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Abstract
Purpose To characterize, by specific biomarkers and nucleic acid sequencing, the structural and genomic sperm characteristics of
partial (PG) and complete globozoospermic (CG) men in order to identify the best reproductive treatment.
Methods We assessed spermatozoa from 14 consenting men ultrastructurally, as well as for histone content, sperm chromatin
integrity, and sperm aneuploidy. Additional genomic, transcriptomic, and proteomic evaluations were carried out to further
characterize the CG cohort. The presence of oocyte-activating sperm cytosolic factor (OASCF) was measured by a phospholipase
C zeta (PLCζ) immunofluorescence assay. Couples were treated in subsequent cycles either by conventional ICSI or by ICSI
with assisted gamete treatment (AGT) using calcium ionophore (Ionomycin, 19657, Sigma-Aldrich, Saint Louis, MO, USA).
Results Ultrastructural assessment confirmed complete acrosome deficiency in all spermatozoa from CG men. Histone content,
sperm chromatin integrity, and sperm aneuploidy did not differ significantly between the PG (n = 4) and CG (n = 10) cohorts.
PLCζ assessment indicated a positive presence of OASCF in 4 PG couples, who underwent subsequent ICSI cycles that yielded a
36.1% (43/119) fertilization with a 50% (2/4) clinical pregnancy and delivery rate. PLCζ assessment failed to detect OASCF for 8
CG patients who underwent 9 subsequent ICSI cycles with AGT, yielding a remarkable improvement of fertilization (39/97;
40.2%) (P = 0.00001). Embryo implantation (6/21; 28.6%) and clinical pregnancies (5/7; 71.4%)were also enhanced, resulting in
4 deliveries. Genemutations (DPY19L2, SPATA16, PICK1) were identified in spermatozoa fromCG patients. Additionally, CG
patients unable to sustain a term pregnancy had gene mutations involved in zygote development (NLRP5) and postnatal
development (BSX). CG patients who successfully sustained a pregnancy had a mutation (PIWIL1) related to sperm phenotype.
PLCZ1 was both mutated and underexpressed in these CG patients, regardless of reproductive outcome.
Conclusions Sperm bioassays and genomic studies can be used to characterize this gamete’s capacity to support embryonic
development and to tailor treatments maximizing reproductive outcome.
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Introduction

Infertility is known to affect 15% of couples of reproductive
age. Of these, 35% of cases are related to the female partner
and 55% to the male partner, while the remaining 10% are of
unknown origin [1]. Male infertility can be attributed to

varicocele (26.4%), obstruction (15.1%), testicular failure
(14.5%), cryptorchidism (14.3%), idiopathic (12.1%), or ge-
netic factors (7.9%). Other minor contributors include infec-
tions (3%), hormones (2.3%), immunology (2.3%), ejaculato-
ry dysfunction (1.2%), cancer (0.5%), and, as more recently
recognized, systemic diseases (0.4%) [2]. All of these etiolo-
gies affect spermatozoa production and therefore compromise
the typical semen parameters. Although concentration and
kinetic characteristics of the male gamete are widely under-
stood to be associated with its ability to fertilize an oocyte,
sperm phenotype as evaluated by sperm morphology—
particularly in relation to the sperm head—also indicates sper-
matozoa competence.

* Gianpiero D. Palermo
gdpalerm@med.cornell.edu

1 TheRonald O. Perelman andClaudia Cohen Center for Reproductive
Medicine, Weill Cornell Medicine, 1305 York Avenue, Y720, New
York, NY 10021, USA

https://doi.org/10.1007/s10815-021-02191-4

/ Published online: 20 April 2021

Journal of Assisted Reproduction and Genetics (2021) 38:2073–2086

http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-021-02191-4&domain=pdf
http://orcid.org/0000-0001-8440-4560
mailto:gdpalerm@med.cornell.edu


Among the phenotypes, there is a rare and severe type of
teratozoospermia known as globozoospermia. This condi-
tion, first described in 1976 [3, 4], is prevalent in 0.1% of
infertile men [5] and is characterized by round-headed
spermatozoa with acrosomal hypoplasia/absence and cyto-
skeleton defects surrounding the nucleus [3, 6]. Two forms
of globozoospermia have been described [7]. The most
severe, defined as complete globozoospermia, or type I,
entails the entirety of the spermatozoa accompanied by
acrosomal absence [7]. The other form, known as partial
globozoospermia, or type II, presents with a varied propor-
tion of the spermatozoa bearing the round-headed hallmark
and acrosomal cap dysmorphism [8]. Globozoospermic
(GZ) men suffer from compromised spermiogenesis, most-
ly limited to the remodeling mechanism responsible for the
absence of acrosome and cytoskeleton defects yielding the
round nucleus. However, anomalies fluctuate and may in-
clude deficiency of the post-acrosomal sheath, detachment
of the nuclear membrane, coiled tails, and cytoplasmic
remnants at the midpiece [3, 8, 9].

The physiopathology of globozoospermia has been linked
to multifactorial origins, with its basis stemming from
inherited genetic traits [10] that tend to recur among male
siblings [11]. The genetic constituent of this disorder results
from recessive deletions and point mutations involving two
main genes, DPY19L2 [12] and SPATA16 [13]. DPY19L2,
expressed in the testis, is responsible for sperm head elonga-
tion and development of the acrosome during spermiogenesis,
entailing a 200-Kb homozygous deletion encoded at the
DPY19L2 locus [14]. A SPATA16 homozygous mutation
(c.848G → A), also expressed in the testis, is responsible for
the production of spermatozoa with the typical round head and
absent acrosome. This is due to interference with the splicing
site of exon 4, which codes for a tetratricopeptide repeat (TPR)
domain [15].

Despite having normal parameters, spermatozoa of GZ
men have peculiar head anomalies that render them incapable
of interacting with and dispersing cumulus cells surrounding
the oocyte. These spermatozoa are unable to bind to the ZP2
and ZP3 glycoproteins on the zona pellucida [16] and there-
fore cannot reach the perivitelline space. The only insemina-
tion method capable of overcoming this defect is
intracytoplasmic sperm injection (ICSI), which bypasses the
zona pellucida and oolemma altogether. Although ICSI has
been proven to provide fertilization in patients with most
forms of severe male factor infertility, its use still yields in-
consistent results when treating globozoospermia [17]. This
can be attributed to the complete lack of a putative oocyte-
activating sperm cytosolic factor (OASCF), known as phos-
pholipase C zeta (PLCζ), necessary to activate intracellular
calcium (Ca2+) oscillations triggering oocyte activation [18,
19]. Indeed, GZ spermatozoa not only suffer from acrosomal
absence, but they also have concurrent impaired development

of the perinuclear theca where the sperm cytosolic factors
reside. Therefore, these gametes require the exposure of the
injected oocyte to a chemical activating agent such as calcium
ionophore to artificially induce the calcium cascade. The use
of oocyte activation with ICSI has been shown to achieve
fertilization and successful pregnancies, even in patients with
the most severe cases of globozoospermia [5]. However, its
application has recently been shown to be necessary only in
cases with a confirmed sperm-related, oocyte-activating defi-
ciency [20].

A l t h ough t h e r e i s s i g n i f i c a n t l i t e r a t u r e on
globozoospermia, few studies have compared the two forms
to determine the best method of treatment for each. For in-
stance, an assessment of 12 GZ men identified 3
underexpressed genes when compared to a fertile cohort.
And although a higher fertilization and clinical pregnancy rate
following ICSI with oocyte activation was observed, the study
cohort was limited to complete GZ men; patients with the
partial GZ phenotype were not included [21]. A separate mul-
ticenter study of 34 patients further confirmed the effective-
ness of ICSI with oocyte activation in GZ patients according
to their DPY19L2 mutation status [22]. No other sperm func-
tion assays were performed to compare partial (PG) and com-
plete globozoospermic (CG) groups. However, the genetic
assessment failed to include additional genes associated with
globozoospermia, such as SPATA16 and PICK1 [23, 24]. The
impact of mutations on gene expression was also not ad-
dressed. Although gene mutations may be present, the tran-
scriptome may not necessarily be impaired. Furthermore, dif-
ferent steps of the gene’s expression and protein activity may
be altered depending on the type and location of the mutation
[25].

In the current study, we aim to characterize, by specific
biomarkers and nucleic acid sequencing, the structural and
genomic sperm characteristics of PG and CG men in order
to identify the best reproductive treatment. This assessment
represents the largest comparison of PG and CG men in a
single assisted reproductive technology (ART) center.
Specimens from these individuals were screened by multi-
ple gamete functional assays to measure the presence of
OASCF and ultrastructural features. Genomic assessments
of histone content, chromatin integrity, and aneuploidy
were also performed. According to test results, couples
were categorized by the degree of globozoospermia and
treated according to OASCF content. Only couples with
absent OASCF were treated by ICSI with assisted gamete
treatment (AGT), where both the spermatozoa and oocytes
were exposed to calcium ionophore [20]. Clinical out-
comes were compared between the two globozoospermia
forms and their respective treatment protocols. In addition,
transcriptomic analyses were carried out to identify genes
involved in the peculiar spermiogenic process of these GZ
men.
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Materials and methods

Inclusion criteria and study design

Over the course of 8 years, a total of 14 couples (maternal age,
33.7±3 years; paternal age, 36.1±3 years) were enrolled in this
study. Patients were referred to our center after presenting
with morphologically round-headed spermatozoa and a histo-
ry of poor or absent fertilization with ART elsewhere.

