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Abstract

Purpose To study the potential paternal contribution to aneuploidies in the man of a couple who obtained trisomic embryos with
natural and assisted fertilization.

Methods Semen analysis, immunofluorescence for localization of tubulin and centrin 1, transmission electron microscopy (TEM), and
fluorescence in situ hybridization (FISH) analysis for chromosomes 18 and 9 were performed. Sperm of fertile men were used as controls.
Results The percentages of sperm motility and normal forms were decreased. The percentages of sperm with tail reduced in
dimension, headless tails, coiled tails, and altered head-tail junction were significantly higher (P < 0.01) in the patient than in
controls, whereas the percentage of sperm with a normal centrin 1 localization (two spots in the centriolar area) was significantly
reduced (P < 0.01) in the patient. Immunofluorescence with anti-tubulin antibody showed that in most of the patient’s sperm
connecting pieces (83.00 + 1.78%), two spots were present, indicating prominent proximal centriole/centriolar adjunct and evident
distal centriole, whereas controls’ sperm displayed a single spot, indicating the proximal centriole. The percentage of sperm with
two spots was significantly higher (P < 0.01) in the patient than in controls. TEM analysis showed that centriolar adjuncts of the
patient’s sperm were significantly longer (721.80 + 122.26 nm) than in controls’ sperm (310.00 & 64.11 nm; P < 0.001). The
aneuploidy frequencies of the patient’s sperm, detected by FISH analysis, were increased with respect to controls.

Conclusion A paternal contribution to sperm aneuploidies cannot be excluded since the patient’s sperm showed altered morphol-
ogy, immature centriolar adjunct, presence of evident distal centriole, scarce presence of centrin 1, and high aneuploidy frequency.
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such as mRNAs and micro RNAs that may regulate
transcription or complement the maternal transcriptome
within the cleavage stage embryo [4, 5]. Another ele-
ment that the sperm contributes to the oocyte is the
centrosome since human oocyte lacks assembled centri-
oles [6]. Alterations of centrosome formation and func-
tion lead to a variety of situations, such as syngamy
failure, improper segregation during embryo mitosis,
formation of multiple microtubule-organizing centers
with chaotic segregation, and cell division [4, 7, 8].
The centrosome consists of a pair of centrioles associ-
ated with proteins that form the microtubule-organizing
center of the cell, responsible for correct segregation of
the chromosomes during cell division [9]. In the sperm
connecting piece, a barrel-shaped proximal centriole
(PC), a surrounding pericentriolar material (PCM), and
an atypical centriole (distal centriole, DC) composed of
splayed microtubules surrounding rods of centriole lu-
minal proteins are present [10]. During spermiogenesis,
the centrosome is deeply remodeled by both reduction
and enrichment of specific proteins [10, 11]. One of
these proteins is the centrin 1, a sperm specific
calcium-binding protein involved in the centrosome dy-
namic during sperm morphogenesis and in the mitotic
spindle assembly. In addition, during spermatid matura-
tion, the PC microtubules elongate to build a sort of
“mini flagellum” called the centriolar adjunct.
Surprisingly, the exact function of this structure is un-
known, and there have been very few studies on it. The
centriolar adjunct undergoes dynamic changes during
sperm maturation, partially or completely disappearing
in the mature spermatozoa of different organisms [12].
In human spermatozoa, this structure can be visible as
microtubule triplets, doublets, and singlets. It has been
suggested that the presence of a centriolar adjunct in
human sperm cells can be considered a manifestation
of incomplete maturation. At this purpose, disturbances
in proximal centriole morphogenesis, in particular the
incomplete disassembly of the centriolar adjunct, can
be one of the reasons for embryonic development arrest
at the zygote stage [6, 12].

In this report, we considered the male partner of a
couple who obtained aneuploid progeny with natural
and assisted fertilization. After the sperm evaluation
and the observation of multiple sperm defects, we per-
formed immunofluorescence analysis to localize tubulin
and centrin 1 and an ultrastructural study using trans-
mission electron microscopy (TEM). The sperm chro-
mosomal aneuploidies were assessed by fluorescence in
situ hybridization (FISH) analysis for chromosomes 18
and 9.
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Materials and methods
Patients

This research accounts for the study of spermatozoa from a
patient (38 years old) of a couple who attended our laboratory
specialized in ultrastructural and immunocytochemical studies
of male gametes. The patient and his wife’s lymphocyte kar-
yotypes were normal. The wife (38 years old) demonstrated
that physical examination, hysterosalpingogram, and repro-
ductive endocrine evaluation were within standard ranges.
The couple does not have children; both partners never tried
to conceive previously with other partners. The wife then de-
clared that after a spontaneous abortion at embryo stage (6th
week of gestation), she underwent two chorionic villus sam-
plings in as many subsequent pregnancies. In both cases, the
result was an individual with a female karyotype suffering
from trisomy of chromosome 21.

