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ABSTRACT: Although most XYY men have normal sperm counts and are fertile (supposedly due to the loss of the extra Y before meiosis), there is a
minority who are infertile. In these cases, the XYY spermatocytes are able to enter meiosis and form different synaptic configurations. With regard to
mosaics, there is scarce well-defined information on the presence of the second Y and its meiotic behaviour. In this study, the chromosome constitution
and the synaptic behaviour of pachytene spermatocytes from an azoospermic man with testicular hypotrophy and non-mosaic 47,XYY karyotype were
analysed. Furthermore, we determined the chromosome constitution of the somatic Sertoli cells. Five karyotypically normal men with obstructive azoo-
spermia, but having complete spermatogenesis, were included as controls. Immuno-FISH using specific protein markers of synapsis and recombination
(SYCP3, SYCPI, BRCAI, MLHI, CREST) and a specific Yql2 DNA probe were used. In addition, we used the newly developed Super-Resolution
Structured lllumination Microscopy (SR-SIM) to clearly define the synaptic configurations. FISH analysis was also performed on Sertoli cells. The histo-
pathological analysis showed variable degrees of spermatogenesis development in the testicular tissue of the propositus. Immuno-FISH analysis showed
that most of the primary spermatocytes were euploid 46, XY. The use of SR-SIM confirmed the existence of this euploidy. Only a few pachytene sperma-
tocytes showed an aneuploid X + YY constitution. Sertoli cells showed two different populations with one or two Y chromosomes, in similar propor-
tions. Thus an abnormal niche of sex-trisomic Sertoli cells should be also considered when searching for the origin of spermatogenesis failure in XYY men.
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chromosome has been suggested to be detrimental to the normal pro-

Introduction

gression of meiosis (Rives et al., 2005). Only the trivalent configuration

Among live male births, the 47, XYY syndrome and the 47,XXY (or
Klinefelter) syndrome are the most common chromosome aneuploi-
dies (Ross et al., 2009). Although most XYY men have normal sperm
counts and are fertile (likely due to the loss of the extra Y before mei-
osis), there is a minority of XYY men who are infertile and show
severe oligospermic or azoospermic phenotypes. Previous studies on
spreads of synaptonemal complexes (SCs) by electron microscopy
have shown that the Y bivalent plus an X univalent (YY + X) is the
most frequent synaptic configuration in pachytene nuclei of non-
mosaic 47,XYY men (Speed et al, 1991; Solari and Rey Valzacchi,
1997). The remaining primary spermatocytes could form an XYY triva-
lent, three different sex chromosome univalents (X + Y + Y) or an XY
pair plus a Y univalent (XY + Y). The persistence of the extra

with their intact recombination regions might bypass the pachytene
checkpoint, as suggested for XYY mice by Rodriguez and Burgoyne
(2000). It has been postulated that the mechanism by which the mei-
otic (or premeiotic) cells could reach an euploid condition might be
due to the random loss of the additional Y from a primitive germ cell
or a spermatogonium, followed by a proliferative advantage of 46,XY
germ cells over the 47, XYY germ cells (Evans et al., 1970).

Scarce well-defined information has been reported regarding the
presence of the extra Y and its meiotic behaviour in mosaic and non-
mosaic 47,XYY men. Even less is known about the chromosome con-
stitution of the somatic cells that support those meiocytes during the
spermatogenic process. The present work analyses the chromosome
constitution and the synaptic behaviour of pachytene spermatocytes in
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an azoospermic man with testicular hypotrophy and a non-mosaic 47,
XYY karyotype (as ascertained in lymphocyte cultures). Moreover, we
define whether there is a gonadal, somatic mosaicism in Sertoli cells.

Materials and Methods

Patients

The propositus is a 35-year-old man consulting for primary infertility.
Physical examination showed a tall man with a BMI 27.7 (1.92 mts tall,
weight 102 kg) having two descended hypotrophic testes (testicular vol-
ume: left, 10 ml; right, 12 ml). He had azoospermia with a semen volume of
I.I ml. The hormone profile showed an elevated FSH (15.6 mU/ml) and a
low total testosterone level (2.8 ng/ml). The patient underwent bilateral
surgery of an inguinal hernia. Blood lymphocyte metaphases show an add-
itional Y chromosome in all cells examined, determining a non-mosaic 47,
XYY karyotype.