Following standard semen analysis [26], spermatozoa from
each patient were assessed ultrastructurally, as well as for
histone content, sperm chromatin integrity, and aneuploidy.
Patients were then allocated to two groups based on the pro-
portion of round-headed spermatozoa. Those who exhibited
100% of the round-headed morphology were diagnosed as
CG, while those with a large fraction of spermatozoa
exhibiting round-headed morphology were considered PG.
Additional genetic, transcriptomic, and proteomic analyses
were performed on spermatozoa from consenting men (n =
3), in comparison to a fertile donor control (n = 3), to further
characterize the CG type.

Although 2 couples eventually elected not to pursue infertility
treatment, we screened all patients for OASCF by PLCζ assess-
ment. Couples with a normal OASCF who were continuing
treatment at our center (n = 4) underwent conventional ICSI,
while consenting couples with an OASCF deficiency (n = 7)
were treated by ICSI with AGT in their subsequent cycles
(Fig. 1) [20].

This study, performed at a single academic center, was
approved by the Institutional Review Board of New York
Presbyterian Hospital-Weill Cornell Medicine (IRB
0712009553 and 1006011085), and all participants were ap-
propriately counseled before providing consent. We do not
have any potential conflict of interest to disclose.

Spermatozoa collection and preparation

Fresh ejaculates were collected by masturbation following 2–
5 days of abstinence. Semen was allowed to liquefy at 37 °C
for at least 15 min. Initial analysis of sperm concentration and
motility was conducted on 5 μl of specimen using a Makler®
sperm-counting chamber (Sefi Medical Instruments, Ltd.,
Haifa, Israel). Sperm morphology was assessed on
Testsimplets® pre-stained slides (Waldeck GbmH, Münster,
Germany) at 1000× magnification. Aliquots of the specimen
were then used for the additional sperm bioassays.

Ultrastructural sperm assessment

Transmission electron microscopy (TEM) was performed on
at least 200 spermatozoa to assess organelles including acro-
somes, nuclei, centrioles, and the microtubular arrangement in
flagella [5]. Post-centrifugation cell pellets were resuspended

uniformly in cold fixative containing 2.5% glutaraldehyde,
4% paraformaldehyde, and 0.02% picric acid in 0.1M sodium
cacodylate buffer. After minimal 1-h fixation at 4 °C, cell
pellets were collected and washed thrice in buffer and treated
by secondary fixative solution containing 1% osmium tetrox-
ide and 1.5% potassium ferricyanide [27]. Fixed samples were
then exposed to uranyl acetate for en bloc staining and
dehydrated sequentially in increasing concentrations of etha-
nol. Dehydrated specimens were infiltrated and embedded in
Spurr’s resin, and then sliced by ultramicrotome to 100-nm
sections. These sections were then viewed by JEOL-1400
electron microscope (JEOL USA, Inc., Peabody, MA, USA)
at 300,000× magnification, where a sperm ultrastructure to-
mography was generated from the reflection of electrons by a
120-kV electron beam transmitted through the section. Slides
were observed to assess chromatin integrity as well as acroso-
mal and perinuclear theca structural and centrosomal integrity.

Histone content assay

Histone content assay using aniline blue staining was carried
out to assess the nuclear maturity status of the spermatozoa.
Slides were prepared by smearing raw specimen, air-drying,
and fixing in 4% paraformaldehyde solution for 10 min, and
then staining for 5 min in 5% aqueous aniline blue solution
(pH 3.5) [28, 29]. Spermatozoa were analyzed under bright-
field illumination at 1000× magnification. Those with imma-
ture nuclear chromatin, characterized by high content of his-
tone proteins, stained dark blue. Those with mature chromatin,
rich in protamines, did not uptake the stain. A minimum of
200 spermatozoa were assessed per patient, with a normal
threshold of ≤20% stained spermatozoa [30].

Sperm chromatin fragmentation assay

The integrity of sperm chromatin fragmentation (SCF) was mea-
sured by terminal deoxynucleotidyl transferase–mediated
deoxyuridine triphosphate-fluorescein nick-end labeling
(TUNEL) assay. The protocol used for this test has been previ-
ously described [17]. In brief, after liquefaction of raw sample at
37 °C for 15 min, approximately 5 μl of specimen was smeared
on a slide and left to dry overnight. The slides were fixed with
4% paraformaldehyde for 1 h and, after washing thrice with
PBS, left to dry overnight. Slides were then permeabilized in a
solution containing 0.1% Triton X-100 and 0.1% sodium citrate
in PBS andwashedwith PBS. The reagents from a commercially
available kit (in situ cell death detection kit; Roche Diagnostics,
Rotkreuz, Switzerland) were applied to the slides, which were
incubated in a humidified chamber at 37 °C for 1 h. To visualize
the sperm nuclei under a fluorescent microscope, DAPI Antifade
(Millipore, Temecula, CA, USA) was added to the slides. At
least 500 spermatozoa per patient were counted, with a normal
threshold of ≤15% chromatin fragmentation [31].
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Sperm aneuploidy assessment

Ejaculated specimens were prepared for FISH aneuploidy as-
sessment as previously described [32]. Five microliters of se-
men samples was smeared on glass slides and air-dried over-
night. Slides were fixed in Carnoy’s fixative (3:1
methanol:acetic acid) at room temperature and subsequently
placed in a 37 °C slide moat overnight. Sperm nuclei
decondensation was carried out by incubating slides in 5
mmol/L dithiothreitol (DTT; Sigma Chemical Co., St. Louis,
MO) in 0.1 M tris(hydroxymethyl)aminomethane (Trizma
HCl; Sigma Chemical Co.), and then by 3 M sodium chloride
and 300 mM tri-sodium citrate dehydrate (2× standard saline
citrate; Vysis, Downers Grove, IL), pH 7.0. The decondensed
slides were hybridized with fluorescent probes specific for
chromosomes X, Y, 13, 15, 16, 17, 18, 21, and 22. Sperm
nuclei were then counterstained with 4′,6-diamino-2-
phenylindole (DAPI; Millipore, Temecula, CA, USA). A

minimum of 1000 spermatozoa per specimen were analyzed
under an Olympus BX61 fluorescent microscope at 1000×.
Incidences of disomy, nullisomy, and diploidy were recorded
using a computerized system (Applied Imaging, CytoVysion
v3.93.2), with a <1.6% normal threshold [32].

OASCF assessment

The presence of OASCF was assessed by detection of PLCζ.
Sperm specimens were smeared on glass slides, fixed with
recently prepared 4% paraformaldehyde solution/PBS for 20
min, and washed with 0.1% Tween 20/PBS for 5 min. Slides
were permeabilized with 1% Triton X-100/PBS for 1 h at
room temperature. To block unspecific binding sites, 5% of
normal goat serum/PBS was added on the specimen for 1 h at
37 °C. The specimens were then incubated overnight with
anti-rabbit PLCζ antibody (pab0367, Covalab, Bron, France)
in 5% normal goat serum/PBS at 4 °C. After rinsing in PBS,

Fig. 1 A total of 14 couples were enrolled in this study. Following
standard semen analysis, spermatozoa from each patient were assessed
ultrastructurally, as well as for histone content, sperm chromatin integrity,
and aneuploidy. Patients were then allocated to two groups based on the
proportion of round-headed spermatozoa. Those who exhibited 100% of
the round-headed morphology were diagnosed as complete
globozoospermic (CG), while those with a large fraction of spermatozoa
exhibiting round-headed morphology were considered partial

globozoospermic (PG). Additional genetics and transcriptomic analyses
were performed on the spermatozoa from consenting men (n = 3) to
further characterize the CG type. Of the 14 couples, 2 eventually elected
to be treated elsewhere or not pursue infertility treatment. We then
screened patients for OASCF by PLCζ assessment. Couples with a nor-
mal OASCF who were continuing at our center (n = 4) were treated with
conventional ICSI, while consenting couples with an OASCF deficiency
(n = 7) were treated by ICSI with AGT
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slides with specimens were incubated with FITC-coated goat
anti-rabbit IgG (ab150077, Abcam, Cambridge, UK), which
cross-reacts with human PLCζ. Lastly, spermatozoa were
counterstained with 10 μg/ml 4′,6-diamino-2-phenylindole
(DAPI/Antifade Solution, Millipore, Temecula, CA, USA)
and visualized under a fluorescent microscope to assess the
percentage of spermatozoa exhibiting PLCζ fluorescence in
the acrosomal, equatorial, and post-acrosomal regions of the
sperm head. At least 200 spermatozoa were counted for each
specimen. By assessing a large number of patients for PLCζ,
we found that those with less than 30% PLCζ yielded consis-
tently low or unobtainable fertilization. Therefore, the thresh-
old of 30% was adopted [20].

Stimulation protocols and oocyte retrieval

Superovulation protocols were determined based on patient
age, weight, antral follicular count, serum anti-Müllerian hor-
mone (AMH) level, and historical treatment. Gonadotropins
(Menopur, Ferring Pharmaceuticals Inc., Parsippany, NJ,
USA; Gonal F, EMD Serono, Geneva, Switzerland; and/or
Follistim, Merck, Kenilworth NJ, USA) were administered
daily, while pituitary gland functions were suppressed by
GnRH antagonist (Cetrotide, EMD Serono Inc., Rockland,
MA, USA; or Ganirelix acetate, Merck, Kenilworth, NJ,
USA) or GnRH agonist (leuprolide acetate, Abbott
Laboratories, Chicago, IL, USA). When the 2 leading follicles
reached a diameter of 17 mm, human chorionic gonadotropin
(hCG, Ovidrel, EMD Serono) was administered for triggering.
Transvaginal oocyte retrieval was performed 35–37 h after
hCG trigger.

