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Abstract

We determined the genomic structures and complete sequences of the coding regions of the chicken CENP-C and ZW 10 genes. These two
genes encode proteins that are thought to be involved in maintaining the fidelity of chromosome segregation. The chicken CENP-C gene is 30
kb in length and contains 19 exons. The chicken ZW 10 gene spans 10 kb and contains 15 exons. The 5'-untranslated regions of these genes
contain several binding sites for transcription factors such as Sp-1, E2F, p300, and members of the GATA family. By fluorescence in situ
hybridization (FISH) analysis, the CENP-C was mapped to chromosome 4 and the ZW10 gene was mapped to a microchromosome.
Antibodies against the chicken ZW 10 protein revealed a cell cycle-dependent staining pattern in DT40 cells. ZW 10 protein was distributed
throughout the cytoplasm of DT40 cells during interphase. In most metaphase cells, ZW 10 proteins appeared equally divided between the
centromere and the spindle apparatus. During anaphase, chicken ZW10 proteins were no longer localized near chromosomes or the mitotic
apparatus but were present diffusely in the cytoplasm. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The centromere plays a fundamental role in accurate
chromosome segregation during mitosis and meiosis in
eukaryotes. Some of its functions include sister chromatid
adhesion and separation, microtubule attachment, chromo-
some movement and mitotic checkpoint control (reviewed
in Choo, 1997). In the vertebrate centromere, the kineto-
chore is a protein-DNA complex to which microtubules
attach during metaphase. Centromere proteins have been
identified primarily by immunological studies in vertebrate
cells. Antibodies against centromeric proteins have been
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isolated both from patients with autoimmune disease
(Moroi et al., 1980) and from immunized animals (Compton
et al., 1991). This has led to the identification of several
protein antigens known as centromere proteins (CENPs)
(Pluta et al., 1995). In addition, analyses of mutations that
cause errors in chromosome segregation have identified
several centromeric proteins. This method has been applied
most extensively in the Saccharomyces and Drosophila and
has led to identification of several genes that encode compo-
nents of the centromere (reviewed in Choo, 1997). Some of
these genes have homologues in other organisms. Our recent
studies have focused on CENP-C and ZW 10, two centro-
mere proteins (Fukagawa and Brown, 1997; Fukagawa et
al., 1999a).

CENP-C has been localized to the inner kinetochore
plate, adjacent to the centromeric DNA (Saitoh et al.,
1992), and it is known to bind DNA directly (Yang et al.,
1996). Disruption of CENP-C gene results in embryonic
lethality (Kalitsis et al., 1998a) due to chromosome misse-
gregation and metaphase arrest (Fukagawa and Brown,
1997; Fukagawa et al., 1999a). Metaphase arrest has been
observed after microinjection of anti-CENP-C antibodies
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into HeLa cells (Tomkiel et al., 1994). CENP-C protein
shares a region of homology with Mif2p, an essential
centromeric protein in Saccharomyces cerevisiae (Brown,
1995; Meluh and Koshland, 1995). CENP-C is found only at
active centromeres (Earnshaw et al., 1989; Sullivan and
Schwartz, 1995) and is necessary to induce formation of a
functional centromere (Fukagawa et al., 1999a). These
studies suggest that CENP-C is an important component
for kinetochore assembly.

ZW10 was originally identified as the protein product of
the Drosophila melanogaster (1) zwl0 gene, hereafter
called ZW10 (Smith et al., 1985). Mutations in the ZW10
gene disrupt chromosome segregation during mitosis and
meiotic division (Williams et al., 1992). Recent evidence
suggests that Drosophila ZW 10 may act as part of the spin-
dle checkpoint; sister chromatids separate prematurely
when treated with the microtubule-depolymerizing drug in
ZW 10 mutants (Williams et al., 1996). ZW10 homologues
are present in diverse species including Caenorhabditis
elegans, Arabidopsis thaliana, Mus muscuclus and Homo
sapiens (Starr et al., 1997). This conservation suggests
that ZW10 plays an important role in proper chromosome
segregation.