A testicular biopsy was indicated by the andrologist for histopathological
diagnosis and for the recovery of germ cells for infertility treatment
through testicular sperm extraction (TESE). After fertilisation, preimplanta-
tion genetic testing for aneuploidy (PGT-A) on Day 3 blastomeres was car-
ried out by fluorescent in situ hybridisation (FISH) for chromosomes 13,
15, 16, 18, 21, 22, X and Y in two embryos. One embryo showed a nor-
mal karyotype and the other embryo had multiple chromosomal

aneuploidies (identified as monosomy for chromosomes 15, 16, 18, 22
and X). Pregnancy was not achieved.

The testicular tissue was processed as previously described (Sciurano and
Solari, 2014). Too few spermatozoa were available in spreads to assess
sperm aneuploidy levels by FISH in this patient. Five karyotypically normal
men, between 30 and 44 years old, with obstructive azoospermia but having
complete spermatogenesis were included in this study as controls.

All the research procedures on the tissues from patients were submit-
ted to and accepted by the Ethics Committee of the School of Medicine
(CIEl, Facultad de Medicina, UBA, Buenos Aires, Argentina). Informed
consent was obtained from the analysed patients.

Immunofluorescence of specific meiotic
markers

Fluorescence immunolocalisation was done as previously described
(Sciurano and Solari, 2014). The following primary antibodies were incu-
bated overnight at 4°C with: guinea pig anti-SYCP3-Nt (a home-made
designed antibody against aa |-48 from N-terminus of human origin and
generated by Seqlab) at I:100 in PBT (1% BSA, 0.01% Tween 20, | X PBS);
rabbit anti-SYCP| at 1:100 (Abcam Ltd., UK); mouse anti-SYCPI at |:100
(P.J. Moens and B. Spyropoulus, York University, Canada); mouse anti-
MLHI at I:10 (BD Pharmingen, USA); CREST serum at |:30 (Laboratorios
IFl, Argentina) and rabbit anti-BRCAI at [:10 (C20, Santa Cruz
Biotechnology, USA).

b |

Figure | Testicular histopathology. Testicular tissue of the XYY patient showed a variable degree of spermatogenesis development ranging
from total hyaline atrophy (arrows, A) to complete spermatogenesis (asterisks, A). (B) Complete spermatogenesis in a karyotypically normal patient
(Control 3). (C) Periodic acid—Schiff stain of seminiferous tubule showing only Sertoli cells. (D) Primary spermatocytes having an apparently normal XY
body (arrowhead, inset). (E) Periodic acid—Schiff stain showing spermatogonial arrest in a seminiferous tubule with only spermatogonia (arrows). Bars

scale: A-B, 40 um; C-E, 10 um.
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After examining and photographing the spreads of SCs that had been
previously subjected to immunolocalisation of BRCAI, SYCP| and CREST,
the same spermatocyte nuclei were subjected to a FISH using a DNA
probe that binds specifically to a biotinylated Chromosome Y band ql2
(Invitrogen’s SPoT-Light®, 84—1800 Invitrogen Corp., CA, USA).

Structured illumination microscopy

For super-resolution imaging (Schiicker et al., 2018) of spermatocyte
nuclei, labelled by SYCP3, SYCP| and CREST, an Elyra S.| SIM microscope
(Zeiss, Germany) equipped with 405, 408 and 642 nm lasers for excitation
was used. The images were taken using a Plan Apochromat 63x/ 1.4 DIC
M27 oil immersion objetive lens (Zeiss, Germany) and sCMOS, Edge 5.5
cameras (PCO, Germany).

The images were acquired using 10 z-stacks (total depth = 0.90 pm)
and three rotating phase gratings. The structured illumination microscopy
(SIM) reconstruction process added pixels to result in a 2430 x 2430 X 10
image (9231.52 pixels per pm®). To further process our data, we used the
processing software Zen 2012 SP1 (Black Edition, Zeiss).

