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Abstract: This study aims to evaluate genetic contribution and sperm DNA fragmentation (SDF)
in a cohort of 18 unrelated globozoospermic Italian men (Group G). Semen samples were assessed
according to the WHO 2010 Laboratory Manual and compared with 31 fertile controls. We focused our
genetic analysis on the exons of the main globozoospermia-associated genes, performing qualitative
PCR to assess deletion of DPY19L2 and sequencing to detect mutations of SPATA16 and PICK1.
SDF was evaluated using the TUNEL assay. In Group G, 10 patients had a complete form of
globozoospermia, whereas 8 patients had a partial form. Molecular analysis revealed deletion of
DPY19L2 in six of the patients, all of them with complete globozoospermia, while no mutations were
found in the examined exons of PICK1 and SPATA16. TUNEL analysis showed a higher SDF% in
Group G. Our findings confirm DPY19L2 defects as the most frequent genetic alteration in Italian
patients contributing to globozoospermic phenotypes. Furthermore, spermatozoa with acrosomal
defects could also display high levels of SDF as a possible consequence of abnormally remodeled
chromatin. The possible effect on offspring of chromatin structure abnormalities and altered DNA
integrity should be carefully evaluated by clinicians, especially regarding the feasibility and safety
of artificial reproductive techniques, which represent the only treatment that allows these patients
to conceive.

Keywords: globozoospermia; acrosome; male infertility; genetics; sequencing; sperm DNA fragmentation

1. Introduction

Infertility, defined by the World Health Organization (WHO) as the failure to achieve
a pregnancy after 12 months or more of regular unprotected sexual intercourse, is a
major concern in public health. Current estimates indicate that up to 15% of couples of
reproductive age may be affected, with an underlying complex multifactorial etiology,
resulting from the interaction of both genetic and extrinsic factors [1,2].

A rare (incidence < 0.1%) genetic cause of infertility is globozoospermia. The peculiar
appearance of globozoospermic ejaculates is that of a monomorphic teratozoospermia,
characterized by round-headed spermatozoa lacking an acrosome [3]. The absence of
an acrosome makes spermatozoa unable to interact with the zona pellucida, leading to
primary infertility [4]. Even though a high incidence of fertilization failure is described [5],
intracytoplasmic sperm injection (ICSI) is considered the only treatment to achieve con-
ception. Artificial oocyte activation (AOA) with calcium ionophore may improve ICSI
outcome, but fertilization rates remain low [6].

Globozoospermic spermatozoa can be round headed, completely lacking acrosomal
structures and enzymes, and unable to fertilize oocytes (type 1 globozoospermia), or show
a reduced acrosome often in association with other morphological abnormalities, but still
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capable of fertilizing (type 2 globozoospermia) [7,8]. Additionally, a complete and partial
form of globozoospermia have both been described [9].

It has been reported that round-headed spermatozoa possess a lower amount of
protamines (and, conversely, more histones) than normal spermatozoa [10,11] and that
globozoospermic semen samples show a higher percentage of spermatozoa with immature
chromatin and DNA fragmentation [12–14].

Most studies investigating the genetic background of globozoospermia included
North-African or Middle Eastern infertile men. In contrast to Western countries, in these
geographical areas globozoospermia shows a greater incidence; in particular, a possible
higher rate of consanguineous marriages may increase the expression of this autosomal
recessive trait [15].

Several mutations were identified and described for their strict association with
globozoospermia in humans [16]. The main genes involved are the following:

• PICK1 (protein interacting with C kinase 1) gene is located on chromosome 22q13.1.
It encodes for a membrane protein paramount for protein and vesicle trafficking.
Deletion of this gene leads to round-headed spermatozoa and oligozoospermia.
Liu et al. [17] discovered a homozygous missense mutation (G198A) in exon 13 of the
PICK1 gene in a Chinese family. The family members affected by this homozygous
missense mutation showed infertility caused by the absence of the acrosome.

• SPATA16 (spermatogenesis associated 16) gene is located on chromosome 3q26.31.
The encoded protein is involved in acrosome biogenesis during proacrosomal vesi-
cle transport. A homozygous mutation in this spermatogenesis-specific gene was
identified in a consanguineous family [18].

