAC arms between Q000 @ @0 OOV

kb alphoid repeats with CENP- o
oot e ot oot o /BTN BB minctromosame
functional  kinetochore structure active centromere

These results might support the idea of

a repeat subunit model of mammalian kinetochore at Fig. 7. Schematic AJ\/ alphoid DNA
molecular level (Zinkowski et al., 1991; Henikoff et al., 200! representation of suppressed @ 5 ructeosome
Interestingly, interruption of CENP-A chromatin clusters wi  centromeres and functional %

histone H3 chromatin was observed on the extended chror centromere chromatin, and @ cotyiated H3 nucleosome
fiber of mitotic chromosomes in both human @msophila  hypothetical models for the @ CENP-A nucleosome
centromeres (Blower et al., 2002). mechanism of assembly of @ cEnP-B

centromere components on
alphoid YAC. (A) On an artificial chromosome with a functional

- centromere/kinetochore structure, CENP-A and CENP-B assemble
Suppressed states of centromeres and reactivation at onto alphoid arrays in the introduced alphoid YAC DNA but not on

ectopic ?"pho"?' loci ) ) ) YAC arms.Bsrgenes on the YAC arms are transcribed, and histone
At the site of integration of the alphoid YAC in 7C5HT1-19 H3 in chromatin on the genes is acetylated. (B) On the ectopic

cells the extent of CENP-A and -B assembly on the alphoidiphoid YAC loci, disassembly of centromere proteins from the insert
array was decreased compared with that on a stable MAC withiphoid arrays coincides with the reduction of the transcriptional

an active centromere (Fig. 7B). These results, and thectivity from thebsrgene on the YAC arms and with the

observation of the stability of the integrated alphoid YAChypoacetylated level of histone H3 of the gene. (C) Increased gene
sequences at the same locus, indicated that Centromiéoressmn on the YAC arms and hyperacetylation of histones by

; ; : - -] SA causes structural change in chromatin at the integrated alphoid
functions are lost or suppressed at the ectopic alphoid loci AC DNA. Centromeric proteins can re-assemble at such regions

this cell line, as in _the . inactive Centromer_es of dICenmCand active centromeres re-form. Selection pressure might induce this
chromosomes. Thus it is likely that a chromatin change makqﬁocess gradually during long-term culture.