The chromatic alignment was established using 1:10000 dilution of
100 nm TetraSpeck fluorescent multispectral microspheres (17279,
Invitrogen, USA) seeded in each slide.

All SIM images were processed using the FlJl image software (Image |
1.51W, 2010-2018, NIH, USA, Schindelin et al., 2012).

Results

Testicular histopathology

Half of the analysed seminiferous tubules showed variable degrees of
spermatogenesis compared to controls (Fig. |A vs. Fig.|1B; Table I).
While most tubules had complete spermatogenesis (32.8%) (Fig. |A,
asterisks), other tubules showed only primary spermatocytes (14.3%)
or spermatogonia (1.7%, Fig. |E) as the most advanced stages. Primary
spermatocytes showed an XY body of apparently normal size and
structure (Fig. 1D, inset, arrowhead) and a large, round main nucle-
olus. The remaining testicular tissue presents as either severe tubular
hyalinisation (39.5%, Fig. |A, arrows; Table ) or seminiferous tubules
with Sertoli cells only (5.9% vs. 0% in controls, Fig. |C and Table I).
Thus, the histological pattern is consistent with a focal spermatogen-
esis having a variable degree of development in 54.6% of the testicular
biopsy and a severe hyaline tubular atrophy or a Sertoli-cell-only pat-
tern in the remaining tissue. The interstitium shows Leydig cells which
are grouped in large clumps of hypertrophic cells.

Meiotic behaviour of pachytene
spermatocytes

In most of the analysed pachytene spermatocytes (189/191, Fig. 2A)
of the propositus, BRCA| was restricted to the asynaptic, differential
axes of the X and Y chromosomes, and the SYCP| marker labelled 22
autosomal bivalents and a synaptic segment corresponding to the
pseudoautosomal region (PAR) between one X and one Y chromo-
some (Fig. 3A), as observed in normal pachytene nuclei. The analysis
of the same spermatocyte nuclei that were previously immunolabeled,
using a specific DNA probe from the region ql2 of the Y chromo-
some, revealed that they have only one Y chromosome (Fig. 3A).
Thus, almost all the examined spermatocyte nuclei are euploid 46,XY
(98%, Fig. 2A). The observation of the synaptic behaviour of the sex
chromosomes at the super-resolution level, using a structured illumin-
ation microscope (SR-SIM), confirmed the euploid condition (Fig. 3C).
The normal XY pair was also seen at late pachytene substages
(Fig. 3D), showing the typical tangled configuration of the axes in
human spermatocytes (Solari, 1980). Furthermore, the late recombin-
ation protein marker, MLHI, was consistently observed as one focus

@0 vqi2FisH @1 Yq12FISH B2 Yq12FISH

signal signal signals

Figure 2 Percentages of primary spermatocytes (A) and
Sertoli cells (B) having one (green area), two (red area) or
no (blue area) Yql2-FISH signals.

Table I Quantification of the number of analysed tubules having hyalinosis, Sertoli-cell-only and complete or partial
spermatogenesis in the XYY patient and in five men having normal karyotype and obstructive azoospermia. Among those
tubuli with germ cells, the most advanced germ cell type found was indicated.

Patient XYYy Control |
Hyalinosis 94 (39.5%) 0
Sertoli cell only 14 (5.9%) 0
Complete spermatogenesis 78 (32.8%) 384 (95%)
Most advanced germ cell type
Spermatogonium stage 4 (1.7%) 2 (0.5%)
Spermatocyte stage 34 (14.3%) 12 (3%)
Round spermatid stage 14 (5.9%) 6 (1.5%)

