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Abstract Meiotic segregation of sex chromosomes from
two fertile 47,XYY men was analysed by a three-colour
fluorescence in situ hybridisation procedure. This method
alows the identification of hyperhaploidies (spermatozoa
with 24 chromosomes) and diploidies (spermatozoa with
46 chromosomes), and their meiotic origin (meiosis | or
I1). Alpha-satellite probes specific for chromosomes X, Y
and 1 were observed simultaneously in 35142 sperm nu-
clei. For both 47, XYY men (24 315 sperm nuclei analysed
from one male and 10827 from the other one) the sex ra-
tio differs from the expected 1:1 ratio (P < 0.001). The
rates of disomic Y, diploid YY and diploid XY spermato-
zoawere increased for both 47,XYY men compared with
control sperm (142050 sperm nuclei analysed from five
control men), whereas the rates of hyperhaploidy XY, dis-
omy X and disomy 1 were not significantly different from
those of control sperm. These results support the hypoth-
esis that the extra Y chromosome is lost before meiosis
with a proliferative advantage of the resulting 46,XY
germ cells. Our observations also suggest that a few pri-
mary spermatocytes with two Y chromosomes are able to
progress through meiosis and to produce Y-bearing sperm
cells. A theoretical pairing of the three gonosomes in pri-
mary spermatocytes with an extra sex chromosome, com-
patible with active spermatogenesis, is proposed.

Introduction

The 47,XYY constitution is one of the most frequent sex
chromosome anomalies at birth (close to 1/1000 accord-

E. Chevret! - S. Rousseaux - M. Monteil - Y. Usson - J. Cozzi

R. Pelletier - B. Sdle (X))

Reproductive Biology Unit, DyOGen laboratory, U309 INSERM,
Albert Bonniot Institute, Grenoble University Medical School,
F-38706 La Tronche Cedex, France

Fax: +33-4-76-51-24-77

Present address:
1Human Cytogenetics Laboratory, Imperial Cancer Research Fund,
44 Lincoln’s Inn Field, London, UK

ing to Hecht and Hecht 1987). Despite this high rate, little
is known about the meiotic behaviour of the extraY chro-
mosome.The hypothesis of meiosis peculiar to 47, XYY
males was first introduced by Thompson et a. (1967), in
order to explain the normal karyotype of seven children
born to a 47,XYY father. With reference to an earlier
study by Ohno et al. (1963), they proposed that XYY germ
cellsare ableto eliminate the extra’Y chromosome, before
reaching meiosis. More recently meiotic observations on
testicular biopsies from 47, XYY males have permitted the
direct observation of premeiotic germ cells, meiotic | cells
or to a lesser extent meiotic Il cells (Thompson et al.
1967; Evans et al. 1970; Hsu et al. 1970; Skakkebaek et
al. 1970; Baghdassarian et a. 1975; Chandley et al. 1976;
Faed et al. 1976). From these studies it has been assumed
that only normal 46,XY germ cells are able to progress
through meiosis. Therefore, the loss of the extra'Y chro-
mosome must occur before XYY germ cells enter meiosis
(Evans et al. 1970; Tettenborn et al. 1970) or during the
first step of the meiotic process (Melnyk et al. 1969).

Since spermatozoa are the final products of meiosis, the
direct cytogenetic analysis of spermatozoa from 47, XYY
males is the most reliable way to analyse the meiotic be-
haviour of the extra Y chromosome. For almost two
decades, the most informative analysis of human sperm
chromosomes, has relied on in vitro fertilisation of ham-
ster oocytes (Rudak et al. 1978); unfortunately, this tech-
nique is both difficult and time consuming. Only a few
sperm Karyotypes are available for analysis and only one
study of the sperm chromosome complement in an
47,XYY man has been published (Benet and Martin 1988:
75 karyotypes analysed).