Subsequently, the couple underwent assisted reproductive
technology (ART) treatment in order to carry out the preim-
plantation genetic testing before embryo transfer. In the ART
cycle, 3 embryos were obtained, and after prenatal genetic
testing with comparative genomic hybridization array per-
formed in cells obtained with biopsy at the blastocyst stage,
they showed trisomy of chromosome 22, chromosome 12, and
chromosome 21, respectively. These procedures were per-
formed in laboratories other than ours, and the couple provid-
ed us with the results of the analyses.

Both the patient and his wife had no history of consanguin-
ity in their ancestry. The patient showed normal sexual devel-
opment, medical history, physical examination, and hormone
levels. Semen culture did not reveal the presence of genitouri-
nary infections.

Semen samples of three fertile men (aged 32-35 years)
were used as controls for immunocytochemistry and TEM
analyses. FISH studies were carried out in the spermatozoa
of the patient and of a control sample.

The participants signed an informed written consent before
participating in this research, accepting that their semen sam-
ples and the clinical data they supplied might be used for
scientific purposes.

Semen analysis: light and electron microscopy

Semen samples were collected by masturbation after 4 days of
sexual abstinence and examined after liquefaction for 30 min
at 37 °C. The analysis of the patient’s semen was repeated
three times at intervals of 3 months. Volume, pH, concentra-
tion, progressive motility, and percentage of sperm with nor-
mal morphology were evaluated according to WHO guide-
lines [13]. Sperm viability was assessed by staining semen
sample with 0.5% eosin Y (CI 45380) in 0.9% aqueous sodi-
um chloride solution. A few minutes after staining, the sample
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was observed by light microscope and stained (dead) cells and
unstained (living) cells were scored.

The chromatin condensation was assessed by the aniline
blue (AB, Panreac, Barcellona, Spain) staining as reported in
Moretti et al. [14]. The slides were observed and evaluated
with a Leitz Aristoplan Microscope (Leica, Wetzlar,
Germany), and more than 300 sperm nuclei were scored at x
1000 magnification.

For the ultrastructural analysis, the patient and fertile men’s
sperm samples were processed according to the methods de-
scribed elsewhere [14]. Ultrathin sections, stained with uranyl
acetate and lead citrate, were observed and photographed with
a TEM-Philips EM208S (Philips Scientifics, Eindhoven, the
Netherlands).

We analyzed at least 100 ultrathin sections of each sample
in the region where centriole adjunct can be present, both in
the patient and controls’ spermatozoa. Only longitudinal sec-
tions in which PC had a parallel orientation to the plan of the
section were measured and compared (20 for the patient and
10 for the controls). The length of centriolar adjuncts was
measured with Image J open source image processing pro-
gram (NIH; USA).

Immunocytochemistry

The sperm samples of the patient and of the three fertile men
were washed in phosphate buffer saline (PBS) twice, smeared
on glass slides, air dried, and processed as reported elsewhere
[15]. After fixation (methanol 20 min and acetone 5 min at -20
°C) and an incubation in blocking solution (PBS-bovine se-
rum albumin (BSA) 1%, normal goat serum (NGS) 5%), the
slides were incubated overnight at 4 °C with mouse monoclo-
nal anti-3-tubulin antibody (Sigma, Chemical, St Louis, MO)
diluted at 1:100 and mouse monoclonal anti-CETN1 antibody
(Sigma, Chemical, St Louis, MO) diluted at 1:20. Detection
was performed with a goat anti-mouse IgG-Alexa Fluor 568
(Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA)
diluted at 1:100. Incubation in primary antibodies was omitted
in control samples. After incubation, the slides were treated
with 4',6-diamidino-2-fenilindole (DAPI, Vysis, Downers
Grove, IL) solution and observed with Leica DMI 6000
(Leica Microsystems, Germany) fluorescence microscope.
The images were acquired with a Leica AF6500 Integrated
System for Imaging and Analysis (Leica Microsystem,
Germany). The experiments were repeated three times; for
each experiment, at least two slides for each subject were
evaluated and 300 sperm examined.

FISH analysis
Samples were processed for FISH using the methods de-

scribed in Sarrate and Anton [16]. After liquefaction, the se-
men samples were washed with pre-warmed KCl1 0.075 M;

then, they were processed with Carnoy’s solution (3:1 meth-
anol: acetic acid) and subsequent centrifugation as many times
as necessary to obtain a white pellet. Finally, the samples were
used to smear slides, which were stored at -20 °C.