Our experimental system is the chicken DT40 cell line
(Buerstedde and Takeda, 1991). It is useful for the study of
cell-autonomous functions by reverse genetic analyses
because modification of endogenous genes by homologous
recombination is very efficient in DT40 cells. In previous
work, we used homologous recombination to engineer a
conditional loss-of-function mutation into the CENP-C
gene (Fukagawa and Brown, 1997; Fukagawa et al,
1999a). Further experiments involving sophisticated genetic
approaches, such as temperature sensitive mutations, in the
DT40 system require knowledge of the entire genomic
structures of the target genes. The genomic DNA structures
of the chicken CENP-C and ZW10 genes have not been
described, previously. Here, we report the genomic struc-
tures and complete genomic sequences of the coding regions
of the chicken CENP-C and ZW10 genes. We also show a
cell cycle-dependent staining pattern for chicken ZW10
protein in DT40 cells.

2. Materials and methods
2.1. Isolation and characterization of genomic clones

To obtain genomic clones, we used cDNAs of CENP-C
and ZW10 as probes. Hybridization screening and purifica-
tion of genomic clones from DT40 genomic libraries were
performed as described previously (Fukagawa and Brown,
1997; Fukagawa et al., 1999a). For the determination of
gene structure the phage clones were subcloned into pBlue-
script (Stratagene) or pUC118 (Takara) and subjected to
standard restriction mapping and Southern blot analyses.

2.2. DNA sequencing

Shotgun DNA sequencing of genomic regions was
performed with the ABI Fluorescent BigDye Terminator
Cycle Sequencing kit (Perkin-Elmer). Samples were
sequenced with an ABI 377 automated sequencer (Perkin-
Elmer). Assembly of sequence data for each gene was done
with ATGC software (SDC). The nucleotide sequences of
CENP-C (27630 nt) and of ZW10 (17419 nt) have been
deposited in DDBJ, EMBL and NCBI under Accession
Numbers AB042324 and AB042323, respectively.

2.3. Fluorescence in situ hybridization (FISH) and
immunocytochemistry

Metaphase chromosomes were prepared by addition of
hypotonic solution and fixed in methanol/acetic acid (3:1).
FISH was done with a standard method (Fukagawa et al.,
1999b). Biotin-labeled probe was detected with Cy3- or
FITC-conjugated avidin diluted with 4 X SSC, 0.05%
Tween 20, 1% BSA. Chromosomes were counterstained
with DAPI at 0.2 pg/ml. Chromosome numbers were deter-
mined with chromosome specific painting probes.

Immunofluorescent staining for whole cells was
performed as described previously (Fukagawa et al.,
1999a). Cells were collected onto slides with a cyto-centri-
fuge, fixed in 3% paraformaldehyde in PBS for 15 min at
room temperature, permeabilized in 0.5% NP-40 in PBS for
15 min at room temperature, rinsed three times in 0.5% BSA
and incubated for 1 h at 37°C with anti-ZW 10 antibody. The
antibody was then detected with Cy3-conjugated goat anti-
rabbit IgG.

3. Results
3.1. Isolation and characterization of the ZWI0 gene

The chicken ZW10 gene was isolated from a phage
library made from the genomic DNA of DT40 cells.
Approximately 2 X 10° phage plaques were screened with
the ZW10 cDNA (Fukagawa et al., 1999a) as a probe. We
identified five independent positive plaques. For determina-
tion of the gene structure, the phage clones were subcloned
into plasmid vectors and subjected to restriction mapping,
Southern hybridization analysis and sequencing. We
sequenced a 17 kb region including coding and 5'- and 3'-
flanking regions of the ZW10 gene. The contiguous 17,419
nt sequence was deposited into DDBJ, EMBL and NCBI
under Accession No. AB042323. Pair-wise alignment of
this genomic sequence with the cDNA sequence revealed
that the complete chicken ZW10 gene spanned approxi-
mately 10 kb and contained 15 exons (Fig. 1A). The
exons vary in length from 72 to 581 bp, and the intron
sizes range from 106 to 997 bp. Sequence analysis across
the intron/exon junctions showed that the splice acceptor
and donor sites contain dinucleotide consensus sequences
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Fig. 1. (A) Organization of the chicken ZW10 gene showing positions of exons 1 to 15. Black boxes represent exons. The arrow indicates the direction of
transcription of the gene. Relative positions of the genomic phage clones and the EcoRI, BamHI, EcoRV, Xhol and Notl restriction sites are shown. We
sequenced the 17,419 nt genomic region presented here. (B) Organization of the chicken CENP-C gene showing positions of exons 1 to 19. Black boxes
represent exons. The arrow indicates the direction of transcription of the gene. Relative positions of the genomic phage clones and the EcoRI, Sstl, Clal and
BamHI restriction sites are shown. We sequenced the 27,630 nt genomic region presented here.