Fluorescence in situ hybridisation (FISH) on human in-
terphase spermatozoa provides a powerful aternative tech-
nique for detecting aneuploid sperm nuclei. However, only
one study has yet been reported on a subject with a47, XYY
constitution (Han et al. 1994). In this study, 3009 spermato-
zoawere analysed using two-colour FISH, but this does not
allow areliable distinction between diploidy and disomy.

In order to study the meiotic behaviour of the extra'Y
chromosome with more accuracy, we have extensively
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studied the segregation of the sex chromosomes in 35142
spermatozoa from two fertile 47,XYY men using a three-
colour FISH procedure.

Materials and methods
Subjects

Subject 1, a 47,XYY male, was discovered during routine kary-
otyping of voluntary sperm donors. He was 32 years old and the
father of two boys. Seminal analysis demonstrated normal parame-
ters according to WHO standards (World Heath Organization
1992) with a sperm density of 110x10%/ml and 80% moatility. Two
semen samples were frozen and stored in liquid nitrogen.

Subject 2, was a 37 year old 47,XYY male, whose karyotype was
performed prior to vasectomy. He was the father of three boys and
one girl. Seminal analysis demonstrated normal parameters ac-
cording to WHO standards with a sperm density of 75x10/ml and
70% motility. One semen sample was frozen and stored in liquid
nitrogen.

Controls

Control men had normal sperm parameters according to WHO
standards.

Subject A: sperm count 70 x 10%/ml, 80% motility; 25 years old
Subject B: sperm count 50 x 108/ml, 70% motility; 34 years old
Subject C: sperm count 60 x 108/ml, 50% motility; 29 years old
Subject D: sperm count 50 x 10%/ml, 60% motility; 20 years old
Subject E: sperm count 53 x 108/ml, 70% motility; 39 years old

Sperm preparation

Each fresh or thawed semen sample was centrifuged at 450 g on a
three-layer discontinuous Percoll gradient (90%/70%/40%) in or-

Fig. 1 Haploid X and haploid Y decondensed interphase human
spermatozoa hybridised with probes specific for chromosome 1
(yellow), X (red) and Y (green)

der to remove leukocytes. The 90% fraction of the Percoll was
washed twicein 0.01 M TRIS, pH 8 for 5 min at 600 g. The sper-
matozoa were decondensed with 10 mM dithiothreitol (Sigma) at
room temperature for 1040 min (Rousseaux and Chevret 1995),
dropped onto clean dry slides and fixed with ethanol-acetic acid
(3:2).

Probes

Plasmid probes pUC1.77, pXBR2 and pHY 2.1, which were spe-
cific for chromosomes 1, X and Y, respectively, were used. 1 and
X were a-satellite probes specific for centromeres; the Y probe was
specific for arepeat sequence on the long arm of the Y (Y ql12).

Fig. 2 Diploid XX decondensed interphase human spermatozoa
showing two yellow signals (chromosome 1) and two red signals
(chromosome X)

Fig. 3 Decondensed interphase human spermatozoa showing one
red signal (chromosome X) and a split of the yellow signal (chro-
mosome 1)



Tablel Overal results of labelling of chromosomes X,Y and 1in
sperm of two 47,XYY males

Presumed Subject 1 Subject 2
karyotype

No. of sperm % No. of sperm %
23Y 13422 55.20 6086 56.21
24YY 20 0.08 21 0.19
46,YY 10 0.04 2 0.02
23X 10481 43.11 4630 42.76
24, XX 4 0.02 - -
46,XX 5 0.02 - -
24 XY 58 0.24 56 0.52
46,XY 42 0.17 12 011
24Y +1 38 0.16 12 0.11
24X +1 19 0.08 8 0.07
2 XXYY 2 0.008 - -
No signal 0 - 0 -
Ambiguous 214 0.88 - -
Total 24315 100 10827 100

Probe DNAs were isolated from an amplified phage library and
then labelled by nick-trandlation with digoxigenin-11-dUTP (X
probe) or biotin-16-dUTP (Y probe), or a mixture of digoxigenin-
11-dUTP/bictin-16-dUTP (chromosome-1 probe). In order to de-
termine their specificity, the probes were hybridised on lympho-
cyte spreads, and then co-hybridised in three-colour FISH, on the
sperm preparation, as described below.

