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Simple Summary: Approximately 24% of men referred to assisted reproductive technology (ART)
present with idiopathic male infertility. The current standard analysis of human semen does not allow
for an accurate diagnosis of this infertility with unknown etiology. Spermatozoa cellular development
and maturation, as well the acquisition of suitable motility and capacitation, are tightly coordinated
by sperm protein phosphorylation, among other protein post-translational modifications. Extraor-
dinary advances have been achieved in the field of spermatozoa using proteomics methodology in
combination with bioinformatics. The aim of this work is to review, using a proteomic and phospho-
proteomic analysis, the updated knowledge about proteins and phosphoproteins of spermatozoa
that regulate cell processes necessary to achieve a proper fertilization. The phosphorylation of sperm
proteins involved in spermatogenesis, in sperm capacitation, and in the maintenance of correct sperm
motility, and consequently in sperm quality, is focused on in this review. Further investigations of
protein spermatozoa in larger populations combined with other multi-omics technologies would
offer a precise perspective of male fertility and would be especially relevant for those cases involving
repeated failures in ART linked to idiopathic infertility.

Abstract: Infertility affects approximately 15% of couples worldwide of childbearing age, and in many
cases the etiology of male infertility is unknown. The current standard evaluation of semen is insuffi-
cient to establish an accurate diagnosis. Proteomics techniques, such as phosphoproteomics, applied
in this field are a powerful tool to understand the mechanisms that regulate sperm functions such as
motility, which is essential for successful fertilization. Among the post-translational modifications of
sperm proteins, this review summarizes, from a proteomic perspective, the updated knowledge of
protein phosphorylation, in human spermatozoa, as a relevant molecular mechanism involved in the
regulation of sperm physiology. Specifically, the role of sperm protein phosphorylation in motility
and, consequently, in sperm quality is highlighted. Additionally, through the analysis of published
comparative phosphoproteomic studies, some candidate human sperm phosphoproteins associated
with low sperm motility are proposed. Despite the remarkable advances in phosphoproteomics
technologies, the relatively low number of studies performed in human spermatozoa suggests that
phosphoproteomics has not been applied to its full potential in studying male infertility yet. There-
fore, further studies will improve the application of this procedure and overcome the limitations,
increasing the understanding of regulatory mechanisms underlying protein phosphorylation in
sperm motility and, consequently, in male fertility.

Keywords: human spermatozoa; sperm proteins; PTM; phosphorylation; phosphoproteomics; sperm
motility; male infertility

1. Introduction

Our understanding of sperm physiology remains relatively superficial despite the
large number of manuscripts focused on spermatozoa [1]. Indeed, a global estimation
calculates that 1 in 15 men of reproductive age are infertile, and the diagnosis of idiopathic
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male infertility, for which the cause is unknown, is a reality for 24% of men referred to
assisted reproductive technology (ART) [2]. To date, basic semen analysis, or seminogram,
is the best predictive test used routinely in laboratories for the assessment of male partner
fertility, where it is analyzed if the semen samples meet the macroscopic (volume, pH,
color, and viscosity) and microscopic characteristics (sperm concentration, total motility,
progressive motility, and sperm morphology) established by the World Health Organization
(WHO), which published a set of guidelines for evaluating semen quality 40 years ago. The
last update, in 2010, includes the current reference parameters to make the first prognosis
of male infertility [3].

Nevertheless, the seminogram is not the most suitable analysis to obtain an accurate
diagnosis because semen parameters within the reference interval do not guarantee fertility,
nor do values outside those limits necessarily imply male infertility or pathology [4].
Several studies have shown that men with sperm parameters (sperm number, morphology,
and motility) below the thresholds outlined by the WHO can be fertile [5-8]. Additionally,
in the same way, there are cases of men with normal sperm parameters that are infertile [9].
Therefore, more in-depth analysis and understanding of spermatozoa physiology at the
molecular level are necessary to improve the current evaluation of male fertility by the
routine semen analysis.