The slides were placed in 2x saline-sodium citrate solu-
tion (2xSSC) at 37 °C for 3 min twice, transferred through a
series of ethanol washes (70%, 90%, and 100%), and air-
dried. Chromatin decondensation was carried out with di-
thiothreitol solution (1,4-dithiothreitol 5 mM, 1% Triton
X-100, 2-Amino-2-[hydroxymethyl]-1,3-propanediol 50
mM) at 37 °C for 8 min, and then the slides were washed
in 2xSSC for 3 min. Samples were dehydrated in an ascend-
ing alcohol series (70%, 90%, and 100%) and air-dried
before denaturation. Sperm DNA was denatured by incu-
bating the slides in formamide solution (70% formamide/
2xSSC) at 73 °C for 5 min, transferred in ethanol solutions
(70%, 85%, and 100%), and dried out at room temperature.
A mix of «-satellite DNA probes (CEP, Chromosome
Enumeration Probes, Vysis, IL, USA) for chromosomes 9
(SpectrumOrange) and 18 (SpectrumAqua) was added, and
the slides were kept at 37 °C o/n. Then, the slides were
washed with 73 °C pre-warmed 0.4xSSC/0.3% NP-40 and
with 2xSSC/0.1% NP-40 at room temperature for 1 min to
eliminate the unspecific hybridization signals. To stain the
nuclei, DAPI (Vysis, Downers Grove, IL) solution was
added. The slides were observed, and the images were ac-
quired using a Leica AF6500 Integrated System for
Imaging and Analysis (Leica Microsystem, Germany)
equipped with single band pass filters for TRITC, FITC,
and DAPI. Sperm nuclei were scored according to pub-
lished criteria [17]. Only the slides with more than 98% of
hybridization efficiency were considered. Intact and non-
overlapped sperm nuclei were scored. A nucleus was con-
sidered disomic if it showed two fluorescent spots of the
same color, comparable in size, shape, and intensity, and
located within the same sperm head at least one domain
apart. Diploidy was recognized by the presence of two dou-
ble fluorescent spots following the above criteria. All sam-
ples were analyzed by a highly trained examiner who
scored 5346 spermatozoa of the patient and 5503 of the
control.

Statistical analysis

Statistical analysis was performed with SPSS 17.0 for
Windows (SPSS Inc., Chicago, IL, USA).

The Kolmogorov-Smirnov test was used to verify the
normality in the distribution of the variables. The vari-
able related to the centriolar adjunct length was normally
distributed; the others were non-normally distributed. To
compare the length of centriolar adjuncts between the
patient and controls’ sperm, Student’s ¢ test was used.
Mann-Whitney test was applied to compare the non-
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normally distributed variables measured in the patient
and controls’ sperm. The values were expressed as mean
and standard deviation. P < 0.05 was considered
significant.

Results

The analysis of the three semen samples showed a normal
semen volume (range: 2.0-3.5 mL) and pH (7.2-7.4).
Sperm concentration ranged from 20 x 10° to 35.5 x 10°
sperm/mL (corresponding to the values included between
5th and 25th centile, [13]), sperm progressive motility
ranged from 18 to 25% (< 2.5 centile, [13]), and sperm
vitality was normal (70-75%, 10th—50th centile [13]). The
sperm morphology appeared compromised at light micros-
copy level: In the three samples analyzed, the percentages
of sperm with normal morphology were between 3 and 4%
(< 5th centile [13]). The sperm chromatin immaturity
assayed with aniline blue (AB) staining ranged from 50 to
62%. The frequent alterations accounted for an irregular
head-tail attachment and the presence of headless tails con-
comitant with sperm showing coiled tails. The problem in
the connecting piece negatively influenced the progressive
motility, and in some spermatozoa, the head motion was
abnormal. For this reason, we decided to explore the sper-
matozoa of the patient with immunocytochemistry and
TEM. To compare the results, spermatozoa from three fer-
tile men were used. The sperm parameters of control sam-
ples were > 50th centile of the reference value reported in
WHO guidelines [13].

Immunolocalization of tubulin enabled to highlight the pa-
tient and controls’ sperm flagella. The results are reported in
Table 1 and in Fig. 1.