Retrieved cumulus–oocyte complexes (COCs) were incu-
bated for 3–4 h, to allow for ooplasmic maturation [33, 34].
Before micromanipulation, denudation of COCs was carried
out by exposure to 40 IU/mL hyaluronidase (Cumulase,
Halozyme Therapeutics, Inc. San Diego, CA). To facilitate
denudation and prevent overexposure to hyaluronidase,
COCs were aspirated repetitively in a stripping pipette with
an inner diameter of 200 μm (Origio, Målov, Denmark).
Denuded oocytes were washed twice in early embryo culture
medium (modified medium based on G1 and G2 components;
Vitrolife, Göteborg, Sweden) [35, 36]. Resulting oocytes were
then examined under an inverted microscope (TE2000U,
Nikon USA, Melville, New York, USA) to assess oocyte mat-
urational stage [33]. Only oocytes displaying the first polar
body (PB) were considered metaphase II and used for ICSI.

Assisted gamete treatment

AGT was carried out by exposing spermatozoa and post-ICSI
oocytes to calcium ionophore (19657, Sigma-Aldrich, Saint
Louis, MO, USA) as previously described [20]. Before ICSI
injection, ejaculated spermatozoa processed by density

gradient or centrifugation were briefly exposed to 50 μM cal-
cium ionophore in G-MOPS™ media (Vitrolife, Göteborg,
Sweden) enriched with human serum albumin (G-MM™,
Vitrolife, Göteborg, Sweden). During the ICSI procedure,
spermatozoa were aspirated individually from the media drop
containing calcium ionophore and immobilized in a separate
polyvinylpyrrolidone (PVP) drop. Then, a small portion of
calcium ionophore was aspirated into the micropipette and
injected into the oocyte with the spermatozoa. Next, post-
ICSI oocytes were exposed to 50 μM calcium ionophore in
G-1 medium (Vitrolife, Göteborg, Sweden) for 10 min at 37
°C, and then rinsed and placed in fresh G-1 medium [20].

Preimplantation development, embryo transfer, and
pregnancy outcomes

Post-ICSI oocytes were loaded into EmbryoScope time-lapse
incubators (Vitrolife, Göteborg, Sweden). Fertilization assess-
ment was carried out 16–18 h after ICSI by evaluating zygotes
for the presence of two distinct pronuclei and extrusion of the
second PB [37]. Embryo morphokinetic parameters were re-
corded and evaluated.

Embryo transfer was performed on day 3 or 5 at the cleav-
age or blastocyst stage, respectively. Patients who elected to
have fresh embryo transfer received 50 mg progesterone daily
through intramuscular injection 24-hpost-retrieval. βhCG
levels were measured 14 days after retrieval. Clinical pregnan-
cy was defined by the presence of a fetal heartbeat detected
through ultrasound at 7-week gestation. Delivery method and
newborn health were obtained from obstetrical and pediatric
records.

Genomic analysis by NGS

Sperm specimens were processed by centrifugation at 600 g
for 10 min in human tubal fluid medium (HTF; Irvine
Scientific, Santa Ana, CA). After adjusting the concentration
to 500 sperm cells/mL for each sample, DNA extraction and
amplification were carried out as previously described, with
the use of a commercial kit (Repli-G Single Cell; Qiagen,
Hilden, Germany) [32]. Amplified DNA specimens were sub-
mitted for quality control testing, where a DNA concentration
of 417.7 ± 283 ng/μl and quality of 1.7 ± 0.1 was confirmed.
Specimens were then sent to an external facility (Genewiz,
Inc.; South Plainfield, NJ) where they were processed by
150-bp paired-end sequencing on an Illumina HiSeq 2500.
Reads were trimmed to remove nucleotides with poor quality
(error rate <0.01) and aligned to the hg20 reference genome
using CLC Genomics Server 9.0. After quality assessments,
QPCR was carried out to obtain high quality exome coverage
of at least 90% (Agilent SureSelect Human All Exon V6).
Detected copy number variants were further annotated for
gene mutation analysis in comparison with a fertile sperm
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donor control. Genes were considered duplicated or deleted
when the read depth was greater than or less than 1.5 times the
median depth of the control for ≥70% exons in the gene [32].

Transcriptome analysis

A total of 4 to 5 × 106/ml sperm cells were prepared for RNA
sequencing as previously described [32]. In brief, total RNA
was isolated and purified using an RNeasy Mini Kit spin col-
umn (RNeasy; Qiagen, Hilden, Germany). Nucleic acid quan-
tification was performed by an Agilent 2100 bioanalyzer to
determine the RNA integrity number (RIN), while spermato-
zoal RNA concentration was determined by a NanoDrop
spectrophotometer and confirmed by Quibit RNA assay.
After library prep (NEBNext Ultra RNA Library Prep kit,
New England BioLabs Inc., Ipswich, MA), ribosomal RNAs
were isolated from total RNA by rRNA depletion (Ribo-Zero
Gold rRNA Removal kit, Illumina, San Diego, CA).
Sequencing was performed (NextSeq500; Illumina, San
Diego, CA) at a pilot paired-end 36 bp before being expanded
to 50–60-M reads at 2 × 75 bp. Sequenced reads were trimmed
to remove low-quality bases using Trimmomatic v.0.36, and
thenmapped to the hg20 reference genome byCLCGenomics
Server 9.0. For differential expression analysis, raw read
counts were uploaded according to the DESeq2 v1.23.1
(LGPL, Bioconductor) pipeline. After data normalization,
gene expression comparison was performed. To avoid over-
or under-representing fragments per kilobase of transcript per
million mapped reads (FPKM), an algorithm by edgeR
(LGPL; Bioconductor) and CONTRA was implemented fol-
lowing the DESeq2 expression analysis to overcome experi-
mental conditions such as fragmentation [32].

Proteomic analysis

Sperm specimens were centrifuged after 1:1 dilution in PBS at
600 g for 10 min to remove the seminal fluid. The pellets were
digested in a trypsin solution overnight at 37 °C following
reduction with 5 mM DTT and 14 mM alkylation with
iodoacetamide. The digested samples were vacuum centri-
fuged to near dryness and desalted with a Sep-Pak column.

A Thermo Fisher Scientific EASY-nLC 1000, coupled
with a Fusion Lumos mass spectrometer (Thermo Fisher
Scientific), was used. Gradient separation was conducted
using 0.1% formic acid in water (buffer A) and 0.1% formic
acid in acetonitrile (buffer B) as mobile phases (Cox and
Mann, 2008). Peptide separation was performed using a
75 μm × 15 cm chromatography column (ReproSil-Pur
C18-AQ, 3 μm, Dr. Maisch GmbH, Germany) with gradients
of 3–28% and 28–80% buffer B over 50 and 10 min, respec-
tively, at a flow rate of 300 nL/min. The Fusion Lumos mass
spectrometer was operated in data-dependent mode. Full mass
spectrometry (MS) scans were acquired on the Orbitrap mass

analyzer over a range of 300–1500 m/z with 120,000 resolu-
tion at 200 m/z. The 20 most abundant precursors with charge
states between 2 and 5 were selected with an isolation window
of 1.4 Thomsons by the quadrupole and fragmented by colli-
sion induced dissociation with normalized collision energy of
35 in the ion trap. Tandemmass spectrometry (MS/MS) scans
were acquired in the ion trap. The automatic gain control
target value was 4e5 for full scans and 20,000 for MS/MS
scans respectively, and the maximum ion injection time was
50 ms for both.

Samples were processed and analyzed individually in com-
parison to a fertile control. Protein identification was conduct-
ed using the MaxQuant (Cox and Mann, 2008) computational
proteomics platform version 1.5.5.1 (Max Planck Institute,
Munich, Germany). The UniProt human protein database
was searched using the fragmentation spectra. To query the
database, oxidation of methionine and protein N-terminal
acetylation were used as variable modifications. Precursor
mass tolerance was fixed at 7 ppm while the fragment mass
tolerance was set at 20 ppm. Both peptide and protein identi-
fications were filtered at 1% false discovery rate based on
decoy search using a database with the protein sequences re-
versed. Fold change values were obtained by obtaining the
difference between the intensity values of the experimental
and control groups, which were then log2 transformed and
normalized.

Data analysis

Student’s t-test was used to analyze continuous variables that
were reported as mean ± standard deviation. Fisher’s exact test
(Jandel Scientific, San Rafael, CA) and Friedman’s chi-square
test were performed to test the relationship between fertiliza-
tion, clinical pregnancy rate, and pregnancy loss. A P value of
<0.05 was considered statistically significant.

Copy number variant (CNV) assessment was carried out
using CLC Genomics Server 9.0 modules including the NGS
Core Tools/Mapping and Re-sequence analysis. RNAseq data
analysis for differential gene expression was performed using
DESeq2 v1.23.1 (LGPL, Bioconductor) and calculated in
FPKM. Statistical thresholds of P < 0.0005 for significance
andQ < 0.05 threshold for false positive discovery were used.

Results

Sperm function, ultrastructure, and genomic
characterization of globozoospermia

This study, which spans 8 years, describes 14 men (25–41
years old) with globozoospermia. The patients’ semen param-
eters are presented in Table 1. According to their
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morphological assessments, 4 patients were considered PG
while 10 were categorized as CG.

A series of tests was carried out to evaluate the functional,
structural, and genomic characteristics of the spermatozoa.
Sperm function tests included assessing structural details by
TEM, quantification of histone content, sperm DNA fragmen-
tation, and sperm aneuploidy (Table 2).

