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Abstract Small supernumerary marker chromosomes
(sSMCs) are structurally abnormal rare chromosomes,
difficult to characterize by karyotyping, and have been
associated with minor dysmorphic features, azoospermia,
and recurrent miscarriages. However, sSSMC with a
gonosomal trisomy has never been reported. Spermato-
cyte spreading and immunostaining were applied to de-
tect meiotic prophase I progression, homologous chro-
mosome pairing, synapsis, and recombination. In all the
analyzed spermatocytes of the patient, the extra Y
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chromosome was not detected while the sSSMC was
present. The recombination frequency on autosomes
was not affected, while the recombination frequencies
on XY chromosome was significantly lower in the pa-
tient than in the controls. The meiotic prophase I pro-
gression was disturbed with significantly increased pro-
portion of zygotene and decreased pachytene spermato-
cytes in the patients as compared with the controls. These
findings highlight the importance of studies on meiotic
behaviors in patients with an abnormal chromosomal
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constitution and provide an important framework for
future studies, which may elucidate the impairment
caused by sSSMC in mammalian meiosis and fertility.
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Human male infertility

Abbreviation

sSMC  Small supernumerary marker chromosome
SCs Synaptonemal complexes

SD Standard deviation

DSBs  Double-strand breaks

SB Sex body

MSCI  Meiotic sex chromosome inactivation

Introduction

Small supernumerary marker chromosomes (sSMC) are
reported in 0.075 % of live full-term infants (Liehr and
Weise 2007) and can be defined as structurally abnormal
chromosomes that cannot be identified or characterized
unambiguously by conventional cytogenetic techniques
alone and are (in general) equal in size or smaller than
chromosome 20 of the same metaphase spread (Liehr
et al. 2004). The smaller markers are reported to be
associated with minor dysmorphic features, azoosper-
mia, or recurrent miscarriages (Koc et al. 2009). It is
always unexpected to find sSMC during cytogenetic
diagnostics. However, sSMCs are most often found
either in mentally retarded patients with infertility later
on in their life or in fetuses who had invasive prenatal
diagnosis of some sort (Lichr and Weise 2007).

The 47, XYY karyotype is found in 0.1 % of the
general male population with the extra Y chromosome
resulted from paternal non-disjunction during meiosis 11
or a post-zygotic mitotic error (Robinson and Jacobs
1999). The majority of the 47, XYY men are fertile
(Linden et al. 1996), and it has been suggested that the
extra Y chromosome is lost prior to meiosis in these
cases (Shi and Martin 2001). This hypothesis has been
supported by studies on sperm aneuploidy in fertile and
infertile 47, XYY men, in which more than 95.6 %
sperm were chromosomally normal (Blanco et al.
1997; Chevret et al. 1997; Mennicke et al. 1997; Martin
et al. 1999; Rives et al. 2003).
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Meiotic recombination plays an essential role in the
generation of genetic diversity as well as ensuring the
accurate segregation of homologous chromosomes dur-
ing the first meiotic division (Hassold et al. 2000).
Several studies using immunocytogenetic techniques
have found that a significant proportion of men with
impaired spermatogenesis also have abnormalities in the
number of recombination events between the chromo-
somes (Gonsalves et al. 2004; Ma et al. 2006; Ferguson
et al. 2007), whereas the others did not find any abnor-
malities in meiotic recombination in their studied infer-
tile populations (Codina-Pascual et al. 2005; Topping
et al. 20006). It has been reported that an inverse corre-
lation exists between the frequency of sex chromosome
recombination and XY disomy in the sperm from both
fertile and infertile men (Shi et al. 2001; Ferguson et al.
2007). Thus, abnormalities in meiotic recombination
may explain the increase in the incidence of aneuploid
sperm in severely infertile men (Ferguson et al. 2007).

Here, we are reporting, for the first time, meiotic
chromosome behavior in a patient with a complex kar-
yotype of 48, XYY, +sSMC. Our results indicated that
only one Y chromosome was present in spermatocytes
of the patient, and the presence of sSSMC may interfere
with the recombination between the sex chromosomes
and meiotic prophase I progression.