• DPY19L2 (dpy-19-like 2 (C. elegans)) gene is located on chromosome 12q14.2 and
it is considered the main gene involved in the etiopathogenesis of human globo-
zoospermia [19–21]. It encodes for a protein involved in anchoring the acrosome to
the spermatozoa nucleus [22]. Patients without DPY19L2 have normal or subnormal
sperm concentration, indicating that this gene plays a role in spermiogenesis but not
in germ cell proliferation or meiosis [20,22,23]. Furthermore, a correlation exists be-
tween the severity of the phenotype and oocyte fertilization and the type of DPY19L2
mutation [16,20,24,25].

Nonetheless, globozoospermia represents a heterogeneous disorder and determi-
nants of the phenotype–genotype correlation remain unclear. In Italy, this severe form of
teratozoospermia has been explored only in a small caseload of unrelated men [24].

Therefore, the aim of our study was to investigate the genetic contribution of the main
globozoospermia-associated genes (SPATA16, PICK1 and DPY19L2) in 18 unrelated Italian
men. To further assess a putative correlation with impaired chromatin integrity, we also
evaluated sperm DNA fragmentation (SDF) in acrosomeless spermatozoa in our cohort of
globozoospermic patients and compared it to fertile controls.

2. Materials and Methods
2.1. Patients

We selected 18 consecutive semen samples from 18 unrelated Caucasian men of Italian
origin affected by globozoospermia (Group G) and, as controls, 31 normozoospermic
Caucasian men (Group N), attending the Laboratory of Seminology - “Loredana Gandini”
Sperm Bank, Department of Experimental Medicine at “Sapienza” University of Rome, for
semen analysis as part of an andrological work-up for preconceptional screening.

2.2. Semen Analysis

Semen samples were collected by masturbation after 3–5 days of abstinence. All
samples were allowed to liquefy at 37 ◦C for 60 min and were then assessed according to
the World Health Organization (WHO) Laboratory Manual [26].
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The following variables were taken into consideration: ejaculate volume (mL), sperm
concentration (106 per mL), total sperm number (106 per ejaculate), progressive motility
(%), and morphology (% abnormal forms).

2.3. DNA Extraction

Total DNA was extracted from sperm using the MasterPureTM DNA Purification Kit
(Epicentre®, Madison, WI, USA) according to the manufacturer’s instructions. Extracted
DNA was quantified by NanoDrop ND-2000 (Thermo Fisher Scientific, Waltham, MA,
USA) and underwent molecular analysis.

2.4. PCR and Sequencing

We focused our analysis on DPY19L2 deletion and sequencing of SPATA16 and PICK1,
assessing putative genetic variants of the mainly altered exons as reported in literature (see
Discussion Section)). Extracted DNA was amplified with specific primers (Supplementary
Table S1).

Genetic analysis was performed as follows:

• DPY19L2: we studied exons 1, 10, 11, 12, 20 and 22. Analysis was carried out with
qualitative PCR followed by electrophoresis on 2% agarose gel.

• SPATA16: we analyzed exon 4. To detect any mutations, amplified samples were
purified and underwent automated sequencing based on the Sanger method by using
3500 Genetic Analyser (Applied Biosystem, Waltham, MA, USA). Purification of sam-
ples was carried on with ®PureLink PCR purification kit (Invitrogen, Life Tecnologies,
Waltham, MA, USA). Amplification reaction occurred in a volume of 13 µL containing
1 µL of ®Big Dye (Applied Biosystems, Waltham, MA, USA), 2 µL of buffer ®Big Dye
Terminator (Applied Biosystems, Waltham, MA, USA), 1 µL of each primer, 18 ng of
DNA and the amount of DNAse free water (Ambion®, Waltham, MA, USA) needed
to reach the final reaction volume. Raw data from the capillary electrophoresis were
analyzed by Sequencing Analysis (Applied Biosystems, Waltham, MA, USA). Subse-
quently, multiple alignment of the sequences versus the template was carried out to
identify point mutations using the software Geneious Prime 2020.2 (Biomatters, Ltd.
L2, Auckland, New Zealand).

• PICK1: we investigated exon 13 by sequencing as described above.

2.5. Sperm DNA Fragmentation

Sperm DNA fragmentation (SDF) was evaluated using the TdT-mediated dUDP nick-
end labelling (TUNEL) assay (In situCell DeathDetection Kit, Fluorescein; Roche, Basel,
Switzerland) [27,28].