In the patient, the percentage of sperm with normal flagella
(Table 1, Fig. 1a,b) was significantly lower than in controls (P
< 0.01; Table 1, Fig. 1d). On the contrary, the percentages of
sperm with tail reduced in dimension, headless tails (Table 1),
coiled tails (Table 1, Fig. 1b,c), and altered head-tail junction
(Table 1, Fig. 1¢) were significantly higher (P < 0.01) in the
patient than in controls. The labeling with anti-tubulin anti-
body enabled to observe that in the connecting piece of normal
sperm a single spot, indicating the proximal centriole, was

present (Table 2, Fig. 1d), whereas in most of the patient’s
sperm (83.00 = 1.78%), two evident spots were highlighted
(Table 2, Fig. 1a,b). The percentage of sperm with two spots
was significantly higher (P < 0.01) in the patient than in
controls.

In 91 + 1.86 % of controls’ spermatozoa, immunofluores-
cent staining for centrin 1 appeared as two distinct spots located
at the base of the nucleus (Table 3, Fig. 2a) in correspondence
of the centrosomal region; this value was significantly higher
(P <0.01) than in the patient’s sperm (14.66 +2.33%). The 79
+ 1.50% of patient’s spermatozoa were negative for the label-
ing (Table 3, Fig. 2b), and this value was significantly higher
than in controls.

TEM analysis was used to better understand the alterations
of spermatozoa. With a low percentage of morphologically
normal spermatozoa, the most frequent alterations regarded
the chromatin immaturity, characterized by altered packaging
and granular texture (Fig. 3a,b), the presence of cytoplasmic
residues with coiled tails (Fig. 3a,b), and particularly alter-
ations in the connecting piece. In fact, we observed sperm
with bent tails (Fig. 3b) as we detected at light microscopy
level. The PC was well structured (Fig. 3¢) in many observed
sections.

Interestingly, in the patient’s sperm, we observed
centriolar adjuncts significantly increased in length
(721.80 £ 122.26 nm, 20 measurements in perfect longitu-
dinal sections) with respect to those observed in the sper-
matozoa of fertile controls (P < 0.001; 310.00 + 64.11, 10
measurements in perfect longitudinal sections). The pres-
ence and increased length of centriolar adjunct are reputed
to be a marker of incomplete sperm maturation (Figs. 3a,d
and 4a). In Fig. 4a, a long centriolar adjunct emerges from
the PC of a spermatozoon with an altered head-tail junction,
suggesting that the presence of this structure may weaken
the connecting region.

In most of the controls’ spermatozoa, the centriolar ad-
juncts were not evident (Fig. 4b). The TEM results obtained
confirmed the observations of immunofluorescence
studies.

Regarding FISH analysis, an increase in the percentages of
aneuploidies of chromosome 18 (Fig. 5a) and chromosome 9
were observed (Fig. 5b,c) with respect to those observed in the
sperm of a fertile control (Table 4).

Table 1 Morphology of sperm flagella of the patient and controls evaluated after tubulin immunolocalization

Normal % Reduced tail dimension % Headless sperm tail % Altered head tail junction % Coiled tail %
Patient 30.67 £ 2.94* 7.66 + 1.86* 19.00 + 3.09* 18.16 + 1.94* 24.83 £2.31%
Controls 81.66 +2.58 3.16+1.47 1.8 +0.98 0.66 £0.51 12.66 +1.75
*P<0.01
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Fig. 1 UV micrographs of the
patient’s sperm (a, b, ¢) and
control’s sperm (d) treated with a
monoclonal antibody anti-
tubulin. The patient’s sperm show
normal length flagella and coiled
flagella. The two spots (arrows)
located in the connecting piece
probably represent a prominent
proximal centriole/centriolar
adjunct (the spot closer to the
nucleus and perpendicular to the
tail midline) and an evident distal
centriole. In figure c a
spermatozoon with an evidently
altered head-tail junction
(asterisk) is shown. A normal
spermatozoon of a fertile man
shows a tiny spot representing the
proximal centriole (d). The nuclei
are stained with DAPI. Bars: 6
pum

Discussion

The idea to describe the present case derives from the fact that
the couple produced only aneuploid embryos, either with nat-
ural or assisted fertilization, and the analysis of spermatozoa
showed peculiar defects, in particular in the connecting piece
region, despite the fertility of the patient. It is well known that
over the last decades, a severe decline in semen quality was
observed [18, 19]. Although semen analysis represents a
rough estimation of male fertility, it is the only first level exam
to test the seminal status of a man. In fact, impaired semen
parameters alone cannot be used to predict fertility as these

men have still a chance of being fertile, unless the man is
affected by azoospermia, necrozoospermia, or systematic
sperm defects [20]. This also applies to the case described in
this study since we are facing a situation in which the man is
fertile but his spermatozoa are mostly defective.
Immunocytochemical and TEM studies enable the analysis
of the distribution of several structures, often altered in path-
ological situations [15, 21-23]. The patient’s spermatozoa,
even those with motility, showed defects of the connecting
piece region, the area where the sperm centrosome and cen-
trioles are located. Mutations affecting the centriole and
centriolar proteins demonstrated the crucial role of centriole

Table 2 Labeling with anti-tubulin antibody in the connecting piece
area Table 3  Labeling of spermatozoa with anti-centrin 1 antibody.