AG and GT, respectively (Table 1). The genomic sequence
includes a 5'-untranslated region (UTR) that contains a CpG
island and is quite GC-rich; the GC% of the -500 to -1
region is 71.4%, whereas the GC% of the coding region is
45.0%. Examination of a transcription-factor binding-site

Table 1

Exon-intron organization of chicken ZW10 gene

profile database revealed sites for several transcriptional
regulatory factors, including ubiquitous factors such as
Sp-1 and E2F and tissue/cell specific factors such as
members of the GATA family, p300 and Elk-1 (Fig. 2A).
We also sequenced the 3’'-flanking region of the ZW10 gene

Exon Sequence at exon-intron junction and intron size (nt)
NO. Position nt 5’ splice donor nt 3’ splice acceptor
1 3390-3715 326 GAA CGA Ggt cac cgc 644 att tta gGT TCA ACG
2 4360-4461 102 GCA GGA Ggt gag gag 189 gtt gca gTT TGA TAC
3 4651-4728 78 GGA AAA Ggt gat gat 106 cca cca gGC ACG AAG
4 4835-4994 160 TCT AAA Ggt act cgc 221 tct tta gAA ACC ATT
5 5216-5365 150 ACT TTT Ggt aag gca 284 tce tca gGC AAG TTG
6 5650-5841 192 CTG CTG Agt aag ttg 331 aat tca gAT GTG CCT
7 6173-6336 164 TAT AGA Ggt agg tct 286 att tca gGT GAT TAA
8 6623-6805 183 TGT AAA Ggt act gct 454 ccce tta gAT CAC GCC
9 7260-7495 236 ATC AGT Ggt agg aat 997 ttt gta gCT GCA TAC
10 8493-8564 72 ACC ACA Agt aag tgt 642 gag aca gAG AGA ACC
11 9207-9376 170 AGA CTT Ggt aat ttt 643 cct aaa gGG ATG GAG
12 10020-10150 131 AAG GCA Ggt agg caa 372 att cca gGT ATT GCA
13 10523-10654 132 CCT AGA Ggt aac tgc 549 att cca gGA TAT CTC
14 11204-11406 203 TAG ATC Agt agg tgt 276 ctc gta gGT GGG CGG
15 11683-12263 581
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and performed BLAST searches of this region against the
NCBI non-redundant database. We found the chicken
homologue of hepsin, a novel trypsin-like serine protease
gene (Leytus et al., 1988) in this region. We also examined
the copy number of ZW10 in the chicken genome with
Southern hybridization analysis of chicken genomic DNA
digested with several restriction enzymes. Five micrograms
of high-molecular-weight DNA from DT40 cells was
digested completely with each enzyme and size-fractionated
by electrophoresis on a 1% agarose gel. Southern blots of
gels containing chicken DNA were hybridized with several
radiolabeled cDNA probes. Hybridization patterns were
consistent with those predicted from the sequence (data
not shown). Extra bands were not detected. We thus
conclude that the ZW10 sequence is present only once in
the haploid chicken genome.

3.2. Isolation and characterization of the CENP-C gene

To facilitate studies of the structural and functional
properties of CENP-C, we determined the complete geno-
mic sequence for the coding region of chicken CENP-C.

