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Summary

An unusual Y chromosome with a primary constriction
inside the long-arm heterochromatin was found in the
amniocytes of a 38-year-old woman. The same Y chro-
mosome was found in her husband and brother-in-law,
thus proving that it was already present in the father.
FISH with alphoid DNA showed hybridization signals
at the usual position of the Y centromere but not at the
primary constriction. Centromere proteins (CENP)-A,
CENP-C, and CENP-E could not be detected at the site
of the canonic centromere but were present at the new
constriction, whereas CENP-B was not detected on this
Y chromosome. Experiments with 82 Y-specific loci dis-
tributed throughout the chromosome confirmed that no
gross deletion or rearrangement had taken place, and
that the Y chromosome belonged to a haplogroup whose
members have a mean alphoid array of 770 kb (range
430–1,600 kb), whereas that of this case was ∼250 kb.
Thus, this Y chromosome appeared to be deleted for
part of the alphoid DNA. It seems likely that this deletion
was responsible for the silencing of the normal centro-
mere and that the activation of the neocentromere pre-
vented the loss of this chromosome. Alternatively, neo-
centromere activation could have occurred first and
stimulated inactivation of the normal centromere by par-
tial deletion. Whatever the mechanism, the presence of
this chromosome in three generations demonstrates that
it functions sufficiently well in mitosis for male sex de-
termination and fertility and that neocentromeres can
be transmitted normally at meiosis.
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Introduction

Under normal circumstances a chromosome must have
one—and only one—centromere, in order to segregate
properly. In the yeast Saccharomyces cerevisiae, short
DNA sequences are sufficient to specify centromere func-
tion; if centromere DNA is present, the chromosome has
a centromere, and if it is absent, the chromosome does
not. In multicellular eukaryotes, including humans, no
single DNA sequence has been shown to be essential for
formation of a centromere, and it is thought that cen-
tromere activity is specified epigenetically (Karpen and
Allshire 1997), perhaps by the binding of centromere
protein (CENP)-A (Vafa and Sullivan 1997; Warburton
et al. 1997). This hypothesis arose, in part, from studies
of human neocentromeres, in which it was observed that,
in rare patients with chromosomal rearrangements, se-
quences that are normally noncentromeric acquire cen-
tromeric function (duSart et al. 1997), and the hypoth-
esis has been extended to Drosophila (Williams et al.
1998). Neocentromere segregation efficiency has not
been measured in humans, but the mosaicism often seen
in patients with neocentromeres suggests that it is lower
than that of normal centromeres in mitosis, and it is not
known whether neocentromeres function at all in human
meiosis. We now describe a normal human family with
a neocentromere on the Y chromosome. The presence
of this chromosome in three generations demonstrates
that it functions sufficiently well in mitosis for male sex
determination and fertility, that it can be transmitted
normally at meiosis, and that centromeric DNA evolu-
tion can be very rapid.

Methods

Chromosome analyses from amniocytes of the pro-
posita and from lymphocytes of her husband (1106/93)
and her brother-in-law were done as usual. A lympho-
blastoid cell line was set up from the blood of 1106/93.
FISH was performed as described elsewhere (Rossi et al.
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Figure 1 Metaphases from the proposita’s amniocytes stained for Q-bands (a) and from the father’s blood stained for DA-DAPI (b),
showing the abnormal Y chromosome with the primary constriction in the Yq12 heterochromatin. FISH with D8Z2 c shows signals only at
the inactive centromere of the paternal abnormal Y chromosome. After immunofluorescence with CENP-A (d), CENP-C (e), and CENP-E (f),
signals (green) are localized at the neocentromere but not at the inactive centromere identified by the Y-alphoid DNA signals (red).

Figure 2 Distribution of Y alphoid DNA array sizes in haplo-
group 9 individuals. 1106\93R is denoted by the blackened bar.

1994). Two alphoid probes, D8Z2 and DYZ3, were la-
beled by nick translation. D8Z2 was used under low-
stringency conditions (hybridization mixture—30% for-
mamide in ; posthybridization washes—50%2 # SSC
formamide, [37�C]). DYZ3 was used at high2 # SSC
stringency (hybridization mixture: 50% formamide in

; posthybridization washes: 50% formamide,2 # SSC
[42�C]) and was detected with fluorescein is-2 # SSC

othiocyanate (FITC)–conjugated avidin. Chromosomes
were stained with propidium iodide and counterstained
with DAPI. No less than 50 metaphases were analyzed.