TEM revealed that most of the cells (98.0 ± 1%) observed
from the PG group displayed a characteristic round-headed
shape, often with concurrent absence of the acrosomal cap,
dispersed chromatin content indicating a poor nuclear com-
paction, and a central nuclear inclusion. These abnormalities
ranged from 97 to 100%. As expected, TEM confirmed the
characteristic round-headed shape and acrosomal absence in
100% of the spermatozoa assessed from the CG group.
Interestingly, centrosome and capitulum structures were intact
(Supplementary Figure 1).

We attempted to characterize the type of globozoospermia
of our study population by morphological and ultrastructural
assessment. Semen parameters did not differ between the two
forms of globozoospermia except, as expected, for the sperm
morphology, which was more impaired in the CG cohort (P =
0.003). Similarly, the phenotype of the different sperm com-
ponents indicated that head defects were the most prevalent
and severe in the CG group, mainly due to the round-headed
morphology with absent acrosomes (Supplementary Table 1).
In addition, all spermatozoa of CG men had round-shaped
heads with complete acrosome deficiency (P < 0.05).

Chromatin condensation abnormalities within the sperm
nucleus appeared in both GZ types, fluctuating between 23
and 89% of the spermatozoa maintaining residual histones.
The CG group had a higher frequency of spermatozoa with
an increase in histone residues when compared to the PG
group, albeit without significant difference. This observation
also corroborated the poor compaction of chromatin seen with
ultrastructural analysis.

The DNA fragmentation assay revealed only a mild in-
crease in SCF in all GZ patients, ranging from 11.8 to
37.3%. A higher SCF was observed in the CG cohort, but
without reaching statistical significance.

FISH assessment for the PG cohort indicated an overall
sperm aneuploidy of 2.1 ± 2%. Targeted chromosome analy-
sis revealed that total aneuploidy was mainly represented by
autosomal disomy for chromosomes 18 and 22. FISH analysis
showed a higher total aneuploidy at 5.5 ± 1% in the CG cohort
as well, which was characterized by a high incidence of auto-
somal disomy for chromosomes 13, 15, 16, and 18. In addi-
tion, the occurrence of nullisomy was particularly high in this
cohort (P < 0.05).

The presence of OASCF ranged from 2.5 to 55%. The CG
cohort lacked the characteristic band on the sperm head in
most of the cells and showed an extremely reduced level of
PLCζ detectable in the post-acrosomal region of only 7.4% of
the spermatozoa evaluated, remarkably lower than the PG
group (P < 0.001) (Supplementary Figure 2, Table 1).

ICSI outcomes

A total of 14 couples were included in our assessment (mater-
nal age, 33.1 ± 3 years; paternal age, 35.7 ± 3 years). In 21
previous ICSI cycles, an average of 12.7 injected oocytes
yielded a fertilization rate of 13.1% (35/268), an implantation
rate of 5.2% (1/19), and a clinical pregnancy rate of 12.5%
(1/8) that resulted in pregnancy loss (Table 1). Although 2 of
these couples elected to be treated elsewhere or not to pursue
infertility treatment, the remaining 12 opted to undergo sub-
sequent ICSI cycles at our center. Couples were screened for
the presence of OASCF by a PLCζ assay to determine wheth-
er AGT was necessary.

PLCζ assessment showed a positive presence of OASCF in
4 couples. These couples, who were also diagnosed with par-
tial globozoospermia, underwent 4 previous cycles in which
an average of 11.7 oocytes were injected, with a fertilization
rate of 38.2% (18/47). Although all 4 couples underwent em-
bryo replacement, none achieved a clinical pregnancy. These
couples then underwent subsequent cycles at our center. An
average of 14.8 oocytes were injected in 8 ICSI cycles, yield-
ing a fertilization rate of 36.1% (43/119). This time, all 4
couples underwent embryo replacement that yielded clinical
pregnancy and delivery rates of 50% (2/4) (Table 3).

Table 1 Couples’ demographics, gamete characteristics, and outcomes
for previous ICSI cycles

Number of (%) Total

Couples 14

Female age 33.7 ± 3

Male age 36.1 ± 3

Semen parameters

Concentration (×106/mL) 36.0 ± 44

Motility (%) 20.3 ± 20

Normal morphology (%) 0.2 ± 0.4

Cycles 21

Injected oocytes (M ± SD) 12.7 ± 9

Fertilization (%) 35/268 (13.1)

Cycles with embryo transfer* 11

Embryos transferred per cycle (M ± SD) 1.7 ± 1

Implantation (%) 1/19 (5.2)

Clinical pregnancy per cycle (%) 1/11 (9.0)

Clinical pregnancy per patient (%) 1/8 (12.5)

Delivered per patient (%) 0 (0)

Pregnancy loss per patient (%) 1 (100)

* Embryo transfer was performed on day 3 or 5 at the cleavage or blasto-
cyst stage, respectively
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OASCF assessment failed to detect the presence of PLCζ
in the spermatozoa from 8 CG patients. In their previous cy-
cles, an average of 15.5 oocytes were injected, resulting in a
fertilization rate of only 5.7% (8/140). Furthermore, none of
the patients achieved implantation. Although one of the cou-
ples with confirmed absence of OASCF underwent subse-
quent ICSI cycles, they declined AGT. Thus, their resulting
fertilization rate remained low, at 6.1% (3/49), and they did
not achieve a pregnancy. The remaining 7 CG couples
consented to AGT, and their subsequent ICSI cycles yielded
a significantly higher fertilization rate of 40.2% (39/97, P <
0.0001). AGT also yielded more embryos transferred (P =
0.005) as well as higher implantation (28.6%, 6/21), clinical
pregnancy (71.4%, 5/7), and delivery rates (80.0%, 4/5)
(Table 4).

Gene profiling of men with complete
globozoospermia

To confirm the presence of aneuploidy and identify germline
mutations that would fail detection by somatic mutation anal-
ysis, we carried out whole-exome sequencing on the sperma-
tozoa of 3 consenting men from the CG cohort. These men
differed in their cycle outcomes: CG1 failed to achieve

implantation, CG2 achieved implantation but had pregnancy
loss at 8 weeks, and CG3 delivered healthy twins.

CNV analysis carried out on the gametes from these men
yielded an overall aneuploidy rate of 8.2%. This is remarkably
higher than when assessed only by 9-chromosome FISH (P <
0.05). Moreover, when we compared the gene mutations in
these men to those of a fertile control, we identified single-
nucleotide deletions in the DPY19L2, SPATA16, and PICK1
genes. These point mutations, highly represented in the GZ
population, confirmed a complete absence of the
subacrosomal perinuclear theca. In addition, we found that
all three patients carried a single-nucleotide insertion on
PIWIL1, associated with late spermiogenesis.

We then performed a gene mutation analysis for these pa-
tients according to their reproductive outcomes. Patient CG1
was found to have a mutation on NLRP5, a gene that plays an
essential role in zygote progression beyond the first embryon-
ic cell divisions. In patient CG2, who had a pregnancy loss at 8
weeks, exome sequencing revealed a heterozygous deletion
on BSX, a gene related to postnatal development. Genetic
assessment for patient CG3, who successfully delivered twins,
identified a single-nucleotide insertion on PIWIL1, while
genes related to embryogenesis were normal. PLCZ1 was
found mutated in all 3 CG patients, regardless of their repro-
ductive outcome.

Table 2 Sperm function,
structural, and genomic
characteristics

Parameters % (mean ± SD) All (n = 14) Partial (n = 4) Complete (n = 10) P value

OASCF 27.0 ± 22 34 ± 4 7.4 ± 4 0.001

Abnormal TEM 98.8 ± 1 98 ± 1 100 ± 0 0.01

Residual histones 46.9 ± 21 40 ± 19 53.8 ± 24 NS

DNA fragmentation 18.1 ± 8 16.3 ± 2 19.5 ± 12 NS

FISH aneuploidy 4.3 ± 5 0.9 ± 0 5.5 ± 5 NS

P < 0.05 was considered to be statistically significant

Table 3 ICSI outcomes of
couples with the presence of
OASCF in comparison to their
historical cycles

Number of (%) Treatment P value

Previous cycles Subsequent ICSI

Couples 4

Female age 32.2 ± 1 33.0 ± 1 NS

Male age 33.5 ± 2 34.0 ± 2 NS

Cycles 4 8 –

Injected oocytes (M ± SD) 11.7 ± 5 14.8 ± 4 NS

Fertilization (%) 18/47 (38.2) 43/119 (36.1) NS

Cycles with embryo transfer 4 8 –

Embryos transferred per cycle (M ± SD) 2.7 ± 1 2.5 ± 1 NS

Implantation (%) 0/11 (0) 4/20 (20) NS

Clinical pregnancy per patient (%) 0/4 (0) 2/4 (50) NS

Deliveries (%) – 2 (100) NS

NS, nonsignificant
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Overall, identifying these relevant gene mutations con-
firmed that the phenotype and reproductive potential of the
gametes was impaired. This underscored the importance of
performing a precise genetic assessment to determine the best
counselling and treatment option for GZ patients.

Transcriptomic profiling of men with complete
globozoospermia

To further delineate the epigenetic profile of these 3 CG indi-
viduals, RNA sequencing was carried out. Out of the 23,260
total genes assessed, 1866 significantly imbalanced genes were
identified among the 3 patients (Supplementary Figure 3).
From those, 111 were reproductive genes of which 34 were
underexpressed. Most of the imbalanced genes (n = 1839) were
found in men unable to sustain a pregnancy (CG1 and CG2),
including 108 genes involved in reproductive processes. This
transcriptomic analysis by RNAseq confirmed that in CG1,
DPY19L2, SPATA16, and PICK1 were all underexpressed,
while in CG2, only PICK1 was underexpressed. As for CG3,
DPY19L2 and PICK1 were both significantly overexpressed,
further confirming the malfunction of these two genes but ap-
parently only limited to the gamete phenotype.