Hybridisation procedure

Sperm DNA was treated with RNase (100 pug/ml) (Eurogentec
Seraing, Belgium) for 1 h at 37°C, dehydrated by passage through
a cold ethanol series (70%/90%/100%), denatured for 2 min at
80°C in 70% formamide, 2xSSC, dehydrated again and air-dried.

A 20-pl sample of hybridisation mix (50% formamide, 0.5 x
SSC, 0.5 x SSPE, 10% dextran sulphate) containing 100 ng of
each probe and 10 ug of sonicated salmon sperm was heated at
75°C for 5 min to denature the probe, and then rapidly cooled on
ice.

The mixture was applied to each sperm nuclei preparation and
dlides were covered with a 24 x 24-mm coverdlip; this was seaed
with rubber cement. Slides were placed in amoist chamber at 37°C
for 20 h. Coverdlips were then carefully removed and the slides
were washed in 50% formamide, 2 x SSC at 45°C (three times for
5 min each), in 2 x SSC at 45°C (three times for 5 min each) and
in 0.1 x SSC at 60°C (once for 3 min).
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Biotinylated and/or digoxigenin-labelled probes were simulta-
neously detected with avidin-fluorescein isothiocyanate (FITC)
(Vector Laboratories; Vector Biosys, diluted 1/300 in 4 x SSC, 5%
skimmed milk) and anti-digoxigenin-rhodamine (Boehringer; di-
luted 1/200), respectively. A 20-min incubation at room tempera-
ture with avidin-FITC, followed by a 20-min incubation at room
temperature with biotinylated anti-avidin-FITC (Vector Laborato-
ries; diluted /200 in 4 x SSC, 5% skimmed milk) and a 30-minin-
cubation at 37°C with avidin-FITC and anti-digoxigenin-rho-
damine were performed. Between incubations, and following the
last one, slides were washed threetimes for 5 min each in 4 x SSC,
0.1%Tween (Tween 20, Sigma) at room temperature. After the fi-
nal incubation, slides were washed three more timesfor 3 min each
in 4 x SSC at room temperature, and twice for 3 min each in phos-
phate-buffered saline. After the final wash, slides were air-dried in
the dark. Then 10 pl of an antifade solution (Vector Laboratories)
containing 50 ng/ml of the blue fluorescent dye DAPI (4',6-di-
amidino-2-phenylindole) was applied to the slides under a 22 x 22-
mm coverslip.

Scoring

The dlides were screened using a x 100 objective in a Zeiss Axio-
phot equipped with a triple band pass filter, FITC/rhodamine/
DAPI. Yelow, red and green spots detected chromosomes 1, X
and Y, respectively (Fig. 1).

Two signals of the same colour were scored as two copies of
the corresponding chromosome when they were the same intensity
and size, and were clearly distinct. This was to ensure that they
arose from two separate chromosomes (Fig. 2) and not from a split
signal on a single chromosome (Fig. 3).

The dlides were scored by two independent observers, who
each counted approximately 3000 sperm nuclei per slide. No sig-
nificant differences were detected between observers (results not
shown). All sperm nuclei with split or superimposed signals were
classified as ambiguous (Tables 1, 2).

The scores of the two XYY men were compared with those of
control men because aneuploid sperm cells are present in normal
men. Since data on aneuploidy frequencies differ between authors
(Goldman et a. 1993; Han et al. 1993; Schattman et al. 1993;
Williams et al. 1993; Bischoff et al. 1994; Chevret et al. 1995) it
was hecessary to establish the aneuploidy rates in control men.

A Students t-test was performed to compare results from
47,XYY males and controls, and a difference was considered sig-
nificant at P = 0.05.