A
-1150 TGCCATCCCCACGTCCCCTGTGCCCCACTAGGCAGCAGTCAGTGGGCAGC -1101
CP2
-1100 ACCCAATGCCTCTGGGACTTACCATGGACGCCCAACTTGGCCACAGCCAC -1051
NF-Kap, c-Rel
-1050 GCAGGCAAGCAGCAGCCAGGTGCCCAGGGCCCGTCCCTTCCACATGGCTC -1001
-1000 AGAGTGATGGCAACTCTGTGTGCTGCTCAGGGGAGAGGAGGCGGGGGAGA -951
GATA1 GR Spl MZFT
-950  GCTCTGACGGTGAAGAGCAGAGCTTTGTCAGGCGGCGGAAACACGGGGCT -901
-900  GAGGCTTCCCTCCAACGACAGCCTCCTGCACCCCACCACAACGCCCACAG -851
-850  GGGGCCATGGGGGGAAGGTGTGCCCTCACAGCAAAGCCAATGGTACCCTG -801
MZF1 E47
-800  GGCTGCGCCAAAGCTCTGTGCAGACATCTCACCTGGAGCACTGCGTCCAC -751
Delta E Myo D
-750  AGGTGGAGTCCTCAGGGCAGGAGAGACGTGGAGCTGTTGGAGCGCGTCCA -701
-700  GAGGAGGGACACAGAAATGGTGCCGGGGATGGAAGCCCTCCCTGCGAGGC -651
MZF1 GATA1
-650  CAGGCTGAGAGCTGGGGCTGTGCAGCATGGAGAAGAGAAGGAAGGGGAGA -601
MZF1
-600  GCTGAGAGCGGCCTGTCAGTATCTGAAGGGGCCGTGAGAAGGAAGGGGGC -551
-550  AGACTCCATAGCGGGGTCTGTGTGATAGGAGAAGGGGAAATGGCTTCAGA -501
GATA1, 3 MZF1
-500  CTGCAAGAGGGGAGATTGAGGCTGGAGATAAGGAAGGTTTGGCACTGAGG -451
MZF1  GATA1 GATA1,2,3 E2F
-450  GCGGTGAGGCAGTGGCACAGGTTGCCCAGAGAGGCGGTGGTGCCCCGTCC -401
-400  CTGCAGACAGCCAAGGTCAGGCTGGACGGGGCTCTGAGCACTGCTGGAGC -351
-350  TGTGGCTGTCCCTGTGCACTGCAGGGAGTGGCACCAGGCGGCCTTTGAGG -301
-300  GTCCCTCCCAGCTCAGACCACTCCCACCCCCCCAAAGAAGGCACACACTC -251
-250  GCAGAGCCGCTCCCCGTCCTGTTCTGTCCCCTCCCAGCCGCCGTCCGGCG -201
=200  CTGTGGCGGCCGCTGTTCCCGTGGTGCCGCGCGGCGGCGGGCCGGAAGAT -151
Elk-1, c-ETs GATA1,2,3
-150  GGCGGCGGGCGCGGGTTCGTTGGTGGCCGCGGTGTTGGCCCACTCGGGEC -101
-100  GCCTGGACAAGGAGGATCTGGGCACCCGCATCGGGCGGCTGTCCCGCCGT -51

-50 GTGGAGGAGCTGAAGGCAGGGCCGCGGGGCGCGGGGCGGGCGGCGGGGCG ~1

Sp1
1 atg P

We had previously isolated four independent genomic
phage clones that covered the entire CENP-C region (Fuka-
gawa and Brown, 1997). For determination of the gene
structure, the genomic phage clones were subcloned into
plasmid vectors and subjected to restriction mapping,
Southern hybridization analysis and sequencing. We
sequenced 27 kb that include the coding and 5'-flanking
regions of the CENP-C gene. This sequence does not
contain the 3'-flanking region that was assigned by hybri-
dization using a cDNA probe specific to the 3’-UTR of the
CENP-C gene (e.g. last exon in Fig. 1B). The contiguous
27,630 nt sequence was deposited in DDBJ, EMBL and
NCBI under Accession No. AB042324. Pair-wise align-
ment of this genomic sequence the reported cDNA
sequence (Fukagawa and Brown, 1997) revealed that the
complete chicken CENP-C gene spans approximately 30
kb and contains 19 exons (Fig. 1B). The exons vary in
length from 39 to 838 bp, and introns range from 0.1 to
8 kb. All intron/exon junctions follow the GT/AG rule
(Table 2). The 5'-UTR of the CENP-C gene contains a
CpG island and is quite GC-rich; the GC% of the -500 to
-1 region is 62.6%, whereas the GC% of the coding region