Looking more specifically at patient CG1, who failed to
achieve implantation, 19 underexpressed genes were identi-
fied of which 2 were related to embryo development and im-
plantation (NEK2, STC2) (Supplementary Table 2). Other rel-
evant underexpressed genes include those that play a role in
spermatogenesis (KLHDC3, KLHL10, MORN2, PAPPA, and
UBR2), spermatozoa maturation (ADAM21,CNBD2, SPEM1,
and TXNRD3), DNA condensation (H1FNT, NEK2, and
RNF8), and fertilization capacity (CALR3, HSPA1L, and

IQCF1), as well as an additional gene known to be commonly
found in GZ patients (MFSD14A). Interestingly, all genes
were located exclusively on the autosomes.

The analysis of patient CG2, who was able to achieve im-
plantat ion but had pregnancy loss, identif ied 13
underexpressed genes. Three of these genes are involved in
embryo development (CBX2, RMI1, and TGFB3). The re-
maining imbalanced genes play key roles in spermatogenesis
(CSF1, NAMPT, SEMG1, SEMG2, and SMCP) and DNA-
binding transcription factor activity (FOXL2, GATA1, and
LHX9) (Supplementary Table 3). Interestingly, all these gene
imbalances were located on autosomes with the exception of
GATA1, which was on the X chromosome.

As for patient CG3, who was able to sustain a term pregnan-
cy, only 2 underexpressed genes, HAS2 (Chr 8) and TGFB2
(Chr 19), both with generic functions involving cell adhesion,
migration, and signaling receptor binding, were identified.

We also found common gene imbalances between CG1
and CG2, who both failed to sustain a term pregnancy
(Supplementary Table 4). Out of the 14 genes identified, 8
were dedicated to generic functions. The remaining 6 genes,
however, were involved in reproductive functions andwere all
overexpressed in both patients, except NEK2 and UBR2,
which were underexpressed only in CG1, the patient unable
to achieve implanta t ion . PLCZ1 , however , was
underexpressed in all 3 CG patients regardless of reproductive
outcome. Not only did this confirm our DNAseq results, but it
was corroborated by a preliminary proteomic analysis.

We were then interested in identifying gene imbalances
common in all three CG men, and found only 1 gene, LYL1,
that was underexpressed in CG1 and CG2 but overexpressed
in CG3, which may be involved in placentation.

Table 4 ICSI outcomes of
couples with the absence of
OASCF in comparison to their
historical cycles

Number of (%) Treatment P value

Previous cycles Subsequent ICSI + AGT

Couples 7
Female age 34.4 ± 8

Male age 35.5 ± 7

Cycles 9 9 –

Injected oocytes (M ± SD) 15.5 ± 14 10.7 ± 9 NS

Fertilization (%) 8/140 (5.7) 39/97 (40.2) 0.00001

Cycles with embryo transfer 4 9 –

Embryos transferred per cycle (M ± SD) 0.8 ± 1 2.3 ± 1 0.005

Implantation (%) 0/5 (0) 6/21 (28.6) NS

Clinical pregnancy per patient (%) 0/7 (0) 5/7 (71.4) NS

Deliveries (%) 0 (0) 4 (80) NS

Pregnancy loss (%) – 1 (20) NS

P < 0.05 was considered to be statistically significant; NS, nonsignificant

2081J Assist Reprod Genet (2021) 38:2073–2086



Proteomic profiling of men with complete
globozoospermia

We also carried out a preliminary proteomics analysis on these
3 CGmen, to explore the protein expression patterns impacted
by the gene mutations and imbalances (Supplementary
Table 6). Overall, we identified 122 proteins that were upreg-
ulated, and 354 that were downregulated. This transcriptomics
data was then compared to the genomic profiling of these
men, distinguishing 6 genes that, in addition to mutations,
appeared to be affected on an RNA and protein level.
HIST1H1B (nucleosomal DNA binding), BAG5 (cell apopto-
sis), DPY19L2 and SPACA4 (acrosome development) pro-
teins all exhibited a significant downregulation that was also
reflected by the genes’ underexpression and deletions. In con-
trast, RCC1 and H1FNT, involved in chromosome condensa-
tion, chromatin binding, and nucleosomal DNA binding dur-
ing spermatogenesis, showed a significant downregulation
and underexpression at the protein and RNA level, respective-
ly, despite the presence of single-nucleotide insertions.

Discussion

Although globozoospermia is a relatively rare form of male
infertility, its peculiar phenotype has severe repercussions on
the reproductive function of the male gamete. To better char-
acterize the GZ status of patients, we conducted an initial
analysis that included a morphological and ultrastructural in-
vestigation by TEM to assess the proportion of round-headed
spermatozoa. This is done to distinguish between the partial
and complete forms of globozoospermia and therefore identi-
fy the best method of treatment. While our TEM results con-
firmed the diagnosis of round-headed spermatozoa and absent
acrosome, we needed to investigate whether it was possible to
treat these GZ men by confirming the integrity of the sperm
genome as well as other sperm components such as the cen-
trosome. The centrosome is needed to form the sperm aster,
which is responsible for male and female centripetal pronu-
clear migration supporting the first mitotic spindle that can
properly distribute chromosomes into the first two daughter
cells [38, 39].

During spermatogenesis, an intricate process of sperm
chromatin condensation is achieved by the replacement of
histones with protamines, promoting the increased generation
of disulfide bonds [40–43]. A disturbance in this mechanism
leads to the production of spermatozoa with maturity defects
and chromatin compaction abnormalities, resulting in a more
fragile chromatin that is prone to damage from ROS and re-
duced decondensation ability during the pre-fertilization steps
[44]. In our study, the aniline blue assessment of the residual
histones revealed a higher percentage of spermatozoa with
protamine deficiency in all GZ men, with a higher

representation in the complete form as confirmed by other
studies [45, 46]. This observation, however, did not reach
statistical significance. An additional case study that used
our chromatin compaction assay reported a histone content
of 53.6% [47], very similar to our proportion in CG men.

It would be intuitive to assume that the incomplete com-
paction of the chromatin would lead to a higher frequency of
SCF. Interestingly, however, the percentage of spermatozoa
with chromatin fragmentation in our patients showed only a
mild increase above threshold. Although one case study
showed an SCF within the normal range in GZ patients [48],
the large majority are in agreement with our findings, demon-
strating an increased level of DNA fragmentation in a large
cohort of 30 CG men [45, 47, 49–52].

Another aspect of the integrity of GZ spermatozoa re-
volved around the incidence of sperm aneuploidy that was
higher in CG forms, as shown in another study [43],
confirming the compromised meiotic spermatogenesis of
these men in addition to the spermiogenic error [50, 53].
The inconsistent aneuploidy findings among GZ men may
simply be related to the severity of globozoospermia or the
screening tests used, such as FISH [54]. In this study, we
assessed aneuploidy by 9-chromosome FISH as in prior re-
ports [32], and then performed whole molecular karyotyping
to validate the meiotic error and confirm an increased aneu-
ploidy, particularly disomies, of chromosomes mostly in-
volved in pregnancy loss.

We then focused on the presence of OASCF due to the
absence of acrosome and perinuclear theca. These round-
headed spermatozoa may be able to somewhat penetrate, if
even, the outer layer of the cumulous oophorous, but even if
they would be able to reach the surface of a denuded oocyte
they would not penetrate the zona pellucida and are not able to
fuse with the oolemma nor trigger oocyte activation.
Insemination by ICSI enables the spermatozoa to bypass the
barrier represented by the above-mentioned structures but can-
not guarantee successful fertilization. To determine the best
treatment method, we assessed OASCF by PLCζ content.
When the presence of PLCζ was below 30%, the couple
was treated by ICSI with AGT in their subsequent cycles
[20]. Couples with a normal presence of OASCF were treated
by conventional ICSI.

The PLCζ assay confirmed the presence of OASCF in the
PG cohort, who were therefore treated in subsequent ICSI
cycles that yielded a higher, albeit nonsignificant, clinical
pregnancy and delivery rate. Inconsistent clinical outcomes
reported in previous cases with this type of globozoospermia
may be attributed to the fact that, during the ICSI procedure, it
is possible to identify individual spermatozoa that have a
somewhat physiological shape with residual acrosome and
higher chromatin compaction (Supplementary Tables 1 & 2).

A more severe lack of PLCζ expression was observed in
the CG group. This finding has also been reported previously
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[5] and more recently by our group [20]. These couples’ initial
ICSI cycles resulted in a very slim fertilization rate that
yielded no implantable embryos. Once treated by ICSI with
AGT in subsequent cycles, however, they achieved a 37.5%
fertilization rate that yielded a higher number of embryos
available for transfer, resulting in a clinical pregnancy rate of
50% (Table 2).