Antibodies to CENP-A (Warburton et al. 1997),
CENP-B (Earnshaw et al. 1987), CENP-C (Saitoh et al.
1992), and CENP-E (Yen et al. 1992) were generated as
described elsewhere. Slides with metaphase chromo-
somes from 1106/93 were prepared according to the
method described by Haaf and Schmid (1989), with mi-
nor modifications. In brief, the cells were suspended in
hypotonic solution (10 mM HEPES, pH 7.3), 2% FCS,
30 mM glycerol, 1.0 mM CaCl2, and 0.8 mM MgCl2,

at a density of cells/ml, and incubated at4∼ 8 # 10
�4�C for 15 min. Aliquots of 0.3–0.5 ml were cytocen-
trifuged (Cytospin 3; Shandon) onto clean glass slides
at 1,000 g for 10 min with high acceleration. The slides
were immediately removed and immersed in absolute
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methanol for 30 min at �20�C and then in ice-cold
acetone for 30 s. After air drying, the slides were used
immediately or stored at �20�C. For the immunoflu-
orescence staining, slides were treated essentially ac-
cording to the method reported by Earnshaw et al.
(1989). They were rehydrated in PBS-azide (10 mM
NaPO4 pH 7.4, 0.15 M NaCl, 1 mM EGTA (ethylene
glycol-bis-[b-aminoethyl ether]-N1,N,N1,N1-tetraacetic
acid), 0.01% NaN3) for 5 min, then washed three times
(1 min each) with (1.0 mM triethanolamine:1 # TEEN
HCl pH 8.5, 0.2 mM Na EDTA, 25 mM NaCl), 0.1%
Triton X-100, 0.1% BSA. The preparations were incu-
bated for 30 min at 37�C with the specific antibody
appropriately diluted in 1 # TEEN, 0.1% Triton X-
100, 0.1% BSA. Antibodies were removed three wash-
ings with (10 mM Tris:HCl pH 7.7, 0.15 M1 # KB
NaCl, 0.1% BSA) for 2 min, 5 min, and 3 min and were
detected by being incubated for 30 min at 37�C with
FITC-conjugated antirabbit IgG (Sigma) diluted 1:20 in

. Slides were washed for 2 min with .1 # KB 1 # KB
After the detection of CENP antibodies, we performed
FISH with CEP-Y (Vysis), labeled with Spectrum orange,
to obtain signals for both alphoid DNA and CENPs on
the same preparation. Slides were fixed in a 10% for-
malin in 1 # KB solution for 10 min at room temper-
ature, washed in distilled water for 10 min, fixed in 3:
1 methanol/acetic acid for 15 min, air dried, and proc-
essed for FISH with Spectrum orange–labeled CEP-Y
(DYZ1), as described by the Vysis protocol, slides being
denaturated at 82�C for 8 min. For both FISH and im-
munofluorescence analyses of the centromeric proteins,
slides were viewed through a Zeiss Axiophot fluores-
cence microscope. Metaphases were analyzed by means
of DAPI, FITC, and triple-bandpass filter to visualize
fluorescein, Spectrum orange, DAPI, and propidium io-
dide. Images were captured with a CCD camera (Per-
ceptive Scientific Instruments) and were further proc-
essed with Adobe Photoshop software. Molecular
methods were as described elsewhere (Tyler-Smith et al.
1993).

Results

Cytogenetic examination of amniocytes obtained
from a 38-year-old woman revealed an unusual Y chro-
mosome in all the cells (30 metaphases from 15 clones).
The normal constriction was absent, and a novel con-
striction was seen within the long-arm heterochromatin
(fig. 1a). Examination of the husband’s chromosomes
showed that this unusual chromosome was also present
in 94 of 100 cells (fig. 1b), the remaining six metaphases
being 45,X. No cytogenetic analysis could be performed
on his first male child, but his older brother (56 years
old) had the same Y chromosome in most cells, together

with a minor 45,X cell line (16 of 110 metaphases). All
further analyses were performed on the father’s lym-
phoblastoid cell line (1106/93). FISH with alphoid DNA
showed hybridization signals at the usual position but
not at the new constriction (fig. 1c) of the Y chromo-
some. CENP-A, CENP-C, and CENP-E could not be
detected at the normal centromere but were present at
the new constriction (fig. 1d–f), whereas, as expected,
CENP-B was not detected at all on this Y chromosome
(results not shown). We therefore conclude that the nor-
mal centromere has been inactivated and a neocentrom-
ere has formed in the long-arm heterochromatin.