After cytological and morphological examination of sperm parameters, the samples
were washed twice in phosphate-buffered saline and then cytocentrifuged (Cytospin 3;
Shandon Inc., Pittsburgh, PA, USA). Samples were then analyzed using a fluorescence
microscope (Leica DMR; Leica, Wetzlar, Germany), counting at least 500 cells (Figure 1).

Continuous variables are presented as mean ± SD and the normality of distributions
was checked using the Kolmogorov–Smirnov test; the student’s t or Mann–Whitney U test
was used to compare sperm parameters between the two groups. Categorical variables are
presented as counts and percentages, and comparisons were performed by Fisher’s exact
test. The presence of statistically significant correlations among the considered variables
was evaluated using Spearman’s rank correlation test. The probability values are 2-sided; a
p value less than 0.05 was considered statistically significant. All computations were carried
out with the Statistical Package for the Social Sciences (SPSS) 25.0 (SPSS Inc., Chicago,
IL, USA).
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2.6. Statistical Analysis
3. Results
3.1. Semen Analysis

Comparison of the sperm parameters of Group G (Supplementary Table S2) versus
Group N (age 37.2 ± 7.2 years vs. 31.8 ± 3.9 years, respectively, p = 0.001) revealed a
significantly lower total sperm number, progressive motility and higher percentage of
abnormal forms in Group G (Table 1). Moreover, in Group G morphological analysis
identified 10 patients displaying complete globozoospermia with 100% round-headed
acrosomeless spermatozoa and eight patients displaying partial globozoospermia with
80–95% round-headed acrosomeless spermatozoa.

Table 1. Mean ± SD, median (in brackets) and significance of the sperm parameters in the two study
groups (Mann–Whitney U test). Significant p values are in bold. Group G, globozoospermic men;
Group N, normozoospermic controls.

Semen
Volume

(ml)

Sperm Con-
centration
(106/mL)

Total Sperm
Number

(106/ejaculate)

Progressive
Motility

(%)

Abnormal
Forms

(%)

Group G 2.5 ± 1.3
(2.5)

75.1 ± 69.7
(59.0)

162.6 ± 128.3
(124.5)

36.4 ± 10.8
(40.0)

94.6 ± 7.1
(100.0)

Group N 3.3 ± 1.2
(3.0)

84.6 ± 51.9
(75.0)

273.1 ± 188.2
(244.0)

51.5 ± 6.4
(55.0)

88.0 ± 2.9
(87.0)

p value 0.07 0.254 0.018 <0.001 <0.001

With the obvious exclusion of a higher percentage of abnormal forms, the comparison
of sperm parameters between men with complete and partial form of globozoospermia
showed no significant differences (Supplementary Table S3).

3.2. Genetic Analysis

Group G molecular analysis, carried out by qualitative PCR, revealed a deletion in the
DPY19L2 gene in six out of eighteen patients (33.3%). In particular, one patient showed
deletion in exon 11, one patient in exon 22 and four patients in exons 10, 12 and 22.

All patients carrying a deletion in DPY19L2 displayed complete globozoospermia
(Supplementary Table S4). In contrast, sequencing of PICK1 and SPATA16 revealed no
mutations in the exons examined.

3.3. Sperm Chromatin Integrity

A statistically significant difference in SDF was found between Groups G and N
(29.7 ± 8.2% vs. 10.0 ± 2.8%, respectively, p < 0.001), as shown in Figure 2. Additionally,
within Group G no difference in SDF was found between men with a complete or partial
form of globozoospermia and between men with and without DPY19L2 deletion.
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U test, p < 0.001). Group G, globozoospermic men; Group N, normozoospermic controls.

4. Discussion

Globozoospermia is a severe form of teratozoospermia characterized by round-headed
sperm that lack an acrosome. Sperm cells also show multiple defects, such as round nu-
clei, absence of the post-acrosomal sheath, separation of the nuclear membranes and,
frequently, coiled tails. Other maturation defects, such as the persisting residual cytoplas-
mic body/droplet surrounding the nucleus or the midpiece, are often reported [4]. These
morphological defects originate during spermiogenesis, specifically when the elongating
head of the differentiating sperm cell should form the acrosome from the Golgi apparatus.
Acrosome formation does not occur in globozoospermic patients and spermatozoa show
the characteristic round-headed shape [29–31].

