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Abstract We describe a novel rearranged human Y chro-
mosome consisting of an inverted duplication of the long
arm heterochromatin and a small amount of euchromatin:
rea(Y)(qter—q11.2::q11.2—qter). The norma centromere has
been deleted and a neocentromere containing CENP-A, -C,
-E and Mad2 but not CENP-B has formed close to the
breakpoint. A 2.7 Mb yeast artificiad chromosome contig
spanning the breakpoint was constructed and the breakpoint
was localised to a region of <120 kb close to the DAZ gene
cluster. Combined immunofluorescence and fluorescence
in situ hybridisation showed that the centromeric protein-
binding domain of the neocentromere was located near the
breakpoint and within the DAZ cluster.

Introduction

The centromere is an essentia structure for proper segrega
tion of the chromosome during meiosis and mitosis. It is
the location where the kinetochore is assembled and proper
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attachment to the spindle is monitored (Amon 1999). Nor-
mal human centromeres lie in a heterochromatic region
containing an abundance of highly repetitive sequences, in-
cluding an array of tandemly repeated aphoid satellite
DNA from 130 kb to >5 Mb in size, and severa specific
proteins. Despite its importance, the molecular constituents
of the centromere are incompletely known, and the role of
the centromeric DNA is still amatter of debate.

Several proteins present at human centromeres have
been identified. Among them, CENP-A (Palmer et al.
1987) is a histone-like protein that is bound to aphoid
DNA at active centromeres in vivo (Vafa and Sullivan
1997; Warburton et al. 1997), supporting the possibility
that alphoid DNA forms the natural centromere. CENP-C
(Saitoh et a. 1992) and CENP-E (Yen et a. 1992) are
also associated with active centromeres (Earnshaw et al.
1989; Sullivan and Schwartz 1995). In contrast, CENP-B
is present at the norma autosomal and X-chromosomal
centromeres, but has not been detected at the Y-chromo-
somal centromere (Pluta et a. 1990), and remains associ-
ated with inactive centromeres in dicentric chromosomes
(Earnshaw et al. 1989), so seems not to be directly in-
volved in centromeric function.

Several lines of evidence suggest that the alphoid
DNA forms the functional centromere. Analysis of rear-
ranged Y chromosomes (Tyler-Smith et al. 1993) or dis-
section of the Y centromere with telomeres (Brown et
al. 1994) indicates that 150-200 kb of alphoid DNA
plus about 300 kb of adjacent sequences are sufficient
for centromeric function. The introduction of synthetic
arrays of alphoid DNA or alphoid yeast artificial chro-
mosomes (YACs) into human cells can lead to the for-
mation of de novo centromeres and minichromosomes
(Harrington et al. 1997; lkeno et al. 1998). Neverthe-
less, there have been several reported cases of human
marker chromosomes with functioning centromeres but
no detectable alphoid DNA (reviewed by Choo 1997).
These centromeres are called neocentromeres and all
those tested bind the centromeric proteins CENP-A, -C
and -E, normally associated with active centromeres,
but not CENP-B.



The most common mechanism for the formation of
marker chromosomes carrying neocentromeres is a de
novo inverted duplication of the distal portion of a chromo-
some. In most of these inverted chromosomes, the neocen-
tromereislocated in one of the two arms, while in some of
them it isfound close to or at the breakpoint (Depinet et al.
1997). Alternative mechanisms for the formation of neo-
centromere-containing marker chromosomes include the
re-joining of the two distal regions of a chromosome fol-
lowing deletion of the centomere (Voullaire et a. 1993) or
involve no gross structura rearrangement (Tyler-Smith et
al. 1999). In most of the markers, the neocentromere has
been formed in euchromatic sequences specific to the chro-
mosome. In the only case that has been studied at the mo-
lecular level (du Sart et al. 1997), the neocentromeric DNA
of amar del (10) chromosome is unrearranged in compari-
son with the corresponding region of the normal chromo-
some 10, and no segquence addition or remova could be
detected (Barry et a. 1999). Thus it seems that both alph-
oid and non-alphoid DNA can be a site of centromeric ac-
tivity. It has therefore been suggested that an epigenetic
modification (a heritable change that does not involve a
change in primary DNA sequence) is required to form an
active centromere (Karpen and Allshire 1997). A candidate
event would be the binding of CENP-A to a region where
it isnot normally present. However, the mechanism of acti-
vation of neocentromeres is unknown, and we do not un-
derstand the influence of DNA sequence organisation on
the process. Furthermore, chromosomes vary in their seg-
regation efficiency (Burns et a. 1999) and marker chromo-
somes with neocentromeres often show mosaicism, which
may arise because the neocentromere, once activated, is
dtill less efficient than a norma centromere. This in turn
raises the possibility that the centromeric DNA has an im-
portant role in determining centromere efficiency. It is thus
important to investigate a series of neocentromeres in order
to understand the range of DNA sequences that can form
them, and how these relate to segregation efficiency. To
this end, we present here the analysis of a novel neocentro-
mere that has formed in the euchromatic region of the hu-
man Y chromosome in a rearranged chromosome showing
the inverted duplicated structure most commonly associat-
ed with neocentromeres.