Results

For the three plasmid probes, using our decondensation
procedure (Rousseaux and Chevret 1995), hybridisation
efficiency was more than 99% (Tables 1, 2).

Table2 Disomy and diploidy rates (%) of chromosomes X, Y and 1 in sperm of five controls observed by three-colour fluorescence in

situ hybridisation (FISH)

24YY  46)YY  24XX 46,XX 24 XY 46,XY 24Y or X +1 Ambiguous No signal

Subject A 0.02 0.006 0.02 0.02 0.09 0.12 0.08 0.47 0.21
(32599 sperm analysed)

Subject B 0.008 0.008 0 0.07 0.41 0.02 0.26 0.008 0
(11584 sperm analysed)

Subject C 0.02 0.01 0.02 0.005 0.86 0.23 0.13 0.03 0
(73574 sperm analysed)

Subject D 0 0 0.14 0.04 0.08 0.09 0.32 0.49 0
(13631 sperm analysed)

Subject E 0.01 0 0.01 0.19 0.35 0 0.56 0.27 0

(10662 sperm analysed)




410

Table3 Comparison of the

f Presumed Subject 1 Subject 2 Controls

:’(ehaﬁ‘é' ‘i‘#rrgfncg;o)'g‘fiomﬁé karyotype (%)J (%)J [Mean (%) + standard deviation]

and controls 23Y 55.20 56.21 4822 +2.23
24YY 0.08 0.19 0.01 +6x10°
4B6YY 0.04 0.02 0.005 + 2 x 105
23,X 43.11 42.76 50.10 *3.39
24 XX 0.02 - 0.04 +3x103
46,XX 0.02 - 0.06 +4x 103
24.XY 0.24 0.52 0.36 +0.08
46,XY 0.17 0.11 0.09 +7x 1073
24X or Y +1 0.23 0.18 0.27 +0.03

In 47,XYY males, atotal of 35142 sperm nuclei (24 )
Discussion

315 from subject 1 and 10827 from subject 2) were
analysed for the presence of chromosomes X, Y and 1
(Table 1). For the two subjects the sex ratio differs from
the expected 1:1 ratio (P < 0.001).

Meiotic | errors

Frequencies of hyperhaploid XY spermatozoa were
0.24% for subject 1 and 0.52% for subject 2. Rates of
diploidy XY were 0.17% for subject 1 and 0.11% for sub-
ject 2.

Meiotic Il errors

Disomy Y was estimated to be 0.08% for subject 1 and
0.19% for subject 2. The frequency of disomy X was
0.02% for subject 1. No disomic X sperm nuclei were ob-
served from subject 2. The frequency of diploid YY
sperm nuclei was 0.04% for subject 1 and 0.02% for sub-
ject 2. Diploid XX sperm nuclei were only observed in
subject 1, with afrequency of 0.02%. Chromosome 1 dis-
omy was close to 0.20% for each 47, XYY male.

From subject 1, two tetraploid sperm cells were also
observed (0.008%). In 212 spermatozoa (0.88%) the sig-
nal was ambiguous. Most of them (205) showed one yel-
low spot, but this was because the spots were superim-
posed on each other (yellow/green or yellow/red). It was
therefore not possible to consider these spermatozoa as
nullisomic for the gonosomes.

All these frequencies were compared with those of five
control men (142050 sperm nuclei analysed) (Tables 2,
3). Therate of disomy Y was significantly increased (P <
0.001 for both subjects). Increases of haploid Y, and
diploid YY spermatozoa were also observed (P < 0.02).
Therate of meiotic | diploid cells (46,XY) was dightly in-
creased compared with controls (P < 0.05), whereas fre-
guencies of hyperhaploidy XY, disomy X and disomy 1
were in the same range as in control spermatozoa.