Our genetic analysis of 3 CGmen confirmed a deletion of 3
genes—DPY19L2, SPATA16, and PICK1—which are often
associated with the globozoospermia phenotype and contrib-
ute to the most relevant feature of this condition, the absence
of acrosome [55]. The encoded protein from DPY19L2 is
situated in the nuclear membrane juxtaposed to the acrosomal
vesicle and is responsible for securing the acrosome to the
sperm nucleus [56]. An experiment on DPY19L2 knockout
mice demonstrated arrested acrosome development and failed
sperm head elongation, supporting these findings [57]. The
deletion of this gene in humans is often associated with ade-
quate sperm production, indicating a specific spermiogenic
defect while having no effect on the proliferation of germ cells
[58]. The deletion of SPATA16 is associated with acrosome
biogenesis, occurring during the course of vesicle transport
between the Golgi apparatus and pre-acrosomal granules,
and has been confirmed in a homozygous point mutation
(c.848G->A) [59] or a more extended deletion of 22.6 kb,
which comprises the first coding exon [15]. Similarly, we
found a deletion in the PICK1 gene, which also plays an
important role in acrosome biogenesis [60].

In addition, we performed a genetic assessment according
to the patients’ clinical outcomes. In the patient unable to
generate an implantable embryo, a mutation on NLRP5, a
gene responsible for the first zygotic division, was observed.
A deletion of BSX, which is involved in neonatal develop-
ment, was identified in the patient who had a pregnancy loss.
For the patient who successfully achieved pregnancy, a single-
nucleotide insertion in PIWIL1, responsible for frameshift
mutation, was found to be limited exclusively to the charac-
teristic sperm phenotype. PLCZ1, however, was mutated in all
3 CG patients, indicating that while the malfunction of this
gene is related to the GZ phenotype, it did not necessarily
affect the couples’ reproductive outcomes.

We then further extended the transcriptome analysis and
identified several imbalanced genes involved in reproductive
function, solely in men unable to support a term pregnancy
(Fig. 2). For instance, CG1, who failed to achieve implanta-
tion, had the highest number of imbalanced genes mainly
involved in reproductive processes such as spermatogenesis
and spermiogenesis. In particular, STC2, a gene responsible
for embryo implantation, and NEK2, which is essential for
centrosome separation, were highly downregulated
(Supplementary Table 2). In CG2, whose female partner suf-
fered a miscarriage at 8 weeks, RNA analysis of spermatozoa
identified 3 imbalanced genes involved in important DNA-

binding transcription factor activity (RMI1) and embryogene-
sis (CBX2 and TGFB3) (Supplementary Table 3). The im-
paired expression of these genes may have therefore compro-
mised the ability of spermatozoa from these men to support a
term pregnancy [61]. Lastly, negligible gene imbalances were
identified in CG3, whose partner reported a successful term
pregnancy. Overall, while these results add to previous

Fig. 2 Global transcriptional change across the groups compared. All the
genes are plotted, and each data point represents a gene. The log2 fold
change of each gene is represented on the x-axis, and the log10 of its P-
value is on the y-axis. Genes with a P-value < 0.1 and a log2 fold change
greater than 1 are indicated by red dots, representing upregulated genes.
Genes with a P-value < 0.1 and a log2 fold change less than 0 are
indicated by blue dots, representing downregulated genes
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findings that identified significantly lower PLCζ expression in
infertile globozoospermic patients [12], they need to be con-
firmed in a larger sample size to identify robust relationships
between transcriptomic profiles and reproductive outcome.

Themutations and expression profiles of RNA and proteins
corresponded well, as was the case for HIST1H1B,
DPY19L2, BAG5, and SPACA4. Other proteins, however,
exhibited a paradoxical profiling. In particular, RCC1 and
H1FNT both displayed underexpressed RNA and protein pro-
files, despite a mutation of single-nucleotide insertion on the
corresponding genes. It is therefore possible that these muta-
tions cause a premature stop codon, which has been shown to
result in production of a truncated protein due to nonsense
mediated decay [25].

While these findings demonstrate that gene expression can
provide essential information about the reproductive capacity
of spermatozoa, this study is not without limitations. There
was a small number of patients enrolled, which can be due
to the rare incidence of globozoospermia within the infertile
population. However, unlike most of the current literature on
globozoospermia that involve case or multi-centered studies,
ours is the largest study performed by a single ART center
[22]. Nevertheless, these results should be confirmed in a
larger study population.

Conclusions

Our study aimed to investigate the male gamete of GZ men
through multifaceted assessments to acquire specific
knowledge about their infertility, particularly their PLCζ
level, to guide treatment decisions for enhanced reproduc-
tive outcomes. We found that the use of AGT can over-
come a low fertilization rate or complete fertilization fail-
ure in the absence of OASCF. However, the condition of
globozoospermia is not limited to missed acrosomal migra-
tion; it can also affect chromatin compaction, which may
interfere with sperm chromatin stability and integrity, and
eventually the chromosomal constitution of the male ge-
nome resulting from meiotic abnormalities. Therefore, elu-
cidating the genetic and epigenetic content of GZ men can
shed light on the spermatogenic process and the gamete’s
capacity to support embryonic development and
implantation.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10815-021-02191-4.

Acknowledgements We would like to thank the clinicians, scientists,
embryologists, and nursing staff of the Ronald O. Perelman & Claudia
Cohen Center for Reproductive Medicine. We are also grateful to

Alexandra MacWade for her help in editing the manuscript, as well as
Dr. Guoan Zhang of the Weill Cornell Proteomics and Metabolomics
Core Facility. Stephanie Cheung was funded by a grant from the
Clinical and Translational Science Center at Weill Cornell Medicine.

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. Corinne TM, Anatole PC, Jeanne NY. Comparison of serum inhib-
in B and follicle-stimulating hormone (FSH) level between normal
and infertile men in Yaoundé. Int J Reprod Med. 2020;2020:
4765809. https://doi.org/10.1155/2020/4765809.

2. Esteves SC, Miyaoka R, Agarwal A. An update on the clinical
assessment of the infertile male. [corrected]. Clinics (Sao Paulo,
Brazil). 2011;66(4):691–700. https://doi.org/10.1590/s1807-
59322011000400026.

3. Fesahat F, Henkel R, Agarwal A. Globozoospermia syndrome: an
update. Andrologia. 2020;52(2):e13459. https://doi.org/10.1111/
and.13459.

4. Wolff HH, Schill WB,Moritz P. Round-headed spermatozoa: a rare
and ro log i c f i nd ing (“g lobe -he aded spe rma tozoa” ,
“globozoospermia”). Hautarzt. 1976;27(3):111–6.

5. Kashir J, Sermondade N, Sifer C, Oo SL, Jones C, Mounce G, et al.
Motile sperm organelle morphology evaluation-selected
globozoospermic human sperm with an acrosomal bud exhibits
novel patterns and higher levels of phospholipase C zeta. Hum
Reprod. 2012;27(11):3150–60. https://doi.org/10.1093/humrep/
des312.

6. Chemes HE. Phenotypic varieties of sperm pathology: genetic ab-
normalities or environmental influences can result in different pat-
terns of abnormal spermatozoa. Anim Reprod Sci. 2018;194:41–
56. https://doi.org/10.1016/j.anireprosci.2018.04.074.

7. Singh G. Ultrastructural features of round-headed human sperma-
tozoa. Int J Fertil. 1992;37(2):99–102.

8. Dam AH, Feenstra I, Westphal JR, Ramos L, van Golde RJ,
Kremer JA. Globozoospermia revisited. Hum Reprod Update.
2007;13(1):63–75. https://doi.org/10.1093/humupd/dml047.

9. Courtot A-M. Presence and localization of the 60 KD calicin in
human spermatozoa presenting postacrosomal sheath defects: pre-
liminary results. Mol Reprod Dev. 1991;28(3):272–9. https://doi.
org/10.1002/mrd.1080280309.

10. Eskandari N, Tavalaee M, Zohrabi D, Nasr-Esfahani MH.
Association between total globozoospermia and sperm chromatin
defects. Andrologia. 2018;50(2). https://doi.org/10.1111/and.
12843.

11. Oud MS, Okutman Ö, Hendricks LAJ, de Vries PF, Houston BJ,
Vissers LELM, et al. Exome sequencing reveals novel causes as
well as new candidate genes for human globozoospermia. Hum
Reprod. 2020;35(1):240–52. https://doi.org/10.1093/humrep/
dez246.

2084 J Assist Reprod Genet (2021) 38:2073–2086

https://doi.org/10.1007/s10815-021-02191-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/4765809
https://doi.org/10.1590/s1807-59322011000400026
https://doi.org/10.1590/s1807-59322011000400026
https://doi.org/10.1111/and.13459
https://doi.org/10.1111/and.13459
https://doi.org/10.1093/humrep/des312
https://doi.org/10.1093/humrep/des312
https://doi.org/10.1016/j.anireprosci.2018.04.074
https://doi.org/10.1093/humupd/dml047
https://doi.org/10.1002/mrd.1080280309
https://doi.org/10.1002/mrd.1080280309
https://doi.org/10.1111/and.12843
https://doi.org/10.1111/and.12843
https://doi.org/10.1093/humrep/dez246
https://doi.org/10.1093/humrep/dez246


12. Tavalaee M, Nomikos M, Lai FA, Nasr-Esfahani MH. Expression
of sperm PLC. and clinical outcomes of ICSI-AOA in men affected
by globozoospermia due to DPY19L2 deletion. Reprod BioMed
Online. 2018;36(3):348–55. https://doi.org/10.1016/j.rbmo.2017.
12.013.

13. Harbuz R, Zouari R, Pierre V, Ben Khelifa M, Kharouf M, Coutton
C, et al. A recurrent deletion of DPY19L2 causes infertility in man
by blocking sperm head elongation and acrosome formation. Am J
Hum Genet. 2011;88(3):351–61. https://doi.org/10.1016/j.ajhg.
2011.02.007.