Materials and methods

Case report

L.C., a30 year old woman, underwent in vitro fertilisation embryo
transfer (FIVET) in 1992 because of severe oligoasthenospermia
in her husband. A dichorial biamniotic twin pregnancy was detect-
ed by ultrasonography at the sixth week of gestation. Both fetuses
had regular cardiac activity. Fetal growth was norma at the
10th week of gestation, but 2 weeks later the patient was referred
for observation because of metrorrhagia. At this time, one fetus
appeared normal by level 11 ultrasonography, but the twin present-
ed a voluminous septated cystic hygroma of the neck extending to
the thorax and the abdominal wall, a hydrops and a bilateral hy-
drothorax. Chorionic villi were obtained by transabdominal sam-
pling from both placentas. Cytotrophoblast cells showed a normal
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female karyotype in the placenta from the normal fetus but an an-
euploid cell line carrying three rearranged Y chromosomes in the
placenta of the abnormal fetus.

At the 16th week of gestation a second cytogenetic analysis
was performed on amniocytes and cultured hygroma cells. On this
occasion an ultrasound examination showed poor growth of the fe-
male fetus with cystic hygroma (<5th percentile) and regular
growth of the normal twin. The abnormal fetus died in utero at the
23rd week of gestation while the development of the normal twin
and the pregnancy proceeded normally. A normal female weighing
3300 g and afetus papyraceous were born at the 39th week of ges-
tation by Caesarean section. Biopsies of both placentas were per-
formed to confirm the cytogenetic analysis.

Cellsand cell culture

A lymphoblastoid cell line, LB189, derived from the father was
grown in RPMI 1640 medium (Sigma) supplemented with 10%
heat-inactivated fetal caf serum (Globepharm), 2 mM glutamine
(Sigma), 20 U/ml penicillin and 20 pg/ml streptomycin (Gibco-
BRL). Cytotrophoblast cells, cystic hygroma cells and amniocytes
were cultured as described previously (Simoni et a. 1985; Welborn
and Lewis 1990). Long-term growth of the amniocyte line SC27
was carried out in the above medium containing 20% serum.