4.1. Sperm Parameters

In general, globozoospermia has been associated with decreased semen quality [32].
Several papers highlight the presence of a normal semen volume and concentration de-
spite impaired total motility [4,12,33], while others indicate that both concentration and
progressive motility are reduced in comparison to normozoospermic controls [9,34–38].

Congruent with previous studies, our data remark that globozoospermic samples
show a significantly worse sperm quality compared to normozoospermic controls. Even
so, the average volume, sperm concentration, total sperm number and progressive motility
still fall within the 5th percentile of the WHO reference values [26].

This evidence strengthens the concept that the natural fertility failure affecting globo-
zoospermic patients is mainly due to sperm acrosomal structural abnormalities, indepen-
dent from concomitant sperm parameter alterations.

4.2. Genetic Analysis

The presence of consanguineous marriages in families affected with globozoospermia sug-
gests a genetic autosomal recessive contribution to globozoospermia in humans [15,17,18,39–43].
However, no clear phenotype–genotype correlation has been established.
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In our study we considered only the main altered exons reported in literature of the
three globozoospermia-associated genes (SPATA16, PICK1 and DPY19L2) and evaluated pu-
tative variants of these genes in a cohort of 18 unrelated men, including 10 patients affected
by complete globozoospermia and eight patients affected by partial globozoospermia.

To the best of our knowledge, the present study is one of two investigating the role of
genes and sperm chromatin integrity in Italian unrelated globozoospermic patients. Only
Chianese et al. performed genetic screening and sperm chromatin evaluation in seven
Italian globozoospermic patients [24].

Furthermore, few studies in the literature investigated genetic variants of the afore-
mentioned genes (Table 2). While we detected no mutations of SPATA16, a previous paper
revealed a homozygous mutation in exon 4 of SPATA16 in three globozoospermic brothers
of a consanguineous Ashkenazi Jewish family [18]. While this evidence points towards
a SPATA16 protein role in acrosome formation [44], mutant mice with the corresponding
aminoacidic substitution in Spata16 did not appear to be associated with globozoospermia,
as reported in a recent study [45]. Deletion of exon 4 resulted in infertile male mice due to
spermiogenic arrest, but not globozoospermia. As mice carrying the deletion experienced
normal acrosome biogenesis, the authors assumed that mouse Spata16 is not related to
globozoospermia [45]. Since SPATA16 is highly conserved in mammals, these findings
could explain why no alterations of this gene were found in the globozoospermic patients
examined in our study. However, analysis of SPATA16 exon 2 revealed a new deletion in
two unrelated Tunisian men, which could explain the globozoospermic phenotype [46,47].

Regarding the other globozoospermia-associated gene, PICK1 seems to be crucial for
acrosome biogenesis and a homozygous missense mutation in exon 13 of this gene resulted
in round-headed acrosomeless spermatozoa in one member of a Chinese family [17].

Contrary to this evidence, our data revealed mutations neither for exon 4 of SPATA16
nor for exon 13 of PICK1. However, these findings overlap with those described in Modar-
res et al. [48]. It should be stressed that the lack of genetic variants of SPATA16 and PICK1
we observed could be due to the small caseload caused by the rarity of this monomorphic
teratozoospermia. Moreover, the incidence of putative genetic variants could depend on
ethnicity and geographical origin examined. In addition, contributions of other uninvesti-
gated genes on globozoospermic phenotype should not be excluded.

Among the globozoospermia-associated genes analyzed in the literature, DPY19L2
is the most frequently mutated gene in affected patients from different ethnic and geo-
graphic origins. The most common DPY19L2 mutation is the 200 kb deletion arising from
a non-allelic homologous recombination (NAHR) between two highly similar 28 kb low
copy repeats (LCRs) flanking the gene [19,20]. To support this observation, several studies
have identified a recurrent homozygous deletion of the DPY19L2 gene in complete globo-
zoospermia, thus indicating that this gene is necessary in men for sperm head elongation
and acrosome formation [19–21,49].