Fertilization might be considered the endpoint of sperm function. To get it successfully,
spermatozoon, a highly specialized haploid cell that contains exceptionally condensed
chromatin and will deliver the paternal DNA to the oocyte, must be completely functional.
For that, spermatozoa undergo a series of physiological and biochemical changes from
their developmental stages and during their transit through the male first and female
reproductive tract later, which occur apparently in the complete absence of simultaneous
gene transcription and protein translation. Although several coding and non-coding RNAs
exist in human spermatozoa [10], which may play a role in gene silencing or heterochroma-
tinization, their transcriptional and translational activities are nearly silent. Thus, sperm
proteins of mature spermatozoa might undergo different post-translational modifications
(PTM), such as phosphorylation or acetylation among, and become very important molec-
ular mechanisms by which spermatozoa acquire functionality [11]. For this reason, the
alteration of sperm status (for example, by errors in spermatogenesis or maturation) may be
accompanied by a distinctive pattern of PTMs, characteristic of spermatozoa, in particular
with low quality or motility and, therefore, low male reproductive prognostic.

In this regard, it is necessary to focus our attention on sperm motile capacity, and
the abnormal content or presence of PTMs, such as the reduced abundance of lysine
glutarylation in several proteins located in the tail of human spermatozoa, just as a dimin-
ished quantity of S-sulfhydrated H3 and H3.3 histones positively correlate with sperm
progressive motility [12,13]; conversely the level of SUMO1-positive spermatozoa and the
quantity of lysine 2-hydroxyisobutyrylation in sperm proteins trend towards higher grades
in asthenozoospermic men compared with normozoospermic ones, indicating a negative
association with the motility of human spermatozoa in this case [14,15]. Additionally, lysine
acetylation seems to be essential for human sperm motility and fertilization [16].

The most extensively studied PTM in human spermatozoa is phosphorylation [17].
The phosphorylation of specific sperm proteins plays an important role in regulating sperm
processes essential for fertilization, such as sperm motility, capacitation, or acrosome reac-
tions [18-20]. Extraordinary advances have been achieved in the field of male infertility
in recent decades, especially with the use of proteomics techniques and the bioinformatic
analysis of human sperm proteomic data. However, there are many well-recognized
causes of male infertility in humans whose molecular basis is only just beginning to be
understood. The study of the global protein phosphorylation landscape of spermatozoa
in different species proposes wide phosphoregulation in other processes such as sperm
formation [21,22], maturation [23], capacitation [24-28], and motility [18,29-32]. Never-
theless, it remains to be fully explained which are ultimately the molecular mechanisms
responsible for spermatozoa motility and, therefore, for sperm quality. Advances in global
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and quantitative methods to elucidate dynamic phosphorylation events in spermatozoa
will be essential for a systematic understanding of their functional behavior. They will
allow for a more comprehensive analysis of the biochemical basis of defective semen qual-
ity and identify possible biomarkers for different pathologies and conditions related to
infertility. A few studies applying quantitative mass spectrometry (MS)-based proteomics
have proposed some molecular mechanisms through which protein phosphorylation might
affect sperm motility in humans [18,29-31].

From a proteomic perspective, this review summarizes the current knowledge of
protein phosphorylation in human spermatozoa as a molecular mechanism responsible for
the regulation of spermatozoa motility, and subsequently of sperm quality.

2. Proteomics and Sperm Physiology

According to the recent data, the proteomic approach is a powerful tool to identify
human sperm proteins as biomarkers of fertility [33]. For example, a recent seminal plasma
proteomic-based study proposes the HSPA2 protein, a molecular chaperone mediating
protein folding, as a possible biomarker of spermatogenesis status. Azoospermic men (who
have a complete absence of spermatozoa in their ejaculate) lack HSPA2, which is present as
additional protein isoforms in cryptozoospermia (<0.1 million spermatozoa mL ') [34]. In
addition, a study comparing high- and low-quality sperm nuclear extracts by proteomic
analysis recently showed that the presence of Topoisomerase 2A in the human spermatozoa
head is highly correlated to poor head morphology. So, Topoisomerase 2A, a protein
normally involved in the alteration of DNA topology, may also be considered a potential
biomarker to confirm male infertility in clinical practice [35]. The first study that exam-
ined the potential variability of the proteome in different semen samples and proposed
proteomics as a useful tool for studying defects in sperm function was published almost
2 decades ago by Pixton and collaborators [36]. Since then, many proteomics studies have
performed a comparative proteomics analysis between sperm cells from infertile patients
and healthy donors [37-46].