Cytogenetic analysis

Chromosome preparations from the 13 week old chorionic villi
were obtained by the short incubation method and by long-term
villus culture (Simoni et al. 1985). QFQ, CBG and DA-DAPI
(4',6-diamidino-2-phenylindole) banding were performed accord-
ing to standard methods. Fluorescence in situ hybridisation (FISH)
with the Y alphoid centromeric probe DYZ3 (Oncor ONK5016) or
the all-centromere probe (Oncor ONP5095) was carried out as
suggested by the supplier. The DAZ region YAC probe yOX58
(Foote et al. 1992) was used as a FISH probe in the way described
previously (Rossi et al. 1994). CREST immunostaining was per-
formed as described (Haaf and Schmid 1989). Combined immuno-
fluorescence/FISH on metaphase spreads was also as described
(Warburton et al. 1997; Alonso et a. 2000), using methanol:acetic
acid (3:1) fixation for CENP-B and CENP-C, and aqueous cyto-
spin spreads for CENP-E and Mad2; Mad2 antibodies (Li and
Benezra 1996) were generously provided by Y. Li and R. Benezra.
Combined CREST/FISH staining on nuclei was carried out in the
following way. Trypsinised cells were harvested, washed in PBS
and resuspended in different hypotonic solutions [amniocytes in
0.8% sodium citrate, 0.075 M KCI, distilled H,O (1:1:1) for
15 min at room temperature; lymphoblasts in 0.075 M KCI at
room temperature for 10 min] at a concentration of 1x105/ml. Ali-
quots (0.3-0.5 ml) of suspension were centrifuged at 1000 rpm for
10 min onto a glass slide in a cytocentrifuge (Shandon). Cells
were fixed in absolute methanol at —20°C for 30 min and soaked
in cold acetone for 30 s. Air-dried slides were washed in PBS for
15 min and then incubated with CREST antiserum (Antibodies
Inc.; see Larin et a. 1994) diluted 1:3in PBSfor 1-2 h at 37°C in
a humidified chamber. After a 15 min wash in PBS, slides were
incubated with anti-human 1gG-fluorescein isothiocyanate (Vec-
tor), diluted 1:75 in PBS. After one 15 min wash in PBS at room
temperature, slides were fixed in 7.5% or 10% formaldehyde in
10 mM TRIS-HCI, 150 mM NaCl, 0.1% BSA for 10 min, washed
in distilled H,O for 10 min and fixed in 3:1 methanol:acetic acid
for 15 min. Then FISH was performed as usual, except that dena-
turation in 70% formamide, 2xSSC at 80°C was carried out for
10 min. Slide screening was performed using an Olympus BH2
microscope and results were documented on 35 mm Fujichrome
400 dlide film, or using an Olympus BX50 microscope equipped
with a CCD camera (Princeton Instruments, RTE/CCD-1300-Y).
Colour images were processed using Adobe Photoshop and an er-
ror in the alignment of the CENP-E layers was corrected at this
stage.
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Yeast artificial chromosome analysis

Yeast artificial chromosome clones were selected from the OXEN
Y-chromosomal YAC contig (Foote et a. 1992) and the CEPH
YAC contig (Cohen et a. 1993; Jones et a. 1994) on the basis of
published sequence-tagged site content and our screening with the
50f2 and 49a probes. The YACs analysed were yOX58, yOX103,
yOX190, yOX197 and yOX198 from the OXEN contig, and
786C10, 803B6, 913B1 and 933A6 from the CEPH contig. Clones
were colony purified, and YACs similar in size to the largest major
YAC band in the original mixed culture were chosen for further
analysis. Restriction site maps were constructed by partial diges-
tion with BsiWI, BssHII, Mlul, Sacll or Sfil followed by pulsed
field gel electrophoresis (PFGE) and indirect end labelling (Cooper
et al. 1992) using Acl875 DNA concatemers as size standards.
Maps were refined by hybridisation to complete digests made with
the same enzymes.

Molecular methods

Preparation of DNA in agarose plugs, PFGE, DNA transfer, hy-
bridisation and posthybridisation washes were performed as de-
scribed (Cooper et al. 1992). The DAA (del Yq) and m38 (internal
deletion of 50f2/C and adjacent sequences) DNA preparations
were those described previously (Tyler-Smith et al. 1993; Jobling
et al. 1996). For quantitation, hybridised filters were analysed us-
ing either a Phosphorlmager (Storm 860, Molecular Dynamics)
and ImageQuant software, or an Instantlmager (Packard). A dele-
tion map of the rearranged chromosome was constructed as de-
scribed (Tyler-Smith et al. 1993). A cosmid library from the YAC
786C10 was prepared in the vector SuperCos 1 following the Stra-
tagene protocol and using Gigapack |1l packaging extract. YAC-
derived clones were selected by colony hybridisation to human
DNA, and EcoRI fragments of these lacking highly repeated se-
quences were identified after digestion, agarose gel electrophore-
sis and filter hybridisation to human DNA. Gel-purified fragments
were used directly as probes against digests of YAC and human
DNA.

Results

Characterisation of arearranged Y chromosome
lacking aphoid DNA

Metaphase spreads prepared from chorionic villi associ-
ated with an abnormal fetus at 13 weeks of gestation
showed three copies of a rearranged Y chromosome in
57/57 metaphases. When cytogenetic analysis was car-
ried out on amniocytes at 16 weeks of gestation, mosa-
icism was seen, with 18/26 (~70%) colonies carrying
one copy of the rearranged Y chromosome and the re-
maining 8/26 (~30%) being 45,X. Mosaicism was also
seen in cultured hygroma cells analysed at the same
time: 35/44 (~80%) metaphases carried a rearranged Y
and 9/44 (~20%) were 45,X.