In the present study, we evaluated DPY19L2 deletion by detecting exons 1, 10, 11,
12, 20 and 22. Analyses carried out with qualitative PCR showed that six out of eighteen
patients (33.3%) displayed deletions in DPY19L2, including one in exon 11, another one in
exon 22 and the remaining four in exons 10, 12 and 22. All six patients carrying deletions
in the DPY19L2 gene showed complete globozoospermia. Our findings agree with those in
previous literature, suggesting that DPY19L2 defects could contribute to this severe form
of teratozoospermia [19,20,24,48–54].

Analyzing the reported percentage of DPY19L2 mutations, together with those of
the two other globozoospermia-associated genes SPATA16 and PICK1, more than half
of the cases carried DPY19L2 mutations, with a rather lower frequency of SPATA16 or
PICK1 mutations. These data highlight the role of DPY19L2 mutations as a major cause of
globozoospermia. Moreover, by comparing reported genetic data from globozoospermic
patients from Western countries with reported genetic data from those from China, the
frequency of DPY19L2 variants in Chinese patients seems to be higher than that in patients
from Western countries.
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Table 2. Genetic analyses of globozoospermic patients reported in literature.

Gene Exons
Examined

Method to
Identify

Mutations
N◦ Globozoospermic Patients N Patients Carrying

Mutation Reference

PICK1

exon 13 PCR and
Sequencing

3 members
of a Chinese family

1/3
homozygous mutated

(c.1567G>A)
[17]

all exons PCR and
Sequencing 1 Macedonian man 0/1 [50]

exon 13 qPCR 27 Iranian men
(of which 17 unrelated) 0/27 [48]

all exons PCR and
Sequencing

4 unrelated Tunisian men (with
no DPY19L2 mutations) 0/4 [53]

exon 13 Sequencing 18 unrelated Italian men 0/18 Present
study

SPATA16

exon 4
Genomewide scan

analysis using a
10K SNP array

3 brothers
of a consanguineous Ashkenazi

Jewish family

3/3
homozygous mutated

(c.848G>A)
[18]

all exons PCR and
Sequencing 1 Macedonian man

1/1
two polymorphisms

(rs115897458 and
rs508508)

[50]

exon 2 PCR and
Sequencing

19 (DPY19L2
undeleted) unrelated men

originating from
France, Italy, Tunisia, Turkey,

Libya and Morocco

2/19 (unrelated Tunisian
men)

deleted
[46]

exon 4 qPCR 27 Iranian men
(of which 17 unrelated) 0/27 [48]

all exons PCR and
Sequencing

4 unrelated Tunisian men (with
no DPY19L2 mutations) 0/4 [53]

exon 2 PCR and
Sequencing 2 unrelated Tunisian men 2/2

deleted [47]

exon 4 Sequencing 18 unrelated Italian men 0/18 Present
study

DPY19L2

all exons Whole genome
SNP scan

20 men
(15 from Tunisia, 1 from Algeria, 2
from Morocco, 1 from Turkey and

1 from Slovenia), most of them
first cousins

15/20
homozygous deleted [19]

exons 2, 7,
9, 10, 13, 17,

21

Genome-wide scan
analysis using 10K

SNP arrays

28 men
(4 brothers from a Jordanian

consanguineous family, 11 from
France, 2 brothers from Algeria, 1
from Iran, 4 from Tunisia, 1 from

Lybia, 1 from Italy, 1 from
Morocco and 3 of undetermined

origin)

4 Jordanian brothers:
homozygous deleted

for all the exons examined

4 unrelated subjects
deleted

[20]
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Table 2. Cont.

Gene Exons
Examined

Method to
Identify

Mutations
N◦ Globozoospermic Patients N Patients Carrying

Mutation Reference

all exons

Multiplex Ligation-
dependent

Probe
Amplification
(MLPA) and
Sequencing

34 men
from France and Tunisia

(including 20 men described in
Harbuz et al. 2011)

23/34 (67.6%)
homozygous deleted

2/34 (5.9%) heterozygous
deleted

9/34 (26.4%) non-deleted

Point mutations identified:
- exon 8: heterozygous

missense mutation
(c.869G>A)

- exon 9: heterozygous
nonsense mutation

(c.1024C>T)
- exon 10: homozygous

missense mutation
(c.1073T>A)

[21]

exons 4, 5,
6, 7, 8, 9, 10,
11, 15, 16,

21

PCR

54 genetically independent men
for all types of mutations

(from 13 different countries
including Iran, France, Algeria,

Turkey, Morocco, Belgium, USA,
Italy)