B
-1150 ACCGCACAACGGCACAAGGCTGCATCATTTCTGTCAGCTGGATGTGGTGG -1101
v-Myb CdxA AML-1a
-1100 CAGGCCAGCCCTGCAGGCAGGGAGACTGCTCTCTAAGTGGCTTTTCAAAG -1051
Nkx-2
-1050 TTTTCCTCTGTGAGCGTGTTGTAATGTTGAAGCTATTGGAGTTGGAATTT -1001
C/EBPb ™ Qct-1 CdxA
-1000 CTATAGG, AAAAGTAATAATGGGAATAAGCTTACTGTTG -951
GATA2 k-2 Oct-1 G5A k-2
-950 TGTATGGCCGCTCAGGGTAAATCAACTTTGTAATGTGCATGTGAGAAAAA -901
SRY HFH-
-900 TATTTATTTCTGAAAGAGGTAATGATGTGGGILCTTGCTGAACTGAGAGGT -851
CdxA Oct-1 C/EBPb
-850 GACACTTCCATCAGTTTCCCAGAACCTTTACGTTTCAATTAGTTTCTGAC -801
STATx CdxA S8
-800 CTTCCCTATAGTATTTAGGAAGAATCGGGATGACTGCACTTGGCACTTTC -751
HSF2  GATA1,2 NF-Kap
-750 CTGCTCGTTGTTGCTAAAAGCAAAGCTTTAGTCGTGTGCTGGGTAGGTCA -701
SRY
-700 GGGCTCATATTTGGTTAAAAAAAAAAAAAAAAAGATTTACAAAAAATCTT -651
HNF-3b ™ C/EBP CdxA
-650 CTTAGTTTTTTTATCATCTCCTCAACCTGTTCTCAGCCCTAGCGGGTACA -601
-600 GTGCACCTCCTCACAGCTTGTGGAACACCAAGACTCTGCTGTGAGGCTTC -551
-550 AGATGTCCCGCTATCCAGGAAAAACAACTTTCTCTAGGCAGAACCTCAGT -501
SRY
-500 TTGCTGAAGACTCTGAATTAGTTGCCAGGGATCAGCTGGGGCAGATCTCT -451
-450 GTCCCTCAGGTTTTGGCTAAACGTCAGAGAGCACATTGCTGTACTTCTGG -401
-400 TTTTGTTTAAATGGCAGAATGTGACTTCGCCACAGAATGATGCAGAACAG -351
CdxA GATA1
-350 ATAAAGAAGGGCATCCGCACGTITGAATCCTCGTAGACCAAGAGGAAAAC -301
-300 CACCCCATTCCCTCCCCTCAGGGAACAGAAAGCCGCCGAGGAGGTGAGGG -251
-250 AGGCTGTCCTATAGCTTCTGCGCACGCGCAGCAACGGCCCTCGGAAGGTA -201
v-Myl
-200 GAAGCCGCGCGCGCTCGAAACAACCGCCCTGGTTGGCGCGAGGCGGTCGC -151
CP2 T"SRY
-150 CGACCAATGGGGCGAGGCGGAGGGGGCGGGGCGCCGGGCGCCGGCCAATG ~101
Spi
-100 GGACGAAGCGGCGGGGCCGCCGAGGTTTGAAAGCGGCGGAGTTGAGGGAG -51
Sp1

-50 GGGCCGGGGGCGGATGGGTGCCGGGAGTGTTCCGGCGGCGGCGGCCCGGG -1
GATA1, 2 p300

1 atg

Fig. 2. Transcription-factor binding sites in the regulatory regions of the ZW10 (A) and CENP-C (B) genes. The nucleotide sequence is numbered, 1
corresponding to the ‘a’ of the initiating atg codon. Potential transcription-factor binding-sites are underlined.
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Table 2
Exon-intron organization of chicken CENP-C gene