The rearranged chromosome consisted of two blocks
of brilliant Q-positive heterochromatin separated by a
tiny region of Q-negative euchromatin (Fig. 1b). No
centromeric C-band was detected by CBG-banding (re-
sults not shown), and no alphoid DNA could be detected
cytogenetically using either a'Y alphoid probe or an all-
centromere probe (Fig. 1c). The absence of Y aphoid
DNA was confirmed by quantitative molecular hybrid-
isation to EcoRI digests of DNA from LB189, SC27 and

an unrelated female. Hybridisation to a control a-globin
probe followed by Instantimager quantitation revealed
16,429, 15,726 and 15,577 counts, respectively, in each
track, showing that the loading ratios were 1.05:1.01:1.
Re-hybridisation to a Y alphoid probe produced 60,045,
3021 and 2992 counts per track, which after normalisat-
ion for loading give aphoid hybridisation intensities of
57,186, 2991 and 2992 counts, respectively. The figure
of 2992 in the female sample represents cross-hybridisa-
tion to non-Y sequences and was subtracted from each
measurement to give 54,191, —1 and 0 Y aphoid counts
from each sample. From the size of the Y alphoid array
on a pulsed-field gel, it is known that LB189 has about
50 copies of the 5.7 kb Y alphoid unit, so one unit would
contribute 1084 counts to the Instantlmager quantitation.
We therefore conclude from the quantitative hybridisa-
tion experiment that SC27 has less than one copy of the
Y aphoid unit per cell and, from the combined molecu-
lar and cytogenetic results, that the rearranged Y chro-
mosome lacks alphoid sequences. The father’s karyotype
(Fig. 1a), including the Y chromosome and the Y alph-
oid array, was normal, and derivation of the rea(Y) from
the paternal Y chromosome was confirmed by examina-
tion of the hypervariable Y fingerprint pattern generated
by hybridisation of a DYZ1 probe to a PFGE-fractionated
Pvull digest (Mathias et a. 1994). The Y chromosome
was therefore interpreted as a de novo rearrangement in
the karyotype 45,X/46,X rea(Y)(gter—gql11.2::qll.2—qter).

A neocentromere in the rearranged Y chromosome

Despite mosaicism of the amniocyte karyotype, the rear-
ranged Y chromosome was retained more efficiently than
would be expected for an acentric structure. We therefore
investigated whether it carried a centromere that bound
detectable amounts of known centromeric proteins. Im-
munofluorescence with a CREST antiserum showed
staining close to the centre of the chromosome (Fig. 1d),
although the signal was weaker than that of most other
chromosomes in the spread. A CENP-A-specific antise-
rum has aready been shown to bind to this chromosome
(Warburton et al. 1997); the presence of CENP-B could
not be detected (Fig. 2a), but CENP-C (Fig. 2b), CENP-E
(Fig. 2c) and Mad2 (Fig. 2d) were present at a similar lo-
cation to the CREST signal. CENP-B is not expected to
be detected at a Y chromosome centromere, but is also
absent from other neocentromeres (Voullaire et a. 1993,
1999), so its lack is not surprising and may account for
the low CREST signal. Thus this rearranged Y chromo-
some contains a functional neocentromere located near
the breakpoint in Yqll.2 that carries an active kineto-
chore, as shown by the presence of the kinetochore pro-
teins CENP-A, -C and -E. In addition, the presence of
Mad2 at the neocentromere (in these Colcemid-treated
cells) suggests that it is also competent to activate the
spindle assembly checkpoint.