On the other hand, sperm muotility is essential for successful fertilization, so low
sperm motility is highly associated with male infertility [47,48]. In fact, this defect has
been the subject of research for years because it is frequently observed in andrology
laboratories. In this sense, a retrospective study based on a large population reveals
that about 82% of infertile men had impaired sperm motility [48]. Asthenozoospermia (AS),
characterized by normal concentrations of spermatozoa (>15 million spermatozoa mL 1)
and sperm progressive motility <32% [3], is one of the major causes of male infertility, which
approximately accounts for 20% of infertility among men. The etiology of AS is varied
and can be seen as a unique condition in isolated disease, associated with other sperm
anomalies or as part of a syndromic association. In some cases, routine clinical examinations
do not find clear causes, leading to so-called idiopathic asthenozoospermia [41]. Although
the lower expression of several proteins might cause spermatozoa with poor motility,
the molecular basis of AS is difficult to establish. Nonetheless, proteomic studies on
asthenozoospermic individuals have increased in recent years, promoting the idea that the
number of identified proteins related to sperm motility is rising [43].

For instance, in four different proteome analyses comparing sperm samples from
asthenozoospermic vs. normozoospermic men, the altered expression of the HSPA2 pro-
tein was found. Interestingly, increased expression was observed in two studies [38,42],
whereas HSPA2 expression decreased in the other two works [39,43]. Other chaperones
HSPs (HSPA5, HSPA9, and HSPA1L) were also found downregulated in asthenozoospermic
men [41,43]. Additionally, in a recent study comparing proteomes of high or low-motility
human spermatozoa, HSPA1L and HSPA9 were also significantly decreased in low-motility
spermatozoa [49]. Conversely, in other comparative sperm proteomics studies, the expres-
sion level of chaperones did not indicate significant differences [37,44—46]. It has to be
mentioned that the lack of agreement or the opposite expression differences between the
studies published may be due to several factors such as different quantitative technologies,
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different sample sources, low sample size, or even ethnic differences, among others. HSPs
have a potential relationship with sperm quality, and they are important in normal sperm
physiology [50], spermatogenesis, and sperm maturation [51-53], although the association
between their altered expression and impaired motility is not yet fully understood. It is
established that the role of the HSPs is to ensure the correct folding of proteins, their re-
folding of misfolded protein, and the orientation control of tagged proteins for subsequent
degradation [54]. Thus, reduced HSPs expression might be associated with a decrease in
sperm motility due to the accumulation of misfolded protein [55].

In addition, a higher level of triosephosphate isomerase (TPI), an extremely efficient
metabolic enzyme in glycolysis and gluconeogenesis, is also associated with a reduced
sperm motility phenotype [37,39,42]. Other proteins responsible for energy metabolism
that could play an important role in spermatozoa motility maintenance are COX proteins
(COX5B, COX6B, COX20, and COX41), which are involved in the oxidative phosphorylation
(OXPHOS) pathway and showed lower levels in AS [38,42,43,45,46]. In conclusion, these
are some examples that highlight the importance of glycolysis and OXPHOS as major
metabolic pathways that provide energy to support human sperm motility.