14. Ghédir H, Ibala-Romdhane S, Okutman O, Viot G, Saad A, Viville
S. Identification of a newDPY19L2mutation and a better definition
of DPY19L2 deletion breakpoints leading to globozoospermia.Mol
Hum Reprod. 2015;22(1):35–45. https://doi.org/10.1093/molehr/
gav061.

15. ElInati E, Fossard C, Okutman O, Ghédir H, Ibala-Romdhane S,
Ray PF, et al. A new mutation identified in SPATA16 in two
globozoospermic patients. J Assist Reprod Genet. 2016;33(6):
815–20. https://doi.org/10.1007/s10815-016-0715-3.

16. Jones RE, Lopez KH. Chapter 9 - gamete transport and fertilization.
In: Jones RE, Lopez KH, editors. Human Reproductive Biology.
Fourth ed. San Diego: Academic Press; 2014. p. 159–73.

17. Neri QV, Lee B, Rosenwaks Z, Machaca K, Palermo GD.
Understanding fertilization through intracytoplasmic sperm injec-
tion (ICSI). Cell Calcium. 2014;55(1):24–37. https://doi.org/10.
1016/j.ceca.2013.10.006.

18. Yoon SY, Jellerette T, Salicioni AM, Lee HC, YooMS, Coward K,
et al. Human sperm devoid of PLC, zeta 1 fail to induce Ca(2+)
release and are unable to initiate the first step of embryo develop-
ment. J Clin Invest. 2008;118(11):3671–81. https://doi.org/10.
1172/jci36942.

19. Taylor SL, Yoon SY,MorshediMS, Lacey DR, Jellerette T, Fissore
RA, et al. Complete globozoospermia associated with PLCζ defi-
ciency treated with calcium ionophore and ICSI results in pregnan-
cy. Reprod BioMed Online. 2010;20(4):559–64. https://doi.org/10.
1016/j.rbmo.2009.12.024.

20. Cheung S, Xie P, Parrella A, Keating D, Rosenwaks Z, Palermo
GD. Identification and treatment of men with phospholipase Czeta-
defective spermatozoa. Fertil Steril. 2020;114:535–44. https://doi.
org/10.1016/j.fertnstert.2020.04.044.

21. Tavalaee M, Nasr-Esfahani MH. Expression profile of PLCzeta,
PAWP, and TR-KIT in association with fertilization potential, em-
bryo development, and pregnancy outcomes in globozoospermic
candidates for intra-cytoplasmic sperm injection and artificial oo-
cyte activation. Andrology. 2016;4(5):850–6. https://doi.org/10.
1111/andr.12179.

22. Kuentz P, Vanden Meerschaut F, Elinati E, Nasr-Esfahani MH,
Gurgan T, Iqbal N, et al. Assisted oocyte activation overcomes
fertilization failure in globozoospermic patients regardless of the
DPY19L2 status. Hum Reprod. 2013;28(4):1054–61. https://doi.
org/10.1093/humrep/det005.

23. Dam AHDM, Koscinski I, Kremer JAM, Moutou C, Jaeger AS,
Oudakker AR, et al. Homozygous mutation in SPATA16 is asso-
ciated with male infertility in human globozoospermia. Am J Hum
Genet. 2007;81(4):813–20. https://doi.org/10.1086/521314.

24. Liu G, Shi QW, Lu GX. A newly discovered mutation in PICK1 in
a human with globozoospermia. Asian J Androl. 2010;12(4):556–
60. https://doi.org/10.1038/aja.2010.47.

25. Robert F, Pelletier J. Exploring the impact of single-nucleotide
polymorphisms on translation. Front Genet. 2018;9. doi:ARTN
507. https://doi.org/10.3389/fgene.2018.00507.

26. WHO. Laboratory manual of the WHO for the examination of
human semen and sperm-cervical mucus interaction. Ann Ist
Super Sanita. 2001;37(1):I–XII 1-123.

27. Moretti E, Baccetti B, Scapigliati G, Collodel G. Transmission
electron microscopy, immunocytochemical and fluorescence in situ

hybridisation studies in a case of 100% necrozoospermia: case re-
port. Andrologia. 2006;38(6):233–8. https://doi.org/10.1111/j.
1439-0272.2006.00741.x.

28. Wong A, Chuan SS, Patton WC, Jacobson JD, Corselli J, Chan PJ.
Addition of eosin to the aniline blue assay to enhance detection of
immature sperm histones. Fertil Steril. 2008;90(5):1999–2002.
https://doi.org/10.1016/j.fertnstert.2007.09.026.

29. Irez T, Dayioglu N, Alagöz M, Karatas S, Güralp O. The use of
aniline blue chromatin condensation test on prediction of pregnancy
in mild male factor and unexplained male infertility. Andrologia.
2018;50(10):e13111. https://doi.org/10.1111/and.13111.

30. Palermo GD, Neri QV, Cozzubbo T, Cheung S, Pereira N,
Rosenwaks Z. Shedding light on the nature of seminal round cells.
PLoS One. 2016;11(3):e0151640. https://doi.org/10.1371/journal.
pone.0151640.

31. Parrella A, Keating D, Cheung S, Xie P, Stewart JD, Rosenwaks Z,
et al. A treatment approach for couples with disrupted sperm DNA
integrity and recurrent ART failure. J Assist Reprod Genet.
2019;36(10):2057–66. https://doi.org/10.1007/s10815-019-01543-
5.

32. Cheung S, Parrella A, Rosenwaks Z, Palermo GD. Genetic and
epigenetic profiling of the infertile male. PLoS One. 2019;14(3):
e0214275. https://doi.org/10.1371/journal.pone.0214275.

33. Parrella A, Irani M, Keating D, Chow S, Rosenwaks Z, Palermo
GD. High proportion of immature oocytes in a cohort reduces fer-
tilization, embryo development, pregnancy and live birth rates fol-
lowing ICSI. Reprod BioMed Online. 2019;39(4):580–7. https://
doi.org/10.1016/j.rbmo.2019.06.005.

34. Pereira N, Neri QV, Lekovich JP, Palermo GD, Rosenwaks Z. The
role of in-vivo and in-vitro maturation time on ooplasmic
dysmaturity. Reprod BioMed Online. 2016;32(4):401–6. https://
doi.org/10.1016/j.rbmo.2016.01.007.

35. Gardner DK, Lane M, Spitzer A, Batt PA. Enhanced rates of cleav-
age and development for sheep zygotes cultured to the blastocyst
stage in vitro in the absence of serum and somatic cells: amino
acids, vitamins, and culturing embryos in groups stimulate devel-
opment. Biol Reprod. 1994;50(2):390–400. https://doi.org/10.
1095/biolreprod50.2.390.

36. Gardner DK, Lane M. Culture and selection of viable blastocysts: a
feasible proposition for human IVF? Hum Reprod Update.
1997;3(4):367–82. https://doi.org/10.1093/humupd/3.4.367.

37. Palermo GD, Cohen J, Alikani M, Adler A, Rosenwaks Z.
Intracytoplasmic sperm injection: a novel treatment for all forms
of male factor infertility. Fertil Steril. 1995;63(6):1231–40.

38. Palermo G, Munne S, Cohen J. The human zygote inherits its mi-
totic potential from the male gamete. Hum Reprod (Oxford,
England). 1994;9(7):1220–5. https:/ /doi .org/10.1093/
oxfordjournals.humrep.a138682.

39. Palermo GD, Colombero LT, Rosenwaks Z. The human sperm
centrosome is responsible for normal syngamy and early embryonic
development. Rev Reprod. 1997;2(1):19–27. https://doi.org/10.
1530/ror.0.0020019.

40. Evenson D, Darzynkiewicz Z, Melamed M. Relation of mammali-
an sperm chromatin heterogeneity to fertility. Science (New York,
NY). 1981;210:1131–3. https://doi.org/10.1126/science.7444440.

41. Ward WS. The structure of the sleeping genome: implications of
sperm DNA organization for somatic cells. J Cell Biochem.
1994;55(1):77–82. https://doi.org/10.1002/jcb.240550109.

42. Kramer JA, Krawetz SA. RNA in spermatozoa: implications for the
alternative haploid genome. Mol Hum Reprod. 1997;3(6):473–8.
https://doi.org/10.1093/molehr/3.6.473.

43. Perrin A, Coat C, Nguyen MH, Talagas M, Morel F, Amice J, et al.
Molecular cytogenetic and genetic aspects of globozoospermia: a
review. Andrologia. 2013;45(1):1–9. https://doi.org/10.1111/j.
1439-0272.2012.01308.x.