321

Fig. la—d Cytogenetic analysis of the paternal (LB189) and rear-
ranged (SC27) Y chromosomes. a LB189, Q-banding; b SC27,
Q-banding; ¢ SC27, fluorescence in situ hybridisation (FISH) with
all-centromere probe; d SC27, CREST immunostaining. The ar-
row indicates the Y chromosome

Deletion map of the rearranged Y chromosome

We wished to identify the DNA sequences forming the
neocentromere. As afirst step towards this, we set out to
map the position of the nearby breakpoint. Sincethe Y is
haploid, we could construct a deletion map by simply
testing for the presence or absence of Y sequences from
known locations on the chromosome in SC27 genomic
DNA. Analysis of 32 sequences in this way showed that
all loci tested from Yp, Ycen and proximal Yq (intervals
1-18) were absent, while sequences from the more dista
Yqg euchromatin and heterochromatin (intervals 21-23)
were present (Fig. 3). Sequences mapping to deletion in-
terval 19 were present but reduced in intensity, while one
locus from deletion interval 20 was absent. Thisis likely
to reflect the ambiguity in assigning dispersed repeated
sequences to deletion intervals, rather than a complex re-
arrangement. The precise location of the breakpoint on
the deletion map could potentially be complicated by the
polymorphism of some sequences in this area of the
chromosome. However, 50f2/C, which can be present in
zero, one or two copies in norma Y chromosomes as a

result of natural polymorphisms (Jobling et al. 1996),
was found to be present in one copy in LB189 and ab-
sent from SC27. 2D29/D was present on both chromo-
somes. The breakpoint defined by molecular markers
therefore lies between these two loci in the distal Yq eu-
chromatin, in a position consistent with the cytogenetic
analysis.

Construction of arestriction site map
of the region spanning the breakpoint in Yg11.2

Restriction site maps of seven YACs containing 50f2/C
or 2D29/D, and an eighth YAC containing other se-
guences from this region, were constructed. The maps of
al eight YACs could be assembled into a single contig
covering 2.7 Mb of DNA (Fig. 4a). The exceptionally
large YAC 933A6 extended the contig by at least 2 Mb
in the proximal direction, but this additional DNA lies
outside the region of interest to us and was not included
in the map. 50f2/C and 2D29/D were localised on the
map by hybridisation to complete digests of the YACs
and were found to lie about 1.6 Mb apart (Fig. 4b).

The breakpoint was localised to a smaller region by
examination of additional loci. 92R7 detects multiple
bands of Y DNA, including a duplicated ~9.5 kb HindllII
fragment. Both of these copies are present in the YAC
786C10 (Fig. 4b), but only one is retained in SC27 ge-
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Fig. 2a—d ldentification of centromeric and kinetochore proteins
present at the SC27 neocentromere. Immunostaining with
a CENP-B, b CENP-C, ¢ CENP-E, d Mad2. Protein staining is
shown in green and the Y chromosome (white arrow) is identified
by FISH using aDYZ1 probe (red); in each case an enlargement of
the chromosome isincluded in the inset

nomic DNA, so the breakpoint must lie within 786C10.
A cosmid library was constructed from 786C10 DNA
and additional probes were isolated and used to elucidate
the structure of the region. The organisation of the DNA
is quite complicated and most sequences are repeated, ei-
ther within this YAC or elsewhere on the Y (Fig. 4c). In
addition, the Sfil sites marked with an asterisk were not
cleaved to completion in YAC DNA or genomic DNA
under any conditions used (Fig. 4d, €). Nevertheless, the
probe 4G6, lying in the ~430 kb Sfil fragment but de-
tecting both ~430 kb and ~650 kb Sfil fragments because
of the incomplete Sfil cleavage, revealed that these large
Sfil fragments were present and unaltered in size in
SC27 (Fig. 4e), demonstrating that the breakpoint must
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Fig. 5a—d Cytogenetic analysis of neocentromeric sequences.
a SC27 metaphase chromosomes, FISH with yOX58 probe.
b LB189 nucleus. ¢ SC27 nucleus. d Extended SC27 nucleus. In
b—d, the CREST immunostaining is shown in green and the YAC
786C10 FISH signal inred

lie within the immediately adjacent ~80 kb fragment or
the next ~40 kb fragment, which itself contains 50f2/C: a
region of less than 120 kb.