Methods
Patient and karyotype analysis

A 40-year-old male was presented to Center for Re-
productive Medicine at Drum Tower Hospital affiliat-
ed to Nanjing University Medical College, Nanjing,
China. Semen analysis was done according to World
Health Organization criteria (WHO laboratory manual
for the examination of human semen and semen-
cervical interaction, 2010). After obtaining informed
consent from patient, testicular tissue was sampled for
biopsy analysis. Five fertile men (average age 58+
16 years) of Han ethnicity, having at least one healthy
child, were recruited as normal controls for this study,
and similar experiments were performed on them as
mentioned for the patient. All the procedures of this
study were approved by the institutional review board
and ethical committee of the University of Science and
Technology of China.
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Spermatocyte spreads and immunostaining

Testicular tissues were processed as we described pre-
viously (Pan et al. 2012; Jiang et al. 2014). The Rabbit
anti-SYCP3 (Abcam, Cambridge, UK), Human anti-
CREST (Immuno Vision, Springdale, AR), Mouse anti-
MLH1 (BD Pharmingen Biosciences, San Diego, CA),
mouse anti-y-H2AX (Millipore, Billerica, MA), Goat
anti-SYCP1 (Santa Cruz Biotechnology, CA, USA),
Alexa 555 donkey anti-rabbit (Molecular Probes, Carls-
bad, CA), Alexa 488 goat anti-mouse (Molecular
Probes, Carlsbad, CA), Alexa 488 donkey anti-mouse
(Molecular Probes, Carlsbad, CA) and 1-amino-4-
methylcoumarin-3-acetic acid (AMCA) donkey anti-
human (Jackson ImmunoResearch, West Grove, PA)
were used for the detection of their respective primary
antibodies.

The number of centromeres and synaptonemal com-
plexes (SCs) was counted in spermatocytes. Recombi-
nation on autosomes as well as on XY bivalents was
enumerated for the patient and controls.

Statistical analysis

All the data is presented as mean+standard deviation
(SD). Significance level was set as P<0.05. Statistical
analysis was carried out by using SPSS 13.0 software
(SPSS Inc., Chicago, IL). The chi-square test was ap-
plied to compare the rate of recombination between the
patient and controls. The Mann—Whitney test was ap-
plied for the comparison of MLH]1 foci per cell between
the patient and controls.

Results

Analysis of the semen revealed that the patient was
suffering from azoospermia. Karyotyping on G-banded
metaphases of peripheral blood lymphocytes revealed a
karyotype of 48, XYY, +sSMC in all the 100 studied
cells of the patient (Fig. 1).

The extra Y chromosome was not observed
in spermatocytes of 48, XYY, +sSMC patient

The number of SCs and centromeres in pachytene sper-
matocytes with distinguishable autosomes and sex chro-
mosomes was counted in the patient and control indi-
viduals. Each cell from the control men showed 24

centromere signals on 22 autosomal SCs and the X
and Y chromosomes, while for the patient, 25 centro-
mere signals were observed on 22 autosomal SCs, X, Y,
and the small marker chromosome for all the 80 sper-
matocytes analyzed (Fig. 2a, b). These results indicate
that the extra Y chromosome was lost in the spermato-
cytes of the patient. To confirm that the observed Y
chromosome was a univalent but not bivalent formed
by complete synapsis of two Y's in the spermatocytes of
the patient, these cells were immunostained for SYCP1,
a typical central element of SCs. In all the 80 cells
analyzed, no SYCPI signals were observed along the
Y chromosome (Fig. 2c, d). Together, our results indi-
cated that the extra Y chromosome was lost from sper-
matocytes of the 48, XYY, +sSMC patient.

In all the 80 spermatocytes of the patient, the associ-
ation and recombination between the sex chromosomes
were also determined and compared with the control. In
the patient, X-Y chromosomes were found to be asso-
ciated in 83.7 % cells, while in 16.3 % spermatocytes,
they were not associated. In control individuals, X and
Y were associated in 80.4 % cells and were not associ-
ated in 19.5 % cells (Fig. 3), which is not statistically
different from the patient (P>0.05, chi-square test). In
the patient, recombination between the sex chromo-
somes (represented by MLH1 focus) was observed to
be present always in the PARI region as in controls;
however, it occurs in 57.5 % cells, which is significantly
lower than that in control individuals (Table 1). These
results indicated that the pairing of XY chromosomes
was not affected but their recombination was impaired
in the patient.

The behavior of the marker chromosome

In the 80 spermatocytes of the patient, the small marker
chromosome was always observed (Fig. 2). In 73.7 % of
the cells, the small marker chromosome was not associ-
ated with any chromosome including sex chromosomes,
while in 26.3 % spermatocytes, it was associated either
with the X or Y chromosome (Fig. 4). In the latter
26.3 % spermatocytes, the marker chromosome was
observed to be associated with X in 52 % and with Y
in 48 % of the cells, but no SYCPI signals were ob-
served along it (data not shown here).