Moreover, a reduction in sperm motility may be affected by other proteins, such as
SEMG1 and SEMG2, which work as seminal plasma motility inhibitor proteins and are
found up-regulated in asthenozoospermic men [37,38,46]. Another group of proteins with
altered expression in spermatozoa with impaired motility involves different subunits of
the proteasome such as PSMA3, PSMB3, PSMB4, PSMB5, PSMB6, PSMC2, PSMC6, and
PSMD11 [37-39,42,45,49]. The proteasome plays a key role in the formation of condensed
spermatozoa because it mediates the protein turnover of ubiquitinated proteins during
spermatogenesis, when many proteins and organelles are degraded [55]. So, defects in
the proteasome system might lead to the accumulation of ubiquitinated molecules and
be related to sperm muotility [39]. It is worth noting that SEMG1 and PSMB5 are also
downregulated in a proteomic study that compares the proteomic profiles of human
sperm samples that had or had not achieved a previous pregnancy via ART [56]. In
addition, low levels of the major cytoskeleton components in spermatozoa flagella such as
tektins (TEK1, TEK4, and TEKD5) [39,41,42], outer dense fibers (ODF2) [41,43,49], or tubulin
proteins (TUBB2C, TUBB2B, and TUBA3C) [39,43,49] are also associated with reduced
sperm motility in comparative proteomics studies. On the other hand, altered levels of
another protein that plays a role in the movement and structural organization of cells, such
as CLU, have been found. CLU expression is decreased in some analyses [40,49], whereas
it is increased in others [38,43,46].

Proteomics is also a current methodology used to study variations in sperm proteins
that are altered in some disorders. For example, the SPEF2 protein is widely expressed in
cilia-related organs such as the lung, spleen, trachea, brain, and testis [57], and its encoding
gene is involved in a genetically heterogeneous disorder such as the so-called multiple
morphological abnormalities of the sperm flagella (MMAF) [58]. Moreover, spermiogenesis
failure by a deficiency in SPEF2 causes severe asthenoteratozoospermia, characterized by
reduced sperm motility and abnormal sperm morphology [58]. Recently, an MS-proteomic
analysis of human spermatozoa from three individuals with SPEF2 mutations compared
with normal controls showed that this protein regulates the expression of various proteins
involved in the flagellar assembly with which it interacts [59]. This methodology allows
one to understand the protein networks from the whole sperm proteome, being especially
useful in the study of sperm tail development since sperm flagellum is composed of more
than 1000 proteins in the case of humans [60].

Human sperm cryopreservation plays an important role in assisted reproductive
technology for male fertility preservation and the treatment of infertile couples. In this
regard, proteomics approaches have also been useful to study the pathogenesis of sperm
cryo-damage during the process of cryopreservation, comparing the proteomic differences
between fresh and cryopreserved human sperm [61,62]. Fu’s lab, using MS and a novel
proteomics technology named data-independent acquisition (DIA), identified 174 proteins
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significantly deregulated, including four enzymes involved in glycolysis (GPI, LDHB,
ADHS5, and PGAM]1) and other proteins related to propanoate, glyoxylate, pyruvate, and
dicarboxylate metabolism and gluconeogenesis [62]. Five years before, another proteomic
analysis had found that 37% of the proteins involved in the metabolism are differentially
expressed between freeze-thawed and fresh sperm samples [61]. So, both studies, although
using different proteomic strategies, conclude that metabolic pathways play an important
role during sperm cryo-preservation. Interestingly, phosphoglycerate mutase proteins,
PGAM1 and PGAM2 [46] and the glucose 6-phosphate isomerase (GPI), evaluated by pro-
teomic approaches, are also found to be significantly decreased in AS [42,46]. Furthermore,
the supplement with the product of GPI, fructose-6-phosphate, significantly promotes
human spermatozoa motility in vitro [46]. So, it can be postulated that during spermatozoa
cryopreservation, when a marked reduction in sperm motility occurs, the supplement with
fructose-6-phosphate could also help to recuperate the rates of spermatozoa motility.

Altogether, there are a set of proteins related to sperm quality in the literature. How-
ever, the internal relationship and the mechanisms underlying abnormal protein expres-
sions and defective sperm function are not clear yet [49].