36/54 mutated
(69.4%: homozygous

deleted;
19.4%: heterozygous

composite;
11.1%: homozygous point

mutated)

Point mutations identified:
- exon 8: missense

mutation (c.869G>A),
non-synonymous

mutation (c.892C>T)
- exon 9: premature stop

codon (c.1033C>T)
- exon 15:

non-synonymous
mutation (c.1478C>G)

- exon 21: premature stop
codon (c.2038A>T)

- exon 11: premature stop
codon (c.1183delT)

[49]

exons 1, 11,
22

PCR and
Sequencing 2 Macedonian men 2/2

homozygous deleted [50]

all exons PCR and
Sequencing

15 unrelated
Chinese men

4/15
homozygous deleted [51]

all exons qPCR
9 men

(7 from Italy and
2 from Spain)

3/9 deleted
(2 homozygous,
1 heterozygous)

1/9 wild-type

5/9 point mutated
(4 missense, 3 intronic and

2 synonymous)

[24]

exons 1, 17,
22

PCR and
Sequencing

5 men from Algeria
(of which 3 brothers)

5/5
homozygous deleted [52]
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Table 2. Cont.

Gene Exons
Examined

Method to
Identify

Mutations
N◦ Globozoospermic Patients N Patients Carrying

Mutation Reference

exons 1, 5,
6, 7, 11, 22 qPCR 27 Iranian men

(of which 17 unrelated)
20/27

deleted [48]

all exons PCR and
Sequencing 18 unrelated Tunisian men

11/18: homozygous
deleted in exon 10

2/18: homozygous for
non-synonymous

mutation (c.892C>T) in
exon 8

1/18: homozygous for a
new splice-site mutation

at the junction
exon–intron 16

[53]

exon 10 PCR and
Sequencing 2 unrelated Tunisian men 0/2 [47]

all exons Whole-exome
sequencing 9 unrelated Chinese men

5/9 deleted
4/9 with novel point

mutations
[54]

exons 1, 10,
11, 12, 20,

22
PCR 18 unrelated Italian men

6/18 deleted
(1/18 in exon 11; 1/18 in
exon 22; 4/18 in exons 10,

12 and 22)

Present
study

4.3. Sperm Chromatin Integrity

To further investigate the chromatin integrity of the acrosomeless spermatozoa, we
performed the TUNEL assay on semen samples of our caseload. In Group G the SDF
was significantly higher than in the control group, suggesting that spermatozoa with
acrosomal defects could also exhibit high levels of sperm DNA damage. On the other hand,
no differences were found between complete and partial globozoospermic samples and
between deleted and not deleted globozoospermic samples.

A significantly higher level of SDF in globozoospermic patients was also reported in
previous literature (Table 3). However, to date only a few globozoospermic patients have
been examined. Most studies used the TUNEL assay to evaluate sperm DNA integrity and
their results are generally in agreement with our findings, suggesting a high alteration of
sperm DNA in globozoospermia [12,24,34–37,47,55–63]. Only a few studies claimed that
globozoospermic men had similar chromatin and DNA integrity as fertile men [33,64].

Table 3. SDF rates in globozoospermic patients reported in literature. NA, Not Available; TEM, Transmission Electron
Microscopy; SCSA, Sperm Chromatin Structure Assay; TUNEL, TdT-mediated dUDP Nick-End Labelling assay; SCD,
Sperm Chromatin Dispersion test; AO, Acridine Orange Table A3. Chromomycin A3 staining; AB, Aniline Blue staining.

Reference
N Patients
(Case vs.
Control)

Method
to Evaluate SDF

DNA Fragmentation Index

Case Control

[55] NA

Hoechst 33258 DNA
staining
TUNEL

Electron Microscopy

10% 0.1%

[33] 1 vs. 2
TEM
SCSA

COMET

TEM: no elevated
levels of apoptotic bodies
SCSA and COMET: 13%

NA



Life 2021, 11, 641 11 of 16

Table 3. Cont.