2085J Assist Reprod Genet (2021) 38:2073–2086

https://doi.org/10.1016/j.rbmo.2017.12.013
https://doi.org/10.1016/j.rbmo.2017.12.013
https://doi.org/10.1016/j.ajhg.2011.02.007
https://doi.org/10.1016/j.ajhg.2011.02.007
https://doi.org/10.1093/molehr/gav061
https://doi.org/10.1093/molehr/gav061
https://doi.org/10.1007/s10815-016-0715-3
https://doi.org/10.1016/j.ceca.2013.10.006
https://doi.org/10.1016/j.ceca.2013.10.006
https://doi.org/10.1172/jci36942
https://doi.org/10.1172/jci36942
https://doi.org/10.1016/j.rbmo.2009.12.024
https://doi.org/10.1016/j.rbmo.2009.12.024
https://doi.org/10.1016/j.fertnstert.2020.04.044
https://doi.org/10.1016/j.fertnstert.2020.04.044
https://doi.org/10.1111/andr.12179
https://doi.org/10.1111/andr.12179
https://doi.org/10.1093/humrep/det005
https://doi.org/10.1093/humrep/det005
https://doi.org/10.1086/521314
https://doi.org/10.1038/aja.2010.47
https://doi.org/10.3389/fgene.2018.00507
https://doi.org/10.1111/j.1439-0272.2006.00741.x
https://doi.org/10.1111/j.1439-0272.2006.00741.x
https://doi.org/10.1016/j.fertnstert.2007.09.026
https://doi.org/10.1111/and.13111
https://doi.org/10.1371/journal.pone.0151640
https://doi.org/10.1371/journal.pone.0151640
https://doi.org/10.1007/s10815-019-01543-5
https://doi.org/10.1007/s10815-019-01543-5
https://doi.org/10.1371/journal.pone.0214275
https://doi.org/10.1016/j.rbmo.2019.06.005
https://doi.org/10.1016/j.rbmo.2019.06.005
https://doi.org/10.1016/j.rbmo.2016.01.007
https://doi.org/10.1016/j.rbmo.2016.01.007
https://doi.org/10.1095/biolreprod50.2.390
https://doi.org/10.1095/biolreprod50.2.390
https://doi.org/10.1093/humupd/3.4.367
https://doi.org/10.1093/oxfordjournals.humrep.a138682
https://doi.org/10.1093/oxfordjournals.humrep.a138682
https://doi.org/10.1530/ror.0.0020019
https://doi.org/10.1530/ror.0.0020019
https://doi.org/10.1126/science.7444440
https://doi.org/10.1002/jcb.240550109
https://doi.org/10.1093/molehr/3.6.473
https://doi.org/10.1111/j.1439-0272.2012.01308.x
https://doi.org/10.1111/j.1439-0272.2012.01308.x


44. Virro MR, Larson-Cook KL, Evenson DP. Sperm chromatin struc-
ture assay (SCSA) parameters are related to fertilization, blastocyst
development, and ongoing pregnancy in in vitro fertilization and
intracytoplasmic sperm injection cycles. Fertil Steril. 2004;81(5):
1289–95. https://doi.org/10.1016/j.fertnstert.2003.09.063.

45. DeemehM, TavalaeeM, Razavi S, Nasr-EsfahaniMH, Esfahani N.
Evaluation of protamine deficiency and DNA fragmentation in two
globozoospermia patients undergoing ICSI. Int J Fertil Steril.
2007;1(2):85–8. https://doi.org/10.22074/ijfs.2007.45648.

46. Ghasemzadeh J, Talebi AR, Khalili MA, Fesahat F, Halvaei I, Nabi
A, et al. Sperm parameters, protamine deficiency, and apoptosis in
total globozoospermia. Iran J Reprod Med. 2015;13(8):495–502.

47. Vozdova M, Rybar R, Kloudova S, Prinosilova P, Texl P, Rubes J.
Total globozoospermia associated with increased frequency of im-
mature spermatozoa with chromatin defects and aneuploidy: a case
report. Andrologia. 2014;46(8):831–6. https://doi.org/10.1111/and.
12156.

48. Sermondade N, Hafhouf E, Dupont C, Bechoua S, Palacios C,
Eustache F, et al. Successful childbirth after intracytoplasmic mor-
phologically selected sperm injection without assisted oocyte acti-
vation in a patient with globozoospermia. Hum Reprod.
2011;26(11):2944–9. https://doi.org/10.1093/humrep/der258.

49. Carrell DT, Emery BR, Liu L. Characterization of aneuploidy rates,
protamine levels, ultrastructure, and functional ability of round-
headed sperm from two siblings and implications for
intracytoplasmic sperm injection. Fertil Steril. 1999;71(3):511–6.
https://doi.org/10.1016/s0015-0282(98)00498-1.

50. Perrin A, Louanjli N, Ziane Y, Louanjli T, Le Roy C, Gueganic N,
et al. Study of aneuploidy and DNA fragmentation in gametes of
patients with severe teratozoospermia. Reprod BioMed Online.
2011;22(2):148–54. https://doi.org/10.1016/j.rbmo.2010.10.006.

51. Brahem S, Elghezal H, Ghédir H, Landolsi H, Amara A, Ibala S,
et al. Cytogenetic and molecular aspects of absolute teratozoosper-
mia: comparison between polymorphic and monomorphic forms.
Urology. 2011;78(6):1313–9. https://doi.org/10.1016/j.urology.
2011.08.064.

52. Yassine S, Escoffier J, Martinez G, Coutton C, Karaouzène T,
Zouari R, et al. Dpy19l2-deficient globozoospermic sperm display
altered genome packaging and DNA damage that compromises the
initiation of embryo development. Mol Hum Reprod. 2014;21(2):
169–85. https://doi.org/10.1093/molehr/gau099.

53. Kirkpatrick G, Ferguson KA, Gao H, Tang S, Chow V, Yuen BH,
et al. A comparison of sperm aneuploidy rates between infertile
men with normal and abnormal karyotypes. Hum Reprod.
2008;23(7):1679–83. https://doi.org/10.1093/humrep/den126.

54. Rybouchkin A, Dozortsev D, Pelinck MJ, De Sutter P, Dhont M.
Analysis of the oocyte activating capacity and chromosomal com-
plement of round-headed human spermatozoa by their injection into
mouse oocytes. Hum Reprod. 1996;11(10):2170–5. https://doi.org/
10.1093/oxfordjournals.humrep.a019071.

55. Y-z L, Wu R-f, Zhu X-s, W-s L, Y-y Y, Lu Z-x, et al. Identification
of a novel deletion mutation in DPY19L2 from an infertile patient
with globozoospermia: a case report. Mol Cytogenet. 2020;13(1):
24. https://doi.org/10.1186/s13039-020-00495-1.

56. Pierre V, Martinez G, Coutton C, Delaroche J, Yassine S, Novella
C, et al. Absence of Dpy19l2, a new inner nuclear membrane pro-
tein, causes globozoospermia in mice by preventing the anchoring
of the acrosome to the nucleus. Development. 2012;139(16):2955–
65. https://doi.org/10.1242/dev.077982.

57. Tang T, Li L, Tang J, Li Y, Lin WY, Martin F, et al. A mouse
knockout library for secreted and transmembrane proteins. Nat
Biotechnol. 2010;28(7):749–55. https://doi.org/10.1038/nbt.1644.

58. Koscinski I, Elinati E, Fossard C, Redin C, Muller J. Velez de la
Calle J et al. DPY19L2 deletion as a major cause of
globozoospermia. Am J Hum Genet. 2011;88(3):344–50. https://
doi.org/10.1016/j.ajhg.2011.01.018.

59. Krachler AM, Sharma A, Kleanthous C. Self-association of TPR
domains: lessons learned from a designed, consensus-based TPR
oligomer. Proteins. 2010;78(9):2131–43. https://doi.org/10.1002/
prot.22726.

60. Takeya R, Takeshige K, Sumimoto H. Interaction of the PDZ do-
main of human PICK1 with class I ADP-ribosylation factors.
Biochem Biophys Res Commun. 2000;267(1):149–55. https://doi.
org/10.1006/bbrc.1999.1932.

61. Jodar M, Sendler E, Moskovtsev SI, Librach CL, Goodrich R,
Swanson S, et al. Absence of sperm RNA elements correlates with
idiopathic male infertility. Sci Transl Med. 2015;7(295):295re6.
https://doi.org/10.1126/scitranslmed.aab1287.

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

2086 J Assist Reprod Genet (2021) 38:2073–2086

https://doi.org/10.1016/j.fertnstert.2003.09.063
https://doi.org/10.22074/ijfs.2007.45648
https://doi.org/10.1111/and.12156
https://doi.org/10.1111/and.12156
https://doi.org/10.1093/humrep/der258
https://doi.org/10.1016/s0015-0282(98)00498-1
https://doi.org/10.1016/j.rbmo.2010.10.006
https://doi.org/10.1016/j.urology.2011.08.064
https://doi.org/10.1016/j.urology.2011.08.064
https://doi.org/10.1093/molehr/gau099
https://doi.org/10.1093/humrep/den126
https://doi.org/10.1093/oxfordjournals.humrep.a019071
https://doi.org/10.1093/oxfordjournals.humrep.a019071
https://doi.org/10.1186/s13039-020-00495-1
https://doi.org/10.1242/dev.077982
https://doi.org/10.1038/nbt.1644
https://doi.org/10.1016/j.ajhg.2011.01.018
https://doi.org/10.1016/j.ajhg.2011.01.018
https://doi.org/10.1002/prot.22726
https://doi.org/10.1002/prot.22726
https://doi.org/10.1006/bbrc.1999.1932
https://doi.org/10.1006/bbrc.1999.1932
https://doi.org/10.1126/scitranslmed.aab1287

	Single-center thorough evaluation and targeted treatment of globozoospermic men
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Inclusion criteria and study design
	Spermatozoa collection and preparation
	Ultrastructural sperm assessment
	Histone content assay
	Sperm chromatin fragmentation assay
	Sperm aneuploidy assessment
	OASCF assessment
	Stimulation protocols and oocyte retrieval
	Assisted gamete treatment
	Preimplantation development, embryo transfer, and pregnancy outcomes
	Genomic analysis by NGS
	Transcriptome analysis
	Proteomic analysis
	Data analysis

	Results
	Sperm function, ultrastructure, and genomic characterization of globozoospermia
	ICSI outcomes
	Gene profiling of men with complete globozoospermia
	Transcriptomic profiling of men with complete globozoospermia
	Proteomic profiling of men with complete globozoospermia

	Discussion
	Conclusions
	References