Total number of analysed tubules 238 404

Control 2 Control 3 Control 4 Control 5
0 0 0 0
0 0 0 0
118 (95.9%) 111 (96.5%) 205 (97.6%) 234 (94.4%)
| (0.8%) 0 0 0
2 (1.6%) 2(1.7) 5 (2.4%) 9 (3.6%)
2 (1.6%) 2(1.7) 0 5(2%)
123 115 210 248
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Figure 3 Chromosomal constitution of primary spermatocytes in the azoospermic patient having XYY karyotype. (A) Immuno-
FISH using a combination of primary antibodies against BRCA| (green axes) and SYCP| (red axes) proteins, and an Yql2-specific DNA probe (purple
cloud) allowed us to define the euploid constitution (22 bivalents plus XY pair) of pachytene spermatocytes. The protein BRCA| decorated the differ-
ential X and Y axes. SYCP| is located along the synapsed regions of autosomes and the pseudoautosomal region (PAR, arrowheads) from the XY pair.
(B) Double immunolocalization of SYCP3 (red axes) and MLH| (green foci) on pachytene spermatocytes showed that meiotic recombination in the
XY pair occurs as expected (arrows). The analysis of early (C) and late (D) substages of pachytene spermatocytes by immunolocalization of SYCP3
(red axes) and SYCPI (green axes) and structured illumination microscopy (SIM) confirmed that only one Y chromosome was partially synapsed with
the X chromosome as seen in karyotypically normal patients. (E) Only very few spermatocytes | revealed an XYY constitution. BRCA| (green axes)
decorated the asynaptic regions of the Y bivalent and the entire axis of the X univalent. SYCP| was present along the autosomal bivalents and the par-
tially synapsed segment of the Y bivalent. (F) This Y bivalent showed only one MLH|-focus (arrow). Kinetochores were labelled with CREST serum
(green foci, A, C and E). Bars scale: A, 5 pm; B-D, 2 pm; E, 5 pm; F, 2 pm.

on the distal region of the PAR (Fig. 3B), meaning that recombination Only 2 out of 191 pachytene spermatocytes showed an X + YY
between the X and Y chromosomes is not altered in most of the configuration (Fig. 2A). BRCAI labelled the asynaptic segments of the
spermatocyte nuclei. Y bivalent and the single axis of the univalent X chromosome (Fig. 3E).
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Figure 4 Determination of Y chromosome constitution of Sertoli cells using a specific Yql2 DNA probe. Two different subpopula-

tions of Sertoli cells are present in the seminiferous tubules: one carrying two Y chromosomes (A, two FISH signals) and the other having only one Y

chromosome (B, one FISH signal). Bars scale: A-B, 5 um.

In those few pachytene spermatocytes with a Y bivalent, only one
recombination focus was observed (Fig. 3F).

Prevalence of the additional Y chromosome
in Sertoli cells

The analysis of Sertoli cells by FISH showed that 75 out of 149 Sertoli
cells give two signals of the Y chromosome DNA probe, while 65 of
them have only one signal. In those Sertoli cells where two labels are
seen, both of them are clearly separated one from each other. Thus,
there are two different subpopulations of Sertoli cells: those carrying
two Y chromosomes (XYY Sertoli cells, Fig. 4A), and the euploid cells
which have a single Y chromosome (XY Sertoli cells, Fig. 4B). As seen
in the pie chart (Fig. 2B), both sex chromosome constitutions are pre-
sent at similar proportions in the seminiferous epithelium.

Discussion

Although the 47,XYY condition is one of the most frequent chromo-
somal aneuploidies in human males, scarce analytic results have been
reported in the literature on the presence of the extra Y chromosome
and its meiotic behaviour (reviewed in Kim et al., 2013). Recently, Wu
et al. (2016) reported that all of the 71 analysed spermatocytes from
testicular tissue were 47,XYY, with the X + YY configuration being
the most frequent one, as previously described by other authors
(Speed et al., 1991; Solari and Rey Valzacchi, 1997).

Using immuno-FISH and SIM techniques, the present work clearly
showed that the majority of pachytene spermatocytes of our non-mosaic
47 XYY patient are euploid, having 22 autosomal bivalents, one X
chromosome and only one Y chromosome. These results are consistent
with those reported by Chandley et al. (1976) on air-dried preparations of
meiocytes from two 47,XYY patients with normal meiosis. Furthermore,
our results show that only very few pachytene spermatocytes are actually
XYY trisomies, all of them having the most frequent configuration (X +
YY) and a single MLH| focus in the Y bivalent. The presence of this single
focus is consistent with the formation of a single chiasma in the short arm
of the Y bivalent at M, as observed by Hultén and Pearson (1971).