1 spot% 2 spots% 0 spots% 2 spots% 1 spot% 0 spot%
Patient 11.33 + 1.96* 83.00 + 1.78* 5.66 +3.44 Patient 14.66 +2.33* 5.66 +2.05 79 + 1.50%
Controls 80.16 +2.78 15.00 +4.47 483+2.99 Controls 91 +1.86 4.66+1.36 3.66 +1.96
*P <0.01 *P <0.01
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Fig. 2 UV micrographs of control’s sperm (a) and the patient’s sperm (b)
treated with a monoclonal antibody anti-centrin 1. The normal labelling
of centrin 1 (a) consists in two spots localized at the base of the head in the

in connecting the head and tail, in both humans and mice
sperm [24].

By immunocytochemistry with antibody anti-tubulin, sper-
matozoa showed the presence of two spots in the connecting
piece region never observed in such a high percentage in the
sperm of controls. The two spots probably represent a prom-
inent PC/centriolar adjunct and an evident DC, typical condi-
tion of spermatid stage indicating immaturity of the neck re-
gion [10, 11]. Recently, Fishman et al. [10] demonstrated that
in mature spermatozoa, an atypical DC is present in addition
to the PC. To be atypical, the DC must undergo structural
modifications and elimination, reduction, or rarely enrichment
of centrosomal proteins, depending on the type of protein. The

Fig. 3 TEM micrographs of
longitudinal sections of the
patient’s spermatozoa. A
centriolar adjunct increased in
length (arrow) and located in a
wide cytoplasmic residue with
coiled tail is shown in figure a. A
spermatozoon with bent tail and
broken head-tail junction
(asterisk) is show in figure b.
The asterisk in figure ¢ indicates a
perfect longitudinal section of a
proximal centriole. In figure d
the dotted outline follows the
extension of a centriolar adjunct
increased in length. The arrow
indicates the area where some
microtubules of distal centriole
are visible. Bars: 2 um (a,b);
200 nm (c, d)

@ Springer

centriolar area. Spermatozoa of the patient showed an almost totally lack
of labelling (b). The nuclei are stained with DAPI. Bars: 6 pm

atypical DC is able to recruit pericentriolar materials, to form a
new functioning centriole and participate to the mitotic spin-
dle assembly during embryo mitotic divisions, as reported also
in insect spermatozoa [25].

By TEM analysis, the sperm PC can be evaluated in
perfect cross sections and the centriolar adjunct in sections
where the PC has parallel orientation to the section plane. It
is even more difficult to find longitudinal and cross section
of DC that probably can be better highlighted by electron
microscopy with high-pressure freezing [10]. However,
with conventional TEM analysis, we found that the com-
plex PC and centriolar adjunct of the patient’s spermatozoa
was significantly increased in length with respect to that of
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Fig. 4 TEM micrographs of longitudinal sections of the patient (a) and
controls’ spermatozoa (b). In figure a, the connecting piece is
characterized by a centriolar adjunct increased in length (asterisk) and a
concomitant defect in head-tail attachment (arrow). Figure b shows a

the sperm of controls. During human spermiogenesis, at
spermatid stage, the centriolar adjunct is assembled and
seems to play a role as the microtubular organization center
of the manchette, at least in animal models [26]; then during
human sperm maturation, this structure is reduced. The per-
sistence of centriolar adjunct may represent an incomplete
maturation of the sperm neck area [11]. The literature on
this topic is scant; however, Garanina et al. [12] observed
that PC/centriolar adjuncts were increased in length in the
spermatozoa of two patients with unexplained infertility
(patient 1, 1059 + 100 nm, and patient 2, 769 £ 160 nm).
They suggested that the increased length of this structure
can affect fertility and might be responsible for the zygote
arrest. In our study, the dimensions of centriolar adjunct in
the patient’s spermatozoa, despite natural fertility, is simi-
lar to that observed in patient 2 analyzed by Garanina et al.
[12] and close to the higher value measured in sperm from
fertile individuals (300—699 nm [12]).