3. Phosphoproteomics Technique in Male Fertility
3.1. Phosphorylation as Post-Translational Modification of Sperm Proteins

Defects in PTMs have been linked to numerous human diseases and disorders, so the
importance of PTMs in maintaining normal cellular states is essential [63]. Hence, previous
and emerging data indicate that some male reproduction diseases, including the failure of
sperm motility, arise through the deregulation of PTMs in spermatozoa. Despite that, more
than 431 reversible and irreversible PTM mechanisms exist in the cell [64], and we know
that protein phosphorylation affects an estimated one-third of all cellular proteins [65],
with most proteins phosphorylated at one or more sites in a mammalian cell [66]. However,
we know only a small subset of the in vivo phosphorylation sites described. Most studies
have focused on Ser, Thr, and Tyr phosphorylation (canonical phosphorylation), but there
are other amino acid residues that are less common, including His, Lys, Arg, Asp, Glu, and
Cys, that can also be phosphorylated (noncanonical phosphorylation) [67]. This variability
of possibilities further complicates the effort in studying protein phosphorylation, whose
consequences may affect its activation status [68].

Nonetheless, protein phosphorylation is not permanent due to the activity of phos-
phatases [69]. Consequently, the deregulation of kinases and phosphatases pathways is
linked to many diseases, including infertility. So, deciphering the molecular elements that
determine the biochemical balance of phosphorylation/dephosphorylation is essential for
correct reproductive function.

3.2. Phosphoproteomics Technique

Phosphoproteomics is a large-scale analysis that identifies and quantifies the phos-
phorylated proteins in addition to the mapping of the phosphorylation sites in a complex
biological sample using MS [70]. Briefly, an MS-based phosphoproteomics study on the
role of in vivo phosphorylation in sperm physiology starts with isolating sperm cells from
the seminal plasma and other cells coexisting in semen by swim-up procedure, density cen-
trifugation, or different techniques. The purity of the sperm preparation and the removal
of interfering compounds are critical steps in the process because any minor contamination
could result in a false-positive identification [71]. Sperm proteins are then extracted and
protein mixtures are digested with a specific protease, typically trypsin.

Once proteins are extracted, carrying out a phosphopeptides enrichment procedure
before experimental analysis is necessary, given that, for example, almost 30% of all human
proteins may be phosphorylated and that each phosphoprotein may exist as multiple
phospho-isoforms with different relative abundances and stoichiometries [70]. This proce-
dure allows/has its purpose the characterization from low femtomole level phosphorylated
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proteins and the improvement of selectivity by reducing the unspecific binding of non-
phosphorylated peptides [72].

Among the wide selection of methodologies developed for phosphopeptides enrich-
ment, the most extensively used in the study of sperm cells is immobilized metal ion affinity
chromatography (IMAC) [17], which is based upon the affinity that phosphate exhibits
towards immobilized metal ions and forms relatively stable complexes with these. So, the
nature of the chromatographic stationary phase is of extreme importance [73]. Accord-
ingly, titanium dioxide (TiO2) resin has been one of the most widespread methods for
phosphopeptides enrichment from complex biological samples because it has a very high
affinity for phosphopeptides, is extremely tolerant towards most buffers used in biological
experiments, and is optimal for large-scale phosphoproteomics studies [74].

Later, the sperm phosphopeptides are detected using both conventional and advanced
proteomic techniques. Two-dimensional (2D) gel electrophoresis separates sperm pro-
teins based on peptides’ isoelectric focusing properties and molecular weight. A modified
version named difference gel electrophoresis (DIGE) identifies differentially expressed pro-
teins (DEPs) [75]. The analysis of advanced high-throughput techniques such as MALDI-
TOF (matrix-assisted laser desorption/ionization time-of-flight) and LC-MS/MS (liquid
chromatography-tandem mass spectrometry) detect low abundance peptides present in a
sample with low protein concentration. Therefore, they overcome the limitations of conven-
tional proteomics techniques. In addition, advances in chromatography techniques such as
nano HPLC (high-performance liquid chromatography) or UPLC (ultra-performance liquid
chromatography) methods enable the decrease of the internal diameter of the LC column
to analyze low amounts of a sample with none or very low dilution and with increased
sensitivity, which allows for higher sample throughput [73]. Those aspects are fundamental
in phosphoproteomics studies.