About 2.5 Mb of the 2.7 Mb contig consists of a large-
scale imperfect tandem duplication, seen as a repetition of
the 2D29 and 49a hybridisation sites (Fig. 4b). The copy
found in YAC 786C10 (and thus studied in most detail) it-
self consists of an interrupted and imperfect inverted du-
plication, seen from the duplicated locations of YAC-
derived probes (Fig. 4c). Since the structure was so com-
plex, we needed to determine whether one copy or more
of the entire 2.5 Mb region was present in genomic DNA,
and undertook quantitative hybridisation experiments to
answer this question. We assumed that the Y copy of
poxY 1 was a single-copy sequence on a normal Y chro-
mosome, since it is present as a single hypervariable frag-
ment (Oakey and Tyler-Smith 1990), and used this as our
copy number standard. Assuming that there were two cop-
ies of poxY 1 per SC27 Y chromosome, because of the in-
verted duplicated structure, we determined that there were
also two copies per rea(Y) chromosome of 2D29/D, but
only one copy of 4G6. 50f2/C and 2D29/B were absent.

Thus, although the chromosome is symmetrical at the cy-
togenetic level, it is not perfectly symmetrical at the mo-
lecular level. One arm of the structure extends from Yqter
to the breakpoint between 50f2/C and 4G6 (at about
0.5 Mbin Fig. 4a), while the other arm is shorter by about
1 Mb, extending from a breakpoint between 4G6 and
2D29/D (1.1-1.9 Mbin Fig. 44) to Yqter.

Localisation of the neocentromere
on extended chromatin

Fluorescence in situ hybridisation with YAC yOX58 on
SC27 metaphase chromosomes showed a signal close to
the middle of the rea(Y) chromosome (Fig. 5d), as ex-
pected from the deletion mapping (Fig. 3). At this level
of resolution, the position of the DNA signal is not dis-
tinguishable from the location of the centromeric protein
staining (Figs. 1d, 2). In order to investigate the localisa-
tion of the centromeric protein domain on the DNA se-
guences more precisely, we analysed interphase nuclei,
where the chromatin is more extended than in metaphase
chromosomes. Centromeric protein location was re-
vealed by immunostaining with a CREST antiserum and
DNA sequences lying near the neocentromere were visu-
alised by FISH using the YAC 786C10. Because of the
repetitive nature of the DNA sequences in this part of the
chromosome, including the large-scale duplication, we
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Fig. 6a, b Schematic summary of the chromosomal rearrange-
ment and the two possible locations for the neocentromere. a Nor-
mal Y chromosome with the DAZ region shown below. Arrows in-
dicate orientations of repeated sequences; O, 1 and 2 show the
copy number of three regions of the map in the rearranged chro-
mosome. b Rearranged Y chromosome with the DAZ region
shown above. Ovals indicate the two possible locations of the cen-
tromeric protein binding domain

Table 1 Association of YAC (neocentromere) and CREST (cen-
tromeric protein) signals in the normal paternal (LB189) and rear-
ranged (SC27) Y chromosomes

YAC + CREST YAC + CREST
signals associated signals not associated
LB189 6 54
SC27 31 43

expect this YAC probe to detect almost the entire region
shown in Fig. 4a. In LB189, 10% (6/60) of the YAC sig-
nals were associated with a CREST signal and 90% were
not (Fig. 5b; Table 1). We interpret these associations as
due to chance events where, in the flattened nucleus, the
YAC DNA sequences overlap with the centromere of an-
other chromosome. In contrast, in SC27, 31/74 (42%) of
the YAC signals were associated with a CREST signal
(Fig. 5¢c; Table 1). This is less than the 100% that might
be expected, but thisis more likely to be due to the tech-
nical difficulty of detecting a CREST signal at all copies
of the neocentromere than to a genuine lack of centro-
meric proteins from some copies of the rea(Y). The
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CREST signal is lower at the neocentromere than at oth-
er centromeres (Fig. 1d), and the conditions required for
simultaneous visualisation of the CREST and FISH sig-
nals mean that neither is optimised. Nevertheless, the
difference in association frequencies is highly significant
(P<1%, Chi-sgquared test). In most nuclei, the FISH sig-
nal formed a larger region than the CREST, and the
CREST signal usually lay towards the edge of the FISH
region. In extended and distorted nuclei, found mainly
around the edge of the dlide, the relative localisation
could be viewed in more detail. In the most highly ex-
tended nuclei, the CREST signal lay at one end of asin-
gle linear FISH signal (Fig. 5d). The centromere protein
domain therefore lies within the DAZ gene cluster but
close to its Yqter edge. The repetitive nature of these
DNA sequences has hindered attempts to carry out a
more precise examination of the sequences at the neo-
centromere.