The alteration of the head-tail junction in the spermatozoa
studied was also confirmed by the immunocytochemical study
of centrin 1, one of the proteins needed for DC maturation
[10], scarce, and often absent in all the sperm analyzed. At
this purpose, the sperm head-tail detachment and consequent
sterility were observed in a mouse model gene deleted for
centrin 1 [27], suggesting a relevant role of this protein in
the correct interaction between basal body and sperm nuclear
membrane. No information on eventual aneuploidies in the

Table 4 Mean frequencies of disomies and diploidies of chromosomes
18 and 9 in the sperm of patient and control

Diploidy frequency % Disomy frequency %

18 9
Patient 1.04 1.2 1.6
Fertile control 0.32 0.13 0.08

section of a spermatozoon without centriolar adjunct of control sample.
The section plausibly represents the area where the centriole adjunct can
be located, if present. Bars: 700 nm (a), 400 nm (b)

spermatozoa of this animal model has been reported. In nor-
mal sperm, centrin 1 is visible as two distinct spots in the
head-tail junction and can show defective pattern of distribu-
tion in altered spermatozoa [10, 14, 15, 28-30]. Centrin 1 is a
protein almost exclusively expressed in spermatozoa and
seems to be lost inside the oocyte after fertilization. These
observations suggested that the zygotic centrosomal apparatus
can function without centrin, which seems degraded by
ubiquitin-proteasome system [28]; alternatively, centrin could
be functionally and immunologically hidden within the oocyte
by forming complexes with other proteins [31]. Our results
agree with these observations and indicate that centrin 1 does
not seem to have a role in the fertilization, since our patient is
fertile with spermatozoa almost devoid of centrin 1; however,
the couple produces aneuploidy embryos. These aneuploidies
could be plausibly due to an incorrect meiosis of the oocyte
[2]; however, it is possible to hypothesize a crucial, or at least
concomitant, role of spermatozoon considering the function of
sperm centrosome in embryo division.

Spermatozoa contribute to reduce embryo quality from
numerous points of view: the possible presence of sperm
aneuploidies, abnormal chromatin structure, DNA frag-
mentation, role of protamines and histones, Y chromosome
microdeletions [5], and altered formation and function of
the centrosome. By injecting sperm with mutations of
CEP135, a centriole-associated protein, Sha et al. [32] sug-
gested that sperm centrioles are not essential for zygote
cleavage but for the subsequent development of the early
embryo.

During the last decades, FISH was mainly applied to eval-
uate human sperm aneuploidies, and the results demonstrated
an increase in the frequency of sperm disomies and diploidies
in men with spermatogenetic impairment [1, 33, 34].
However, Ramasamy et al. [35] demonstrated that up to
45% of men with recurrent pregnancy loss (RPL) and normal
sperm parameters showed increased sperm aneuploidies, sug-
gesting a potential contribution of sperm to embryo
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Fig.5 UV micrographs of the patient’s spermatozoa hybridized with probes for chromosome 18 (green) and 9 (red). Disomy of chromosome 18 (a) and
chromosome 9 (b, ¢) are shown. Sperm nuclei are stained with DAPI (blue). Bars: 2 pum (a, b); 4 um (c)

aneuploidy, as previously demonstrated also by other authors
[36]. FISH analysis revealed a higher frequency of ancu-
ploidies in the patient’s spermatozoa than in the fertile control
in line with the data reported in other studies [37, 38].
However, this increase in diploidy and disomy is most likely
not responsible for spontaneous abortion and embryo aneu-
ploidy. All the sperm defects observed can be dependent from
centriole alterations according to the centriolar roles clearly
revised by Avidor-Reiss et al. [24]: Centrioles play a crucial
role in regulating early spermatogenic cell divisions, structur-
ing the sperm flagellum, connecting sperm head and tail, con-
trolling sperm tail movement, and organizing the cytoskeleton
of the zygote post-fertilization. In particular, since the centri-
ole regulates cell division and participates in spindle assembly
and positioning, alterations of this structure can potentially
cause chromosomal nondisjunction both during spermatogen-
esis leading to sperm aneuploidies and during embryo cleav-
age leading to embryo aneuploidy and recurrent pregnancy
loss.

These results underline the importance of implementing
investigations on the connecting piece of human spermatozoa
and the study of the centriolar adjunct, a structure still little
explored. This can help identify defects affecting the sperm
centrioles and characterize their impact on male infertility and
embryo quality.

Code availability Not applicable.

Funding Open access funding provided by Universita degli Studi di
Siena within the CRUI-CARE Agreement.

Data availability Data generated and analyzed during this study are in-
cluded in this published article and are also available from the corre-
sponding author.