In addition, MS offers numerous advantages for studying protein phosphorylation,
enabling its quantitative, sensitive, and site-specific measure [76]. MS-based quantification
strategies rely on light/heavy peptide intensities and can be divided into label-based and
label-free approaches. Label-based quantitation methods utilize stable isotope labels by
chemical, metabolic, or proteolytic labeling strategies. These are incorporated within the
peptides, introducing an expectable mass difference within the two or more experimental
conditions. The quantitation is based on comparing the peak intensity ratio of the labeled
peptide pairs [77]. In contrast, label-free quantitation compares both relative and absolute
protein quantity by utilizing signal intensity and spectral counting of the same peptide [77].
It is also one of the methods of choice in human sperm phosphoproteome studies [27,31]
and has gained more acceptance because it shows the highest proteome coverage and is cost-
efficient without adding additional steps to labeling samples with alternative differential
mass tags [78].

Finally, mass spectral data interpretation is carried out using the different platforms,
databases, and software programs available, which allow for the identification and quan-
tification of the assignments of peptides and proteins that make up the sperm phospho-
proteome. Bioinformatics methods are indispensable for proteomics-based studies and are
helping scientists to interpret the integration of large datasets from proteomics studies [79].
The specific workflow involving the processing of semen samples for sperm phosphopro-
teomics analysis is shown in Figure 1.

Furthermore, phosphoproteomics, in combination with these high-throughput tech-
niques, is one of the most potent techniques nowadays for the global analysis of signaling
networks in defined biological systems [80], such as human spermatozoa [27,31].
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Figure 1. The general workflow of the quantitative phosphoproteomics strategy for human spermatozoa
samples analysis from sperm donors. (A) Purified sperm cells from semen samples (spermatozoa isolated
from other cells and the seminal plasma). (B) Sperm protein extraction and digestion after cellular
lysis. (C) Phosphopeptides enrichment and peptide separation. (D) The analysis and quantification of
peptides. (E) The collection and analysis of sperm phosphoproteome data by bioinformatics tools.

4. Phosphoproteomics and Spermatogenesis

As mentioned before, phosphorylation of sperm proteins is linked with male fertility
because this PTM is extremely important in all stages of sperm cell development, being
essential for sperm differentiation, maturation, and function [17]. To date, it is the most
extensively studied PTM in mammalian spermatozoa, as previously mentioned. Besides,
spermatozoa are an excellent cell model for proteomic analysis because they are purified in
large numbers and are reliably and robustly driven into different functional states using
various incubation media or validated pharmacological manipulations [81]. In fact, in
the study of male reproduction, there is research identifying phosphoproteins and their
phosphorylated sites through differential phosphoproteomics analysis of sperm cells from
infertile men or under experimental or physiological conditions [18,24,29,31,32]. To include
a summary of the use of phosphoproteomics studies carried out in human spermatozoa to
study sperm biological processes, Table 1 is incorporated.

Table 1. A summary of phosphoproteomics studies in human spermatozoa biological processes.

Biological . Phosphoproteomic
Process Study Type of Samples Sperm Preparation Method
Spermatogenesis Castillo et al. 2019 Testicular tissue LC-MS/MS
Sperm motility Chan et al. 2009 Normozoospermic vs. Percoll fractionation ~ 2DE-MALDI-TOF MS
asthenozoospermic spermatozoa
Parte et al. 2012 NormozoosP CHIIC VS. Washing Nano UPLC-MS
asthenozoospermic spermatozoa
Martin-Hidalgo et al. High-mobility vs. low-mobility PureSperm Nano HPLC-MS/MS
2020 sperm subpopulations fractionation Triple TOF
. . 2DE-anti-
a Sal:)?gnﬁ 0 Ficarro et al. 2003 Capacitated Z;;or;—caapamtated Percoll fractionation phosphotyrosine
capacttatio spe 0z0 Immunoblots MS/MS
Wang et al. 2015 Capacitated vs. non-capacitated Percoll fractionation LC-MS/MS