The present results on the chromosomal constitution of the Sertoli
cells, using a specific DNA probe of the Yql2 region reveals, for the
first time, a somatic mosaicism apparently restricted to the testicular

tissue; these cells show almost equal proportions of the presence of
one and two Y chromosomes. Thus, the permanence of the three sex
chromosomes follows different paths in different cell types; the most
reluctant cell line to support the three gonosomes is the germ line,
while lymphocytes are the most supportive, and Sertoli cells fall in
between those two cell types. This observation leads to new ways of
looking to the sex chromosome—autosome balance.

It also agrees with the previous suggestion that the loss of the add-
itional sex chromosome from the human germ line occurs randomly in
a germ cell precursor, and that this is followed by a selective develop-
ment of euploid clones over the aneuploid germ cells (Evans et al.,
1970). Our results enlarge this suggestion, showing the existence of
different evolutionary paths of the aneuploid Sertoli cells as compared
with germ cells and lymphocytes.

Another question raised by the present results is the possible role of
trisomic Sertoli cells in the disruption of spermatogenesis. Trisomic
Sertoli cells may be unable to build a healthy ‘niche’ for meiotic germ
cells, leading them to cell degeneration. In the present case, the
extremely low proportion of trisomic spermatocytes and the lack of
the previously observed path of spermatocyte loss (Solari and Rey
Valzacchi, 1997), as well as the strong preponderance of euploid sper-
matocytes, leads us to discard the presumptive origin of spermatogen-
esis failure from a meiotic hindrance per se. Thus, the origin of the
failure in this case might be attributed to a hypothetical abnormality in
the germ cell ‘niche’ made by Sertoli cells.

The recent success of trisomic rescue in sterile XXY and XYY mice
(Hirota et al., 2017), during the reprogramming of induced pluripotent
stem cells from fibroblasts into functional sperm, giving rise to fertile
offspring, may be a promising procedure in the future to overcome
infertility in human patients with aneuploid karyotypes. However, the
incidence of the aneuploid testicular microenvironment and the high
risk of teratoma formation arising through the autotransplantation of
these reprogrammed germ cells should be seriously considered.

Finally, based on the heterogeneous spectrum of the reported ana-
lyses (including the present results) of testicular tissue in non-mosaic
47,XYY infertile men, a detailed meiotic analysis in these patients is
warranted. Furthermore, given the increased risk of passing the extra
chromosome to the offspring, it is recommended that these patients
should be offered genetic counselling and PGT-A as a part of any
assisted reproductive treatment.

6102 UoJBIN 90 UO 1sonB Aq 858/ 926/895/€/7€/A0BSqR-8]oI1E/daIWNY/WO00" dNO"DIWepEDE//:SA]Y WO, POpEojumMoq



Euploid spermatocytes in the XYY syndrome

573

Acknowledgements

The authors thank MSSc C. Deparci for her helpful assistance in histo-
logical techniques. P.J. Moens and B. Spyropoulus are also thanked for
their generous gift of antibodies (SYN-1). The histopathological diagnosis
was made by Professor Roberto Ponzio and is gratefully acknowledged.

Authors’ roles

R.B.S. contributed to the conception of the study, the experimental
design and execution, the analysis of data and the draft of the article.
[.M.R. participated in experimental procedures and FISH procedures
and contributed to draft. B.G.A. participated in the acquisition and
analysis of histochemical data. G.R.V. performed the present clinical
study, testicular biopsy and TESE/ ICSI treatment. R.B. participated in
the SR-SIM analysis. A.).S. participated in the conception of the study,
and collaborated with design of the study and the draft of the article.
R.B.S.,, G.R.V,, RB. and A.S. contributed to the critical discussion of
the draft. All authors critically reviewed and approved the manuscript.