Declarations

Ethics approval Not applicable. At Siena University, this type of study,
where no treatment for the analyzed patient is present, does not need an

@ Springer

ethics approval, but it requires a signed written informed consent by the
patients, with which they declare to accept the possibility to use their
semen sample for scientific purposes.

Consent to participate All authors read and agreed with the content of
the manuscript; all authors gave consent to participate to the study

Consent for publication  All authors gave consent for publication of this
research

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Rodrigo L, Meseguer M, Mateu E, Mercader A, Peinado V, Bori L,
et al. Sperm chromosomal abnormalities and their contribution to
human embryo aneuploidy. Biol Reprod. 2019;101:1091-101.

2. Capalbo A, Hoffmann ER, Cimadomo D, Ubaldi FM, Rienzi L.
Human female meiosis revised: new insights into the mechanisms
of chromosome segregation and aneuploidies from advanced geno-
mics and time-lapse imaging. Hum Reprod Update. 2017;23:706—
22.

3. loannou D, Tempest HG. Meiotic Nondisjunction: Insights into the
Origin and Significance of Aneuploidy in Human Spermatozoa.
Adv Exp Med Biol. 2015;868:1-21.

4. Carrell DT. Contributions of spermatozoa to embryogenesis: assays
to evaluate their genetic and epigenetic fitness. Reprod Biomed
Online. 2008;16:474-84.

5. Colaco S, Sakkas D. Paternal factors contributing to embryo qual-
ity. J Assist Reprod Genet. 2018;35:1953-68.


http://creativecommons.org/licenses/by/4.0/

J Assist Reprod Genet (2021) 38:1197-1205

1205

10.

11.

13.

14.

15.

16.

18.

20.

21.

22.

23.

Avidor-Reiss T, Mazur M, Fishman EL, Sindhwani P. The role of
sperm centrioles in human reproduction - the known and the un-
known. Front Cell Dev Biol. 2019;7:188.

Rawe VY, Terada Y, Nakamura S, Chillik CF, Brugo Olmedo S,
Chemes HE. A pathology of the sperm centriole responsible for
defective sperm aster formation, syngamy and cleavage. Hum
Reprod. 2002;17:2344-9.

Chatzimeletiou K, Rutherford AJ, Griffin DK, Handyside AH. Is
the sperm centrosome to blame for the complex polyploid chromo-
some patterns observed in cleavage stage embryos from an OAT
patient? Zygote. 2007;15:81-90.

Manandhar G, Schatten H, Sutovsky P. Centrosome reduction dur-
ing gametogenesis and its significance. Biol Reprod. 2005;72:2—13.
Fishman EL, Jo K, Nguyen QPH, Kong D, Royfman R, Cekic AR,
et al. A novel atypical sperm centriole is functional during human
fertilization. Nat Commun. 2018;9:2210.

Avidor-Reiss T, Fishman EL. It takes two (centrioles) to tango.
Reproduction. 2019;157:R33-51.

Garanina AS, Alieva IB, Bragina EE, Blanchard E, Arbeille B,
Guerif F, et al. The centriolar adjunct appearance and disassembly
in spermiogenesis and the potential impact on fertility. Cells.
2019;8:180. https://doi.org/10.3390/cells8020180.

World Health Organization. WHO laboratory manual for the exam-
ination and processing of human semen. 5th ed. Geneva
(Switzerland): WHO Press; 2010.

Moretti E, Pascarelli NA, Belmonte G, Renieri T, Collodel G.
Sperm with fibrous sheath dysplasia and anomalies in head-neck
junction: focus on centriole and centrin 1. Andrologia. 2017;49:7.

Moretti E, Gambera L, Stendardi A, Belmonte G, Salvatici MC,
Collodel G. Characterisation of three systematic sperm tail defects
and their influence on ICSI outcome. Andrologia. 2018;50(10):
el13128.

Sarrate Z, Anton E. Fluorescence in situ hybridization (FISH) pro-
tocol in human sperm. J Vis Exp. 2009;31:1405.

Baccetti B, Collodel G, Marzella R, Moretti E, Piomboni P,
Scapigliati G, et al. Ultrastructural studies of spermatozoa from
infertile males with Robertsonian translocations and 18, X, Y an-
euploidies. Hum Reprod. 2005;20:2295-300.

Romero-Otero J, Medina-Polo J, Garcia-Gomez B, Lora-Pablos D,
Duarte-Ojeda JM, Garcia-Gonzalez L, et al. Semen quality assess-
ment in fertile men in Madrid during the last 3 decades. Urology.
2015;85:1333-8.

Vander Borght M, Wyns C. Fertility and infertility: definition and
epidemiology. Clin Biochem. 2018;62:2-10.