Exon Sequence at exon-intron junction and intron size (nt)
NO. Position nt 5’ splice donor nt 3’ splice acceptor
1 1821-1865 45 GCG CTT Ggt gag aga 768 tta aca gGA TCA CTT
2 2634-2680 47 AAG GAG Ggt aat ttc 1063 ttt cta gAA AGA AGA
3 3744-3805 62 TTT GAA Tgt aag cct 326 ttt gta gGT GAT GAT
4 4132-4229 98 CCC TAG Ggt aag ttg 1358 atg tca gCC AGA CGC
5 5588-5681 94 AGC AAA Ggt tgg tag 94 gtg gca gGG GAG CCA
6 5776-5995 220 TAC AAA Cgt aag tag 1615 tct tta gGC GTA CGG
7 7611-7990 380 CAT GCA Ggt atg tca 1045 ttc cta gGA AAA TCT
8 9036-9873 838 GAC TGC Agt aag cta 359 ctt cta gAC ATT CCC
9 10233-10271 39 CTG AAA Ggt aat ttc 1845 ttt gaa gCG GGC TTG
10 12117-12190 T4 TCT TCA Ggt act att 1257 ttt rca gAT AAT TCT
11 13448-13516 69 AAA ATA Ggt aag ctt 1359 aaa tta gTG CTG CCT
12 14876-14980 105 CCT TCA Ggt aca agt 763 ctt tca gGA AGG CTT
13 15744-15839 96 AAA ACA Agt atg aat 2516 ccc tta gGA AGT GAG
14 18356-18451 96 CTT CTA Ggt aag gta 329 cct gca gAG TGC ATT
15 18781-18935 155 TAC AAT Agt aag tac 910 tat taa gGC TTT CTA
16 19846-19936 91 CCA GCA Ggt aag tgc 354 ttt ata gGA AAT GGA
17 20291-20363 73 ATG ACA Ggt gaa gaa 3149 gtt cca gGG CTC CTG
18 23513-23630 118 TTG CTG Tgt gtg tca >3968
19 > 27630

is 40.3%. Examination of the transcription-factor binding-
site profile database revealed a number of potential binding
sites. Search results from the profile database revealed the
presence of two Sp-1 binding sites, one E2F binding site,
one p300 binding site and binding sites for several GATA
family members (Fig. 2B). We also tested copy number for
CENP-C using the procedure outlined for the ZW10 gene.
Our results indicate that CENP-C is a single-copy gene in
the chicken genome (data not shown).

3.3. Chromosome in situ hybridization

To determine map positions and confirm the copy
numbers of these genes, we used FISH analysis. The
chicken genome is comprised of 39 chromosome pairs, 29
of which are microchromosomes. It is difficult to map a gene
to a specific microchromosomes. The DT40 cell line is
euploid for all chromosomes except chromosome 2, for
which is present in three copies. We first used phage

Fig. 3. Chromosomal localization of CENP-C (A) and ZW10 (B) genes by fluorescent in situ hybridization. DT40 metaphase spreads were hybridized with
probes for CENP-C and ZW10. Arrows indicate probe-specific hybridization signals (green). DNA is stained with DAPI and coloured Red. CENP-C was
mapped to the middle of the long arm of chromosome 4 (A), and ZW 10 was mapped to an unspecified microchromosome (B).
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clone L11, which contains the CENP-C sequence as a probe.
We examined 100 typical (pro) metaphase spreads. Of
these, approximately 90% showed complete double spots.
Fluorescent signals due to L11 hybridization were localized
near the center of the long arm of chromosome 4, and doub-
let signals were not observed elsewhere (Fig. 3A). We also
used phage clone ZW38-1-1, which contains the ZW10
sequence, for FISH analysis. Fluorescent signals due to
ZW38-1-1 hybridization were observed on microchromo-
somes (Fig. 3B). Because the microchromosomes are very
small and similar, it was difficult to determine the exact
number of chromosomes with ZW10 signal.

3.4. Immunolocalization of chicken ZW10 in DT40 cells

We previously showed that chicken CENP-C was loca-
lized at the centromere throughout the cell cycle, as is
human CENP-C (Saitoh et al.,, 1992; Fukagawa et al.,
1999a). Localization of human ZWI10 is different from
that of Drosophila ZW10, however. Though both Droso-
phila and human ZW 10 are found primarily at kinetochores
in early anaphase, human ZW10 is lost from the kinetochore
and becomes cytoplasmic as anaphase progresses (Starr et
al., 1997), whereas Drosophila ZW 10 remains at the kine-
tochore throughout anaphase. Thus, we investigated the