Funding

PIP1148CO from the National Council of Scientific and Technical
Research (CONICET) (to RB.S. and AJ.S.); Bel 168/8-1 from German
Science Foundation (DFG) to R.B.; Research Stays for University
Academics and Scientists (DAAD) to RB.S., 2017; and an International
Scholarship for Young Researchers (from CONICET) to R.B.S., 2018.

Conflict of interest

None of the authors have any conflicting interests to declare.

References

Chandley AC, Flechter ], Robinson JA. Normal meiosis in two 47,XYY
men. Hum Genet 1976;33:231-240.

Evans EP, Ford CE, Chaganti RSK, Blank CE, Hunter H. XY spermatocytes
in an XYY male. Lancet 1970;1:719-720.

Hirota T, Ohta H, Powell BE, Mahadevaiah SK, Ojarikre OA, Saitou M,
Turner JMA. Fertile offspring from sterile sex chromosome trisomic
mice. Science 2017;357:932-935.

Hultén M, Pearson PL. Fluorescent evidence for spermatocytes with two
chromosomes in an XYY male. Ann Hum Genet 1971;34:273-276.

Kim IW, Khadilkar AC, Ko EY, Sabanegh ES Jr. 47,XYY Syndrome and
male infertility. Rev Urol 2013;15:188—196.

Rives N, Milazzo JP, Miraux L, North MO, Sibert L, Macé B. From spermato-
cytes to spermatozoa in an infertile XYY male. Int | Androl 2005;28:304-310.

Rodriguez TA, Burgoyne PS. Evidence that sex chromosome asynapsis,
rather than excess Y gene dosage, is responsible for the meiotic impair-
ment of XYY mice. Cytogenet Cell Genet 2000;89:38-43.

Ross JL, Zeger MP, Kushner H, Zinn AR, Roeltgen DP. An extra X or Y
chromosome: contrasting the cognitive and motor phenotypes in child-
hood in boys with 47, XYY syndrome or 47,XXY Klinefelter syndrome.
Dev Disabil Res Rev 2009;15:309-317.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods 2012;9:676—682.

Schiicker K, Sauer M, Benavente R. Superresolution imaging of the syn-
aptonemal complex. Methods Cell Biol 2018;145:335-346.

Sciurano RB, Solari AJ. Ultrastructural and immunofluorescent methods
for the study of the XY body as a biomarker. Methods Mol Biol 2014;
1094:137-149.

Solari AJ. Synaptonemal complexes and associated structures in micro-
spread human spermatocytes. Chromosoma 1980;81:315-337.

Solari A, Rey Valzacchi G. The prevalence of a YY synaptonemal complex
over XY synapsis in an XYY man with exclusive XYY spermatocytes.
Chromosome Res 1997;5:467-474.

Speed RM, Faed MJ, Batstone P), Baxby K, Barnetson W. Persistence of
two Y chromosomes through meiotic prophase and metaphase | in an
XYY man. Hum Genet 1991;87:416—420.

Wu C, Wang L, Igbal F, Jiang X, Bukhari |, Guo T, Yin G, Cooke HJ, Cao Z,
Jiang H et al. Preferential Y-Y pairing and synapsis and abnormal meiotic
recombination in a 47,XYY man with non obstructive azoospermia. Mol
Cytogenet 2016;9:9.

6102 YoIe 90 Uo senb Aq 858/92S/89G/€/EAdeNSqe-BdIHE/daIWNY/Wod dNo"dlWapese//:Sd)Y WOy papeojumod



	Selective advantage of euploid spermatocytes I in an azoospermic 47,XYY man with gonadal mosaicism
	Introduction
	Materials and Methods
	Patients
	Immunofluorescence of specific meiotic markers
	Structured illumination microscopy

	Results
	Testicular histopathology
	Meiotic behaviour of pachytene spermatocytes
	Prevalence of the additional Y chromosome in Sertoli cells

	Discussion
	Acknowledgements
	Authors’ roles
	Funding
	Conflict of interest
	References