Discussion

The unique rearranged Y chromosome and neocentro-
mere described in this report throw some light on how
neocentromeres originate and the range of sequences that
can form a neocentromere. The father’'s Y chromosome
was examined and was cytogenetically normal, so the
rea(Y) represents a de novo rearrangement that must
have taken place during spermatogenesis or early devel-
opment of the embryo. The chromosome is an inverted
duplication, grossly symmetrical but with one arm ap-
proximately 1 Mb longer than the other. It could have
arisen from a single recombination event in slightly mis-
aligned sister chromatids, between repeated sequences
~1 Mb apart and orientated in opposite directions
(Fig. 6).

The father was severely oligospermic and the embryo
arose from FIVET; infertile males may have deletions of
the DAZ gene region on the Y chromosome (Reijo et al.
1995), and both the rearrangement and the neocentro-
mere have arisen in the DAZ region. Are these coinci-
dences, or is there a causa link? DAZ deletions are
found at highest frequency in azoospermic males, where
they may be present in over 10% of cases (Reijo et al.
1995), but are aso known in severely oligospermic
males (Vogt et a. 1996); however, the father did not
have a DAZ deletion and the cause of his oligospermiais
unknown. Thus, while the coincidence seems remark-
able, and it remains possible that the general organisa-
tion of the DAZ region or the specific structure found in
the father predisposes simultaneously to infertility, rear-
rangement and neocentromere formation, we have no ev-
idence for acausal link. In vitro fertilisation is not gener-
aly associated with an increased risk of chromosomal
abnormalities (Tarlatzis and Grimbizis 1999). The loss of
most of the euchromatic portion of the Y chromosome
would be expected to result in Turner Syndrome, which
is usually lethal in utero, and would explain the pheno-
type observed.
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Our map of the DAZ region differs from that previous-
ly published (Yen 1998), despite being based on many of
the same YAC clones, in that it is about twice the size and
does not postulate a high frequency of internal YAC dele-
tions. Inspection of the mapping data reveals that individ-
ual YAC maps agree well, and that the difference is due
to interpretation as a single genomic region with rear-
rangements in the YACs (Yen 1998), or a duplicated ge-
nomic region corresponding to the YAC structures
(Fig. 4). Figure 4d, e provides evidence for two genomic
copies of the large Sfil fragment carrying the DAZ gene,
one associated with 4G6 and one not, and so we favour
the structure shown in Fig. 4a. Thisis consistent with the
generally complex organisation of Ygll (Kirsch et al.
1996). The sequence complexity of the region has pre-
vented us from localising the neocentromere precisely,
and we consider that further work would be better direct-
ed towards simpler neocentromeric DNA sequences.

The detection of 48,Xrea(Y)rea(Y)rea(Y) cellsin the
placenta and a 45,X cell line in the amniocytes and hy-
groma cells suggests that the rea(Y) chromosome is seg-
regating less accurately than a normal Y chromosome.
These differences between cell lineages could result
simply from random segregation errors, although we
cannot rule out the possibility of a higher error rate im-
mediately after the formation of the neocentromere, or
differential selection acting on cells carrying different
numbers of the rea(Y). If one copy of the rea(Y) was
present in the fertilised egg, chromosome loss was oc-
curring at the same rate throughout development, the
growth rates of the 46,Xrea(Y) and 45,X cells were the
same, and 16 week old amniocytes had gone through
3540 cell divisions, the observed 30% loss would cor-
respond to aloss rate of about 1% per cell division. This
is about twice as high as the maximum rate seen in
transformed aneuploid Hela cells (Burns et al. 1999),
and is much higher that that expected for a normal Y
chromosome in an embryo. The presence of Mad?2 at the
neocentromere (Figure 2d) suggests that a failure to ac-
tivate the spindle assembly checkpoint cannot account
for thisinefficiency.

In conclusion, our work describes a novel Y chromo-
some lacking detectable aphoid DNA. Although the
chromosome has undergone rearrangement, the position
of the neocentromere can be distinguished from that of
the breakpoint, and no evidence was found for DNA re-
arrangement at the site of the neocentromere. Centromer-
ic proteins, however, have bound, but their composition
or amount, or the underlying DAZ sequence results in a
neocentromere that is less efficient than a natural centro-
mere.
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