It has been documented that the chromosomes or
chromosome regions that had not experienced synapsis
undergo inactivation and are decorated by y-H2AX
signals in spermatocytes (Mahadevaiah et al. 2001;
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Fig. 1 Karyotyping of G-banded peripheral blood lymphocyte shows a karyotype of 48, XYY, +sSMC. This karyotype was found in all the

100 studied cells

Baarends et al. 2005; Turner et al. 2005). To understand
whether the small maker chromosome in the patient also
had the similar property, we stained the spermatocytes
for the y-H2AX. In all the 54 spermatocytes with rec-
ognizable sSSMC, y-H2AX signals were always ob-
served in the unsynapsed regions of X and Y chromo-
somes as expected and also in the entire sSSMC, no
matter whether it was associated with the XY body or
not (Supplementary Fig. 1).

To understand whether the meiotic progression in the
48, XYY, +sSMC patient was affected or not, a total of
209 spermatocytes from the patient and 1795 from five
controls were analyzed. An increase in zygotene
(P<0.001) and decrease in the pachytene spermatocytes
(P<0.001) were observed in the patient when compared
with the controls (Fig. 5d).

The recombination on the autosomes was also exam-
ined by counting MLHI foci on all SCs in spermato-
cytes of the 48, XYY, +sSMC patient and normal con-
trols. As shown in Table 1, almost similar recombination
frequencies were observed in the two groups (48.9 in
patient vs. 48.0 in control).
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Discussion

sSMCs are clinically heterogeneous group; the same
holds true for their chromosomal origin and morphology
(Licehr et al. 2006; Tsuchiya et al. 2008). sSSMC can be
derived from any of the 24 human chromosomes and
appears as inverted duplicated-, ring-, or centric minute
shaped derivative chromosomes (Tsuchiya et al. 2008;
Liehr 2009). They are difficult to recognize because of
their small size and gradual loss in mitosis (Michalski
et al. 1993). In clinical genetics, it is useful to elucidate
the phenotypic effects of sSSMCs because of their impli-
cations in the genetic counselling, especially in cases
seeking artificial reproduction assistance (Marle et al.
2014). Presence of sSSMC and XYY at the same time is
rarely observed, and its origin and effects on spermato-
genesis are not yet clear. We have reported a 48, XYY, +
sSMC patient and analyzed his meiosis in detail to find
the possible sSSMC association with meiosis.

The majority of 47, XYY men are reported to be
fertile (Linden et al. 1996), and the extra Y chromosome
in these patients has been suggested to be lost prior to
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Fig. 2 The extra Y chromosome was lost from spermatocytes of
the 48, XYY, +sSMC male. Images of a representative pachytene
spermatocyte (a and ¢) immunostained for CREST (blue), SYCP3
(red), MLHI (green), and SYCPI (green in ¢ and d). Twenty-five
centromere signals were detected and no SYCP1 signals were

meiosis (Shi and Martin 2001). This was supported by
studies on chromosomal constitution of sperm in 47,
XYY. Furthermore, Gabriel-Robez et al. (1996) had
observed loss of the extra Y chromosome in all the
analyzed pachytene nuclei of a 47, XYY patient with
normal sperm count. However, Solari and Valzacchi
(1997) reported that a 47, XYY male with extremely
low sperm count contained the extra Y in all the pachy-
tene nuclei analyzed. Using immunocytogenetic tech-
nique, we observed that only one Y chromosome was
present in spermatocytes of the 48, XYY, +sSMC
(Fig. 2). Moreover, the patient was normal for the
pairing between the X and Y chromosomes (Fig. 3),
although their recombination rate was lower in the pa-
tient than in normal controls (Table 1).

observed along the X, Y chromosome and sSMC in all the 80
cells with recognizable chromosomes. b and d are enlarged areas
shown in a and ¢, respectively. Arrows indicate the sSSMC. Scale
bar=5 pm

Homologous chromosome pairing and synapsis are
the most typical features of meiosis and ensure that the
two DNA molecules from homologous chromosomes
happen to come close enough to repair programmed
DNA double-strand breaks during meiotic prophase 1.
Meiotic chromosome pairing and synapsis, because of
their accuracy, have been used to detect homology be-
tween chromosomes or chromosomal regions in mam-
mals and plants (McKee 2004; Gerton and Hawley
2005). In spermatocytes of our 48, XYY, +sSMC patient,
we found that the small marker chromosome was present
in all the spermatocytes examined and was randomly
associated either with X or Y chromosome but not with
autosomes (Fig. 4b), indicating that the sSSMC may not
be derived from autosomes. It has been reported
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XY notassociated