In the present study, the meiotic behaviour of the sex
chromosomes from two 47, XYY fertile males was inves-
tigated by a three-colour FISH procedure. This method
has allowed the scoring of alarge number of sperm nuclei
and the detection of small variations in frequencies. The
rates of haploid Y, disomic Y, diploid YY and diploid XY
spermatozoa were increased in both of the 47, XYY men,
compared with controls, whereas hyperhaploidy XY, dis-
omy X and disomy 1 were not significantly different from
those of normal men. Neither Benet and Martin (1988),
karyotyping 75 spermatozoa from one 47,XYY subject,
nor Han et al. (1994), analysing 3009 sperm nuclei from
one 47,XYY patient in two-colour FISH, have detected
such increases. This could be related to the low numbers
of sperm nuclel analysed in these studies.

The present results support the hypothesis of a process
of meiosis peculiar to 47, XYY males, which had already
been suggested by Thompson et al. (1967). In most cells,
the extraY chromosome would be lost before meiosis, re-
sulting in 46,XY cells that would then progress through
norma meiotic division. However, the dight but signifi-
cant increases in haploidy Y, disomy Y and diploidy YY
suggest that in a small proportion of spermatozoa the ex-
tra’Y chromosomeis not lost. In this latter casea Y'Y bi-
valent with an X univalent would be formed and the X
univalent could then be eliminated during the anaphase of
the first meiotic division. The increase in disomic Y and
diploid Y sperm nuclei would therefore be the conse-
quence of the excess of 23,Y bearing spermatocytes Il.
This hypothesis is supported by previous observations in
testicular biopsies from XYY males (Table 4) showing a
few primary spermatocytes containinga Y'Y bivalent with
an X univalent, and secondary spermatocytes with 23
chromosomes (Hultén 1970; Tettenborn et al. 1970; Hultén
and Pearson 1971; Berthelsen et al. 1981; Speed et al.
1991). Moreover, according to Burgoyne (1979) the pres-
ence of XY bivalents would result in meiotic | arrest,
whereas a YY pairing associated with a free X chromo-
some would not affect the spermatogenic process.

Similarly, adlight but significant increase in hyperhap-
loid 24,XY spermatozoa associated with a normal rate of
22,0 hypohaploid sperm has been observed in 46XY/



34 with 23 chromosomes

5 with 24 chromosomes
(no evidenceof 2 Y
chromosomes)

20 with one X chromosome
20 with one Y chromosome

47 with 23 chromosomes

Spermatocytes |1

Others
70
1d
2(:

YY bivalent
confidently
identified)

2 (not

X univalent
bivalent + Y univalent + X univaent

24
49

Spermatocytes |

155
145
341
20
61
88

XY
d0ne primary spermatocyte with 24 elements including an extra bivalent of G-group size

¢Cells had a univalent X chromosome alone

< 47 chromo-

somes

47 chromo-
1a

somes

52

46 chromo-
somes

17

56

18

15

Spermatogonia
45 chromo-

somes

47 XYY males

No. of
1
6

3
4
1

bTwo primary spermatocytes had 24 structures including a normal XY bivalent and 2 G
univalent; six cells had 23 structures with no clear-cut XY bivalents

aForty-seven chromosomes including only asingle Y

Table4 Meiotic studies of XYY males

Hultén and Pearson (1971) 1
Berthelsen et al. (1981)

Thompson et al. (1967)
Melnyk et al. (1969)
Evans et a. (1970)

Hsu et al. (1970)
Tettenborn et al. (1970)
Speed et al. (1991)

Hultén (1970)
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A7TXXY males (Cozzi et a. 1994; Chevret et a. 1996)
suggesting preferential XX pairing in the few XXY cells
that were able to achieve meiosis.

Overall, we suggest that in these gonosomal constitu-
tional abnormalities (XYY and XY/XXY) afew primary
spermatocytes would carry an extra gonosome and in
these preferential pairing would occur between the two
homologous sex chromosomes. This pairing would allow
active spermatogenesis, as opposed to XY pairing.
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