A

subcellular distribution of chicken ZW10 in the DT40 cell
line. We used anti-chicken ZW10 antibody produced by us
for the immunolocalization of the protein, and observed a
cytoplasmic distribution of the protein during interphase
(Fig. 4A). In most metaphase cells, ZW 10 proteins appeared
equally divided between the centromere and the spindle
apparatus (Fig. 4B, C). Fig. 4C shows double-staining of
cells with anti-tubulin and anti-ZW10. Some ZW 10 signals
were associated with kinetochore microtubules, and the
others were localized to the spindles. In some metaphase
cells, ZW10 proteins remained only at the centromere (Fig.
4D). We hypothesized that these cells were not ready for
proper chromosome segregation and that the spindle check-
point pathway is activated. To determine when chicken
ZW10 appears at the centromere, cells were treated with
colcemid, which cause depolymerization of microtubules
and stained with anti-chicken ZW10 antibody. Anti-ZW 10
antibody clearly showed that the protein was localized to the
centromere in all chromosome spreads from DT40 cells
arrested in metaphase by colcemid treatment (Fig. 4F).
We also examined the distribution of ZW10 in whole cells
treated with colcemid and found that ZW 10 was localized to
the centromere (data not shown). Throughout anaphase,
ZW10 was no longer localized near the chromosomes or
the mitotic apparatus but was present diffusely in the cyto-

Fig. 4. Immunolocalization of chicken ZW10 in DT40 cells. DNA is blue and ZW 10 signals are red. (A) In interphase cells, ZW 10 is distributed in cytoplasm.
(B) In metaphase cells, ZW 10 appears to be divided between the centromere and the spindle apparatus. (C) Double-staining of DT40 cells with tubulin (green)
and ZW10 (red). Some ZW 10 signals were associated with kinetochore microtubules, and others were localized to the spindles. Inset shows that kinetochore
microtubules capture ZW10. Arrows indicate the positions of the spindle poles. (D) In a metaphase cells, the proteins are localized only at the centromeres. (E)
In anaphase cells, chicken ZW10 are no longer localized to chromosomes or the mitotic apparatus, but instead are present diffusely in the cytoplasm. (F)
Immunolocalization of ZW 10 protein in metaphase spreads. Metaphase chromosomes were prepared from cells treated with colcemid. Signals are localized to

centromeres.
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plasm (Fig. 4E). Although discrete sites of human ZW10 in
the vicinity of the centromere in very early anaphase have
been reported (Starr et al., 1997), we did not observe centro-
mere localization of chicken ZW 10, even in early anaphase.

4. Discussion
4.1. The chicken ZW10 gene

The genomic structures and complete sequences of the
coding regions of the chicken CENP-C and ZW10 genes
were successfully identified. These two proteins are thought
to be involved in maintaining the fidelity of chromosome
segregation. The chicken ZW10 gene spans 10 kb and
contains 15 exons. The chicken gene has high homology
to the human and mouse gene with overall identities of 69
and 81%, respectively. These high similarities suggest that
ZW10 plays an important role in centromere function that
has been conserved across species. Although there is no
report of the genomic organization of the ZW10 gene in
other organisms, a 5'-UTR sequence of the human cDNA
has been reported (Starr et al., 1997). The human gene and
chicken gene are organized differently in the first exon
containing the 5'-UTR; the position of the initiating ATG
codon is different. The first 150-nt region from initiating
ATG codon of the human gene corresponds to 5'-UTR of
the chicken gene, though we can find significant homology
at the DNA level in this region. There are two possible
explanations for this difference. One is alternative splicing;
the human and chicken ZW10 genes may be translated from
different regions. Very recently, we found a chicken geno-
mic sequence in the DDBJ/EMBL/NCBI databases (Acces-
sion No. AJ250458) that contained the 5'-region of ZW10.
The authors predicted some exons of the chicken ZW10
gene based on the human cDNA sequence. We could not
find their predicted exons in our cDNA clones, however.
There may be other transcripts expressed by alternative spli-
cing in other type cells. We confirmed that our cDNA was
functional in the DT40 cell line by a transfection experiment
(data not shown). The second possibility is a sequencing
error; this region contains many GC-repeat sequences, and
it is easy to misread the sequencing gels.