Control

Case

Fig. 3 The sex chromosome pairing was normal in the 48, XYY,
+ sSMC patient. Early pachytene spermatocyte spreads from the
control (a—b) and the patient (c—d) were immunostained for
SYCP3 (red), MLH1 (green), and CREST (blue). Representative
images of early pachytene spermatocytes showing associated (b

previously that all unsynapsed material, irrespective of its
genetic origin, associates with the XY bivalent as a result
of meiotic silencing (Burgoyne et al. 2009; Kurahashi
et al. 2012), and this could be one of the possible reasons
why sSMC was found associated with sex chromosomes
but not with autosomes in our 48, XYY patient. Interest-
ingly, we did not detect any SYCP1 signals in the region
where sSSMC was associated with X or Y chromosome
(Fig. 2). Thus, the chromosomal origin of sSSMC in our
patient remains unknown. One possible reason for this is
that the sSSMC was formed from fragments of different
chromosomes, and each fragment was too small to syn-
apse with its homologous regions.

In our study, initial stages of meiotic chromosome
restructuring were apparently not affected by sSMC as
assembly of axial elements appears normal in all tested
cells. Except for the sSMC, homologous chromosome
recognition and pairing in the patient apparently

@ Springer

XY associated

and d) or not associated (a and ¢) X and Y chromosomes. White
arrows indicate marker chromosome while the yellow arrows
indicate pseudoautosomal region (PAR) on X and Y chromo-
somes. Scale bar=5 pm

proceeded as in normal controls. The sSSMC was often
associated with X or Y chromosome in the patient. A
gradual increase in quadrivalent—sex body (SB) associa-
tion through the meiotic prophase has been described in
human reciprocal or Robertsonian translocation carriers
(Gabrielrobez et al. 1986; Navarro et al. 1991; Yu et al.
1995; Leng et al. 2009; Jiang et al. 2014). Different
hypotheses have been suggested to explain this associa-
tion and its possible consequences. According to an early
model (Lifschyt and Lindsley 1972), the association
would interfere in the normal sex chromosome inactiva-
tion, reversing this process would allow inappropriate
expression of genes located in the X chromosome. Mei-
otic sex chromosome inactivation (MSCI) is triggered by
the phosphorylation of the histone H2AX by the kinase
ATR, which is BRCAI1 dependent (Turner et al. 2004;
Baarends et al. 2005). At the pachytene stage of normal
men, Y-H2AX disappears from the completely synapsed
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Table 1 Recombination frequency on the XY bivalents, but not on autosomes, was decreased in the 48, XYY, +sSMC patient

Donor Age (y) Number of cells Mean number of MLH1 SD Range of MLHI foci  Percent of cells with a MLH1
analyzed foci on autosomes per cell on autosomes per cell focus on the XY bivalent
Control
Cl1 54 93 48.0 55 35-63 83.9
C2 74 53 46.2 6.8 24-57 90.6
C3 63 100 48.4 59 35-60 88.0
C4 65 67 49.2 57 34-64 82.1
Cs5 33 75 475 8.4 27-67 81.3
Mean 48.0 85.2
+SD 6.5
48, XYY, +sSMC 40 80 48.9 7.5 28-68 57.5%%*

**%P<0.001, chi-square test

autosomes and appears only in the XY body (Sciurano
et al. 2006; Sciurano et al. 2007; Leng et al. 2009). In
pachytene spermatocytes of our patient, y-H2AX stain-
ing appeared in the chromatin domains of the XY body
as well as in the sSSMC (Supplementary Fig. 1).

Shi et al. (2001) had reported that reduced XY re-
combination would result in non-disjunction, leading to
24, XY sperm in 47, XYY patients. To investigate the
impact of the sSSMC on the progression of meiotic
recombination events, we analyzed the patient for the
recombination events. We found no significant differ-
ence in the number of MLHI foci on autosomes in the
patient compared to normal controls (Table 1). Howev-
er, the recombination on XY chromosome in the patient
was more significantly decreased than in the controls

(Table 1). Individual variations have been reported for
both patients and controls regarding the mean number of
MLH]1 foci on autosomes and sex chromosomes in the
spermatocytes of both control and patients. Sun et al.
(2004) has reported mean frequency of 49.8+4.3 of
autosomal recombination foci in a 47-year-old control
having 73 % MLH1 foci on XY bivalent. While Codina-
Pascual et al. (2005) has studied the meiotic progression
in four patients with azoospermia and six patients suf-
fering from oligoasthenozoospermia. They have report-
ed that the mean MLH]1 foci per cell were similar in
patients (47.3) and controls (48.8) for autosomes. Upon
comparison of recombination between sex chromo-
somes, they had observed decreased mean MLH1 foci
(% cells) in patients (59.2 %) as compared to the