Initial PCR and filter hybridization experiments in-
vestigating 82 Y-specific loci distributed throughout the
chromosome confirmed that no detectable deletion or
rearrangement had taken place. The structure of the ca-
nonic centromere, as investigated by means of pulsed-
field gel electrophoresis (Tyler-Smith et al. 1993), re-
vealed that it contained an alphoid array ∼250 kb in
size, within the normal range of 220–1,600 kb (Mathias
et al. 1994). However, more-detailed analysis showed
that the Y chromosome belonged to the lineage “hap-
logroup 9,” defined by the combination of two poly-
morphisms: an ArG transition at SRY-1532 (Kwok
1996) and a 2-kb deletion at the 12f2 (DYS11) locus
(Casanova et al. 1985). Members of this lineage have
all descended from a recent common ancestor who prob-
ably had an alphoid array similar in size to the mean
for the haplogroup, 770 kb (range 430–1,600 kb, n �

; fig. 2). The Y alphoid array in 1106/93 has therefore41
undergone a substantial deletion relative to others in this
haplogroup.

Discussion

This neocentromere differs from those described else-
where (Choo 1997), in that it lies on the same chro-
mosome as does the normal centromere and is not as-
sociated with a cytologically detectable rearrangement.
A similar Y chromosome, with a neocentromere inside
the Yq heterochromatin, was reported by Bukvic et al.
(1996) in an infertile woman. In that case, however, the
abnormal Y chromosome was present as a supernu-
merary one in a minor cell line (5%), in mosaicism with
both a normal 46,XY (40%) and a 45,X (55%) cell line.
Thus the abnormal Y probably arose from a postzygotic
event and was unstable.

What is the molecular basis for the inactivation of the
normal centromere and for the activation of the stable
neocentromere in the family studied? According to War-
burton et al. (1997), the active centromere occupies only
a portion of the alphoid array, as indicated by the small
region of CENP-A staining, compared with CENP-B
staining on other chromosomes. Thus, by using the in-
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formation that the Y chromosome in this family is struc-
turally normal except for a partial deletion of the alphoid
array, we propose the following model. The deletion of
part of the alphoid array, still leaving an array well
within the size range observed for functional centro-
meres, removes part or all of the CENP-A–binding do-
main, thus leading to inactivation of the centromere.
Activation of a neocentromere by a poorly understood
mechanism, perhaps the binding of CENP-A to late-rep-
licating DNA (Csink and Henikoff 1998), might stabilize
the chromosome and prevent loss. CENP-A has been
reported to be retained quantitatively in bull sperm (Pal-
mer et al. 1990), so the modification might be trans-
mitted to future generations. Alternatively, neocentro-
mere activation could have occurred first and stimulated
inactivation of the normal centromere by partial dele-
tion, as seen in a dicentric Y;21 chromosome (Fisher et
al. 1997).

Whatever the mechanism, the Y centromere in this
family illustrates that one centromere sequence can re-
place another very rapidly. We do not know how many
generations ago the centromere shift took place, but it
must have been more than two, as demonstrated by the
presence of the same Y chromosome in two brothers.
Thus, the epigenetic change has been stable through at
least three rounds of meiosis. Because it behaves as a
neutral polymorphism (the minor 45,X cell line did not
prevent normal fertility, and no abortions were reported
in the entire family), it is possible (although unlikely)
that in the future it could become fixed in the population.
Perhaps this is how the centromeric DNA sequences of
multicellular eukaryotes evolve so rapidly (Tyler-Smith
et al. 1998). The finding that a similar Y chromosome
has been reported (Bukvic et al. 1996) provides the first
example of two independent neocentromeres arising in
the same cytogenetic location and suggests that se-
quences along the Yq heterochromatin may be partic-
ularly likely to bind the centromeric proteins.
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