We also examined subcellular distribution of chicken
ZW10 in the DT40 cell line. During interphase, chicken
ZW10 proteins were distributed in the cytoplasm. A similar
phenomenon occurs with human and Drosophila ZW10
(Starr et al.,, 1997). During metaphase, ZW10 proteins
appeared to be divided equally between the centromere
and the spindle apparatus. However in some metaphase
cells, ZW10 proteins remained only at the centromere. We
believe that this distribution is related to the function of the
ZW10. Recent evidence suggests that ZW 10 may act as part
of the spindle checkpoint in Drosophila cells (Williams et
al., 1996). If ZW10 participates in the spindle checkpoint
pathway, it is likely involved in monitoring the state of

chromosome alignment or spindle assembly. Our hypothesis
is that ZW10 protein is localized to the centromere during
early metaphase and that it moves to the spindle after moni-
toring chromosomes and the spindle assembly. To test our
theory, DT40 cells were treated with colcemid and stained
with anti-chicken ZW10 antibody. In colcemid-treated
cells, ZW10 protein localized to the centromere and not to
the spindle. These findings are consistent with our hypoth-
esis and suggest that ZW 10 may monitor spindle assembly.
Recently, Basu et al. reported a relation between ZW 10 and
checkpoint proteins Bubl and Bub3 (Basu et al., 1998).
Localization of the Bub3 to the centromere requires Bubl
but not ZW10 in Drosophila. ZW 10 may function indepen-
dent of the Bub pathway. A conditional knockout approach
using the DT40 system will clarify the function of ZW10 in
the checkpoint pathway.

Although localization of human ZW10 in the vicinity of
the centromere in very early anaphase has been reported
(Starr et al., 1997), we did not observe centromere localiza-
tion of chicken ZW10, even in early anaphase. We can not
explain why distribution of ZW10 is slightly different in
chicken cells compared with human cells.

4.2. The chicken CENP-C gene

Compared to ZW10, the chicken CENP-C gene is larger,
spanning a distance of approximately 30 kb and containing
19 exons. The chicken CENP-C protein was only 23% iden-
tical to human CENP-C over its entire length. In the region
homologous to S. cerevisiae Mif2p (Brown, 1995), however,
chicken CENP-C shows significant homologies to human
CENP-C and S. cerevisiae Mif2p with identities of 66.7
and 34.6%, respectively. There is no report of the genomic
organization of human CENP-C, but Kalitsis et al. reported
the organization of the mouse CENP-C gene, which spans 60
kb and contains 19 exons (Kalitsis et al., 1998b). Although
the intron-exon organization is not conserved between
chicken and mouse, organization is conserved in the region
homologous to Mif2 (exons 12—18 of the chicken gene). This
evolutionarily conserved organization suggests that the Mif2
homology region plays a critical role in CENP-C function.

4.3. Long-range GC% mosaic structure and chicken
chromosomes

Genomes of higher vertebrates are composed of long
segments of DNA containing a mosaic structure of varying
GC content (Bernardi et al., 1985; Ikemura, 1985; Fuka-
gawa et al., 1995). Gene density, transcription patterns,
DNA replication timing and other chromosomal behaviors
are related to this long-range GC% mosaic structure. GC%
of the ZW10 sequence (17419 nt) in this paper is 51.3%,
which is relatively GC-rich for the chicken genome. We
found a chicken homologue of hepsin, a novel trypsin-like
serine protease gene (Leytus et al., 1988), very close to the
3'-UTR of ZW10. McQueen et al. reported that GC-rich
regions, gene rich regions and CpG islands are concentrated
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on microchromosomes in the chicken genome (McQueen et
al., 1996). We mapped the chicken ZW10 gene to a micro-
chromosome using FISH analysis. In contrast, the GC% of
the CENP-C genomic region is 40.9%, and CENP-C was
mapped to a macrochromosome (chromosome 4). This find-
ing was consistent with that of McQueen et al. (1996).
Long-range GC% mosaic structure is related to several
biological features including expression timing of genes.
The structural differences between ZW10 and CENP-C
may be related to their functions.

4.4. Further experiments in DT40 cell lines

The genomic characterization of the chicken CENP-C
and ZW10 genes and their promoter regions presented
here should assist in further studies of their roles in centro-
mere function. Chicken cell line DT40 is useful for the study
of cell-autonomous functions by gene-knockout analysis
because modification of endogenous genes by homologous
recombination is very efficient in this cell line. We
previously produced a conditional knockout cell line for
CENP-C (Fukagawa and Brown, 1997; Fukagawa et al.,
1999a). Further experiments with sophisticated genetic
approaches, such as temperature sensitive mutations, in
the DT40 system will require knowledge of the entire geno-
mic structures of the target genes. These genomic sequences
will be useful for designing point mutations or conditional
gene disruptions in future experiments using DT40 cells.
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