Reference
N Patients
(Case vs.
Control)

Method
to Evaluate SDF

DNA Fragmentation Index

Case Control

[12] 1 vs. 4 TUNEL 37.0 ± 1.7% 22.5 ± 1.2%

[56] 1
(case report) SCD 45.7%

(threshold value: 30%) /

[57] 1 vs. 1 AO 97.1% 41.3%

[58] 1 vs. 1 TUNEL 80% 27 ± 13%

[59] 2 vs. 20 TUNEL Patient 1: 40%
Patient 2: 80% 12 ± 2.12%

[60] 1 vs.
unspecified TUNEL 9.6% 1.20 ± 0.95%

[64] 1
(case report) TUNEL 6% /

[61] 6 vs.
unspecified TUNEL 15.5 ± 9,09% <13%

[14] 1
(case report)

SCSA
TB

CMA3
AB

SCSA: 35.3% (threshold value 30%)
TB: 36.6% (threshold value 35%)

CMA3: 47.7%
AB: 56.3%

/

[24] 8 vs. 90 TUNEL 46.92 ± 4.20% 34.04 ± 1.53%

[34] 15 vs. 21 TUNEL
CMA3

TUNEL: 17.60 ± 10.72%
CMA3: 65.93 ± 11.77%

TUNEL: 5.95 ± 3.02%
CMA3: 21.24 ± 7.37%

[35] 20 vs. 40 SCSA
CMA3

SCSA: 33.83 ± 3.64%
CMA3: 49.70 ± 4.88%

SCSA: 16.31 ± 1.58%
CMA3: 30.97 ± 1.71%

[36] 30 vs. 22 TUNEL 19.21 ± 3.75% 8.58 ± 1.12%

[37] 27 vs. 30

SCD
TUNEL

AB
TB

CMA3
AO

SCD: partial globo 61.7 ± 13.2;
total globo 57.8 ± 11.4

TUNEL: partial globo 12.3 ± 9.2; total globo
18.3 ± 10.1

AB: partial globo 81.3 ± 10.6;
total globo 79.8 ± 12.9

TB: partial globo 73.1 ± 16;
total globo 86.3 ± 9.1

CMA3: partial globo 60.1 ± 13.9; total globo
68.6 ± 11

AO: partial globo 33.2 ± 26.4;
total globo 30.1 ± 18.4

SCD: 11.5 ± 6.2
TUNEL: 5.9 ± 3
AB: 24.2 ± 16.2
TB: 32.8 ± 18.6

CMA3: 26.1 ± 11.6
AO: 11.5 ± 7.5

[47] 8 vs. 25 TUNEL 41.58 ± 10.99% 10.25 ± 3.83%

[62] 10 vs. 30 TUNEL 23.6 ± 5.67% 5.24 ± 1.23%

[63] 1 vs. 3
AB
AO

TEM

AB: 78 ± 2.65%
AO: 22.33 ± 2.52%

TEM: chromatin compromised
NA

Present
study 18 vs. 31 TUNEL 29.7 ± 8.2% 10.0 ± 2.8%

DNA fragmentation could be a consequence of abnormal chromatin remodeling,
which characterizes globozoospermic samples. To support this hypothesis, some authors
described abnormal chromatin condensation in globozoospermia, with a high heterogeneity
in the degree of maturity [4] due to altered replacement of histones by protamines [10,40].
Protamines are necessary for proper packaging of DNA and protect sperm from DNA
damage. Moreover, polymorphisms of PRM1 and PRM2 genes could result in reduced
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protamine expression associated with abnormal sperm morphology [65]. Sperm chromatin
remodeling occurs simultaneously with acrosome formation during late spermatogenesis.
Thus, when a protamine deficiency is present, sperm DNA damage can arise, and this
could affect acrosome biogenesis which occurs in parallel to chromatin condensation. This
would explain concomitant presence of an abnormal chromatin remodeling with defective
acrosome in globozoospermic samples, as reported in literature.

The putative correlation between DNA damage and acrosomal deficiencies should
be evaluated when patients affected by this severe form of teratozoospermia are enrolled
in ICSI programs, which represent the only treatment for this type of male infertility [5].
The high level of sperm DNA fragmentation might contribute to low fertilization rate
and poor pregnancy prognosis, as described by some reports [6,66–68]. Moreover, the
possible effects of the abnormalities in chromatin structure and DNA integrity on offspring
should be considered. Whenever possible, normally shaped spermatozoa should be used
in partial globozoospermia.