Patel AS, Leong JY, Ramasamy R. Prediction of male infertility by
the World Health Organization laboratory manual for assessment of
semen analysis: a systematic review. Arab J Urol. 2018;16:96-102.
Chemes HE, Rawe VY. Sperm pathology: a step beyond descrip-
tive morphology. Origin, characterization and fertility potential of
abnormal sperm phenotypes in infertile men. Hum Reprod Update.
2003;9(5):405-28.

Chemes HE, Rawe VY. The making of abnormal spermatozoa:
cellular and molecular mechanisms underlying pathological sper-
miogenesis. Cell Tissue Res. 2010;341:349-57.

Alvarez Sedo C, Rawe VY, Chemes HE. Acrosomal biogenesis in
human globozoospermia: immunocytochemical, ultrastructural and
proteomic studies. Hum Reprod. 2012;27:1912-21.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Avidor-Reiss T, Carr A, Fishman EL. The sperm centrioles. Mol
Cell Endocrinol. 2020;518:110987. https://doi.org/10.1016/j.mce.
2020.110987.

Gottardo M, Callaini G, Riparbelli MG. Structural characterization
of procentrioles in drosophila spermatids. Cytoskeleton. 2015;72:
576-84.

Lehti MS, Sironen A. Formation and function of the manchette and
flagellum during spermatogenesis. Reproduction. 2016;151:R43—
54.

Avasthi P, Scheel JF, Ying G, Frederick JM, Bachr W, Wolfrum U.
Germline deletion of Cetnl causes infertility in male mice. J Cell
Sci. 2013;126:3204-13.

Manandhar G, Feng D, Yi YJ, Lai L, Letko J, Laurincik J, et al.
Centrosomal protein centrin is not detectable during early pre-
implantation development but reappears during late blastocyst stage
in porcine embryos. Reproduction. 2006;132:423-34.

Moretti E, Collodel G, Salvatici MC, Belmonte G, Signorini C.
New insights into sperm with total globozoospermia: increased fat-
ty acid oxidation and centrinl alteration. Syst Biol Reprod Med.
2019;65:390-9.

Lv M, Liu W, Chi W, Ni X, Wang J, Cheng H, et al. Homozygous
mutations in DZIP1 can induce asthenoteratospermia with severe
MMAF. J Med Genet. 2020;57:445-53.

Simerly C, Zoran SS, Payne C, Dominko T, Sutovsky P, Navara
CS, et al. Biparental inheritance of gamma-tubulin during human
fertilization: molecular reconstitution of functional zygotic centro-
somes in inseminated human oocytes and in cell-free extracts nu-
cleated by human sperm. Mol Biol Cell. 1999;10:2955-69.

Sha YW, Xu X, Mei LB, Li P, Su ZY, He XQ, et al. A homozygous
CEP135 mutation is associated with multiple morphological abnor-
malities of the sperm flagella (MMAF). Gene. 2017;633:48-53.
Ushijima C, Kumasako Y, Kihaile PE, Hirotsuru K, Utsunomiya T.
Analysis of chromosomal abnormalities in human spermatozoa
using multi-colour fluorescence in-situ hybridization. Hum
Reprod. 2000;15:1107-11.

Vegetti W, Van Assche E, Frias A, Verheyen G, Bianchi MM,
Bonduelle M, et al. Correlation between semen parameters and
sperm aneuploidy rates investigated by fluorescence in-situ hybrid-
ization in infertile men. Hum Reprod. 2000;15:351-65.
Ramasamy R, Scovell JM, Kovac JR, Cook PJ, Lamb DJ, Lipshultz
LI. Fluorescence in situ hybridization detects increased sperm an-
euploidy in men with recurrent pregnancy loss. Fertil Steril.
2015;103:906-9.el.

Collodel G, Giannerini V, Pascarelli AN, Federico MG, Comodo F,
Moretti E. TEM and FISH studies in sperm from men of couples
with recurrent pregnancy loss. Andrologia. 2009;41:352—-60.
Bosch M, Rajmil O, Egozcue J, Templado C. Linear increase of
structural and numerical chromosome 9 abnormalities in human
sperm regarding age. Eur J Hum Genet. 2003;11:754-9.

Collodel G, Moretti E. Morphology and meiotic segregation in
spermatozoa from men of proven fertility. J Androl. 2008;29:
106-14.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3390/cells8020180
https://doi.org/10.1016/j.mce.2020.110987
https://doi.org/10.1016/j.mce.2020.110987

	Centriolar...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Patients
	Semen analysis: light and electron microscopy
	Immunocytochemistry
	FISH analysis
	Statistical analysis

	Results
	Discussion
	References