the binding sites, including the CENP-B box, inaccessible. On

the ectopic alphoid YAC loci, the transcriptionlusfr and the

level of acetylated histone H3 on this gene also decreased (FDNA state might be changed by constant weak gene expression
7B). Therefore, not only was centromeric protein assemblgn the YAC arms or TSA-promoted hyperacetylation of
inhibited, but many chromatin functions were also suppressetstones as a common effect. CENPs and kinetochore proteins
at the ectopic alphoid locus. At such suppressed (inactive) sitesuld be reassembled dependent on the capacity of open
on the alphoid YAC loci, centromere chromatin waschromatin structure on21-l alphoid YAC DNA even with the
reassembled by long-term culture in selective medium. Th&0 kb  alphoid insert, so that a functional
results of TSA treatment also suggest that these reassemblatromere/kinetochore structure is re-formed (Fig. 7C).
of components of the functional centromere/kinetochordlternatively, TSA may affect the transcription of genes that
structure were correlated with structural chromatin changesre presumed to contribute to centromere activation or
caused by histone acetylation, allowing a detectable increasentromeric protein assembly. However, as described below,
in transcription of the nearbisr gene to take place. We several observations indicate that the latter possibility is
speculate that transcriptionally competent chromatin at thimcapable of explaining the reassembly phenomenon. BS
intervals between the 70 kb alphoid DNA arrays at the ectopiselection, which has no relation to the transcription level of the
locations, or a hyperacetylated state of the histones due to TS&ndogenous presumptive centromere-related genes, also
would both be expected to break such a suppressadduces ectopic alphoid DNA activation to form a centromere.
(inactivated) chromatin state at the loci by opening andentromere assembly on introduae2il-l alphoid DNA also
remodeling the chromatin structure. Thus, one possibleccurred by selection of a nearby neomycin-resistance gene
explanation for reassembly of centromere components is thatstead of thésr gene (Ohzeki et al., 2002). Therefore, the
the chromatin structure in the integrated suppressed alphadidrmer possibility is more likely: our analyses indicate that the
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centromere activity ofi21-1 alphoid DNA at an ectopic locus Indeed, normal human centromeres are located on megabase-
can be altered as a result of changes in the chromatin structwiged alphoid arrays in normal human cells. Furthermore, the
of nearby genes. long alphoid arrays in endogenous chromosomes are
surrounded by large regions of inactive heterochromatin. In
o o mouse and Drosophila centromeres, large tracts of
Centromere activity and transcription pericentromeric heterochromatin are also observed adjacent to
In fission yeast, components of the kinetochore, includingentromeric satellite DNAs on which CENPs assemble
yeast CENP-A, assemble on the central core of the centromeiditchell et al., 1993; Blower and Karpen, 2001). It is possible
and the resulting complex is surrounded by heterochromatithat the structure of endogenous centromeres is protected by
(Saitoh et al., 1997; Takahashi et al., 2000; Partridge et apericentromeric heterochromatin (Choo, 2001). Even when the
2000; Bernard et al., 2001; Nakagawa et al., 2002). TSAegells were treated with TSA, which induced the reactivation of
induced high levels of transcription from genes inserted isuppressed centromeres in the integrated alphoid YAC,
centromeric flanking regions cause chromosome instability anehdogenous centromeres did not exhibit abnormalities in
conformational changes in centromeric heterochromaticentromere component assembly. Our results also indicated
(Ekwall et al., 1997). Moreover, the TSA-induced expressiotthat CENP-A might not be acetylated by treatment with TSA.
of the inserted genes was metastable and frequently revertedTtous, once assembled, CENP-A chromatin may be more TSA-
a repressed state in the absence of TSA. This result suggestsistant or -insensitive than histone H3 chromatin. The
that functional centromeres, including heterochromatirfindings of Taddei et al. supports this: TSA treatment was
regions, might be affected by changes in chromatin structufeund to cause the disassembly of HP1 from regions of
caused by strong transcriptional activity. However, in oumpericentromeric heterochromatin  but did not impair
experiment, TSA treatment has the opposite effect. In ourentromeric protein assembly (Taddei et al., 2001).
system, marker gene transcription is regulated by the SV40 Assembly of the centromeric proteins CENP-A and CENP-
early promoter, which is not strong in this cell line (1/10-1/20C into chromatin was observed in a limited area on the MACs,
the level of that of the endogengBsctin gene per 30 copies whereas CENP-B was detected almost throughout the MACs,
of YAC arms, as indicated by RT-PCR, Fig. 3F). This level ofso that not all the alphoid DNA arrays in the approx. 30 copies
activity presumably suffices to allow the reassembly anaf introduced alphoid YAC DNA might be involved in
maintenance of a functional centromere in our system. Strorignetochore assembly. The remainder of the alphoid array on
transcriptional activity driven by the CMV and PGK promoter,the multimerized YAC DNA might be important for the
however, drastically decreased the efficiency of artificiaformation of structures other than the kinetochore, such as
chromosome formation in our system (H. Nakashima angericentromeric heterochromatin or other states of chromatin
H.M., unpublished). Strong transcriptional activity orsuch as a stable artificial chromosome. Actually, anti-CENP-
differences in chromatin structure as a result of the differerA antibodies have been reported to stain only one-half to two-
promoter and enhancer between the 70 kb alphoid intervalkirds of the alphoid regions of normal human centromeres
may inhibit the active structure of centromeres oranalyzed by fiber FISH (Blower et al., 2002). In fission yeast,
heterochromatin on artificial chromosomes. In both fissiopericentromeric heterochromatin is involved in sister
yeast and human cells, chromatin structures at the peripheryairomatid cohesion (Bernard et al.,, 2001; Nonaka et al.,
CENP-A-assembled core centromere domains affe@002).
centromere function (Nakagawa et al., 2002). In budding yeast, A more detailed understanding of centromere assembly will
there is no evidence for epigenetical inactivation of theequire further investigation of centromere structure and
functional centromere, however, the phenotype of dhid  function with respect to protein assembly, epigenetic
deletion mutant suggests that even in budding yeasmodifications of histones, and DNA modifications (such as
established centromeres are propagated in an epigenetethylation), as well as the organization of heterochromatin.
manner (Mythreye and Bloom, 2003). In addition, oneOur alphoid YAC construct integrated into ectopic
centromere component, Cbfl, is a transcriptional regulator, ardhromosomal locations will provide a powerful tool not only
centromeric activity is also inhibited by strong transcription offor the analysis of artificial chromosomes, but also for the
genes inserted nearby (Bram and Kornberg, 1987; Hill andeneration of novel views of the functional organization of
Bloom, 1987). Interestingly, Ams2, a GATA-type centromeres, heterochromatin and chromosomes in mammals,
transcriptional regulator, is present in the central regions ofhich are very difficult to analyze.
fission yeast centromeres (Chen et al., 2003).
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