4.4. Clinical Implications for Assisted Reproduction

The spread of assisted reproductive technologies since the last decade of the twentieth
century allowed many globozoospermic subjects to access ICSI. The first reports indicated
a greater incidence of fertilization failures compared to the “general population” [69].
Round-headed acrosomeless spermatozoa, unable to naturally interact and penetrate
the zona pellucida, also appeared unable to induce oocyte activation after ICSI. In fact,
plenty of studies have presented artificial reproduction attempts with globozoospermic
semen samples through standard ICSI cycles, intracytoplasmic morphologically selected
spermatozoa injection (IMSI), either with or without assisted oocyte activation (AOA) [70].
Fertilization and embryo development appears improved after oocyte activation, while
standard ICSI without AOA may still be utilized in cases of partial globozoospermia, where
a percentage of morphologically normal spermatozoa might still be present [5].

Oocyte activation is a complex network of intracellular interactions induced by os-
cillations in cytoplasmic calcium concentration that round-headed acrosomeless sperma-
tozoa appear to be unable to trigger after ICSI. Therefore, AOA may potentially solve
globozoospermia-induced inability to fertilize. Recreating the intracellular calcium rise,
ooplasm/nuclear reactions of fertilized oocytes are artificially triggered and, thus, em-
bryogenesis may proceed [54,70]. Despite the fact that AOA can be accomplished through
different methods, both fertilization and pregnancy rates appear better than those achieved
with ICSI alone [71]. Pregnancy outcomes were evaluated in a recent metanalysis by Mu-
rugesu et al., according to whom the treatment with a calcium ionophore can not only im-
prove pregnancy and live-birth rates, but may exert positive effects on other parameters like
cleavage, fertilization, blastulation and implantation [72]. Thus, this evidence has resulted
in encouragement for couples and those with conditions such as globozoospemia, where
success rates of ICSI alone are expected to be insufficient. In relation to globozoospermia,
a number of case reports and observational studies have presented successful childbirth
in cases of both total and partial globozoospermia with various forms of AOA [64,73–77].
However, a recent study compared fertilization and chromosomal integrity between round-
headed sperm and donor sperm in oocytes from the same patient [78]. Although AOA was
shown to be an effective tool for globozoospermic semen samples, the fertilization rate was
lower than in donor sperm injections without AOA. On the other hand, the aneuploidy
rate detected after ICSI with AOA in globozoospermic spermatozoa was comparable to
ICSI with donor spermatozoa without AOA, suggesting chromosome integrity may not
be affected by calcium ionophore treatment [78]. It should be emphasized that use of
ICSI could allow the inheritance of mutations associated with globozoospermia, and in
selected cases (for example, consanguineous marriages for recessive genes like DPY19L2) it
might be important to seek genetic counselling to prevent this form of infertility in future
progeny [79].
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In conclusion, available reports are highly heterogeneous, and a thorough efficacy/safety
assessment is difficult to perform and, therefore, this procedure still cannot be routinely
considered [70].

5. Conclusions

Globozoospermia is a rare genetic cause of infertility whose phenotype–genotype
correlation still remains unclear. Among the genes mainly involved, DPY19L2 appears
to play a pivotal role in contributing to globozoospermic phenotypes in patients from
different ethnic and geographical origins. Furthermore, globozoospermic ejaculates seem
to be characterized by a high level of sperm DNA fragmentation as a putative consequence
of abnormal chromatin remodeling with an aberrant histones/protamines ratio [4,10,40].

Although ICSI represents the only treatment that allows these patients to conceive [5],
the fertilization rate still remains low [6], but new treatment techniques, such as AOA,
may improve both fertilization and pregnancy rates [54,70]. However, while advances in
reproductive techniques have allowed these patients to conceive, the possible impacts on
offspring of abnormal chromatin structure and DNA integrity should be carefully evaluated
by clinicians, especially regarding the advisability and safety of using ICSI as a treatment
for this form of male infertility.
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.3390/life11070641/s1: Table S1, Primers used to amplify the main globozoospermia-associated genes;
Table S2, Sperm parameters of globozoospermic patients; Table S3, Mean ± SD, median (in brackets)
and significance of the sperm parameters between complete and partial form of globozoospermia
(Mann–Whitney U test). Significant p values are in bold; Table S4, Mean ± SD, median (in brackets)
and significance of the sperm parameters between globozoospermic samples of men with and without
DPY19L2 deletions (Mann–Whitney U test). Significant p values are in bold.
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