Fig. 4 Representative images of spermatocytes showing that
sSMC is associated with the sex chromosomes. Spermatocyte
spreads were immunostained for CREST (blue), SYCP3 (red),
and MLHI1 (green). The marker chromosome is associated

(26.3 %) (b) or not associated (73.7 %) (a) with the XY chromo-
somes in all the 80 pachytene spermatocytes analyzed. Arrows
indicate SSMC. Scale bar=>5 pum

@ Springer
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Fig.5 Meiotic progression was disturbed in the 48, XYY, +sSMC
patient. Spermatocyte spreads were immunostained for SYCP3
(red), MLHI (green), and CREST (blue). Leptotene (a). Zygotene

controls (69.9 %). It was observed that number of
MLHI1 foci on X-Y chromosome was different in pa-
tients suffering from azoospermia (61.7 %) and
oligoasthenozoospermia (59.2 %) indicating that
MLH]1 foci number varies with the underlying type of
infertility. Similarly Barlow and Hulten (1998) have
reported crossing over analysis at pachytene in a 45-
year-old man with proven fertility and have documented
that mean number of MLH1 foci were 50.9 on
autosomal and 56.5 on sex chromosomes. The results
reported in the abovementioned studies are similar to
what we have observed in our subject during the present
study. Sun et al. (2008) has also reported decreased
mean MLHI1 foci (% cells) in seven patients with non-
obstructive azoospermia (77.7 %) as compared to con-
trols (86.2 %) on sex chromosomes. The mean number
of MLHI foci (% cells) in this study is higher for both
patients and controls than the data we have presented,
and Sun et al. (2008) has reported that despite having
77.7 % MLH1 foci on sex chromosomes, the patients
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suffered from reduced meiotic recombination on the XY
bivalent confirming that there is no specific range for
MLHI foci per cell for both autosomes as well as sex
chromosomes and the number of MLHI1 foci varies
from person to person.

As the sSSMC was observed in all the 80 studied
spermatocytes and recombination on XY chromosomes
was found to be more significantly decreased in the
patient than in the controls, so we studied the association
of sSSMC with sex chromosomes in order to determine
whether there is any association between presence of
sSMC and reduced XY recombination. In 73.7 % (N=
59) of the 80 studied spermatocytes, sSSMC was not
found associated with any chromosome including sex
chromosomes, while in 26.3 % spermatocytes, it was
associated either with the X or Y chromosome (Fig. 4).
In the latter 26.3 % spermatocytes (N=21), sSSMC was
observed to be associated with X [in 52 % spermato-
cytes, N=11)] and Y [in 48 % spermatocytes (N=10)]
but no SYCPI1 signals were observed along them. We
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further calculated the MLH1 foci in spermatocytes
where sSSMC was associated with X or Y chromosomes,
and we observed that 16 out of 80 (20 % of total)
spermatocytes had sSSMC associated with X-Y chromo-
somes and they still had MLH1 foci on them. While five
out of 80 (6.2% of total) spermatocytes had sSMC
associated with X-Y chromosomes, they had no
MLHI foci on them. These results indicate that the
presence of sSMC has not apparently disturbed the
recombination between X-Y chromosomes and further
studies are recommended to determine the effect of
sSMC on the events associated with meiosis.

To evaluate the effect of sSSMC in prophase I pro-
gression, we quantified the number of spermatocytes in
each stage of prophase I of the patient. The presence of a
high proportion of cells in zygotene and low pachytene
spermatocyte number indicates disturbed meiotic pro-
gression (Fig. 5d) which is probably due to change in the
testicular environment due to the presence of sSSMC but
how it has disturbed the meiotic progression is not clear
and has not been investigated further because the testic-
ular tissues from the patient were not always available.

In conclusion, we have described a rare example of
abnormal chromosome associated with male infertility.
We have reported that the extra Y chromosome was not
observed in pachytene spermatocytes of 48, XYY pa-
tient while the small marker chromosome was present in
all studied spermatocytes, and in some of the cells, it
was found associated with sex chromosome. These re-
sults indicate that the presence of sSSMC may lead to a
phenotype with significantly disturbed spermatogenesis
and infertility but the underlying mechanism is not yet
understood. Hence, this work provides an important
framework for future studies, which may elucidate the
impairment caused by sSSMC in mammalian meiosis and
fertility.
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