spermatozoa
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Defects in spermatogenesis are the most common factors for male infertility [4]. In this
sense, phosphoproteomics tools are helpful to understand the origin of different causes of in-
fertility because phosphoregulation is highly active during sperm differentiation [21,82,83].
Thanks to the technology for analyzing kinase-substrate relations (KSRs) in coordination
with the exploration of the phosphoproteome, a pattern of consistently high activity for
many kinases has been elucidated during spermatogenesis in mice, including the MAPKs,
CDKs, and especially the POLO-like kinases (PLKSs) [83]. In the same way, to decipher the
most relevant signaling pathways during the development of male gametes in the human
testes, Castillo and coworkers performed global phosphoproteomics on human testicular
tissue with full spermatogenesis using a TiO2 method coupled to MS [21]. They identified
2661 proteins, and 174 of them were different phosphorylated kinases covering 32% of
the human kinome, including MAPK1, MAPK3, CDK12, CDK13, and PAK4. Curiously,
unlike in mice, PLKs are not among the most active kinases regulating human spermatoge-
nesis [21]. In the same year, using proteomics and phosphoproteomics analyses of mouse
testes, Wei's lab suggested that WIP1 phosphatase is involved in maintaining the integrity
of the blood-testicular barrier [84]. Therefore, as this organ is essential for spermatogenesis
to progress correctly, its alteration results in male subfertility or infertility [84]. Besides,
this phosphatase WIP1 seems to be an important regulator of global heterochromatin si-
lencing and is critical in maintaining genome integrity [85], a basic regulatory mechanism
for spermatozoa function. Although there are no studies that associate the role of WIP1
with male fertility in humans, this link has been observed previously in the mouse testis
phosphoproteome [83].

During mammalian spermiogenesis, the last phase of the spermatogenesis, haploid
round spermatids are differentiated into spermatozoa undergoing remarkable morpho-
logical changes, chromatin condensation, the biogenesis of the acrosome, the migration of
mitochondria to the intermediate piece, and flagellum formation. A large-scale phospho-
proteome analysis performed from purified mouse spermatids undergoing spermiogenesis
described 735 testis-specific proteins phosphorylated and expressed at high levels. These
phosphoproteins are implied in histone modifications and chromosome and cilium or-
ganization [22]. Nonetheless, defects at any level of the spermatogenesis, where protein
phosphorylation is essential, would be inevitably associated with fertility impairments
(such as azoospermia, teratozoospermia, oligozoospermia, or asthenozoospermia).

Evidence indicates that correct epididymal sperm maturation also requires protein
phosphorylation and dephosphorylation events in spermatozoa. This epididymal process
takes approximately two weeks in humans [86] and is necessary for generating fertile sper-
matozoa. When the spermatozoa leave the testes, they are immotile, and it is during their
transit and storage through the epididymis when they acquire progressive motility and
functional capacity for their interaction with the oocyte. During epididymal sperm matura-
tion, besides phosphorylation, ubiquitination, a frequent PTM in regulating many sperm
biological processes, is important as it eliminates defective spermatozoa (mostly with de-
fects in morphology) by phagocytosis [87]. Interestingly, more and more scientific evidence
shows that many proteins have different types of PTM simultaneously, which all together
help to regulate protein stability and activity. The imbalance of theses PTMs’ crosstalk may
be highly associated with male infertility; however, there are few studies about multiple
PTMs co-occurring in sperm proteins (except for histones and protamines) [88]. Zhang and
collaborators recently combined the phosphoproteome with the ubiquitylome to study the
physiological mechanisms underlying sperm maturation in epididymal spermatozoa of
buffalo [23]. Since a few years ago, sperm ubiquitination has been a marker of defective
spermatozoon in humans [89]. For these reasons, mistakes in the post-testicular maturation
context will affect male fertility. Based on these strategies, new biomarkers of sperm qual-
ity or semen abnormalities will help establish a precise landscape of PTMs that features
high-quality spermatozoa.
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5. Phosphoproteomics and Sperm Motility

In male reproduction, the use of phosphoproteomics is mainly focused on unrav-
eling the molecular mechanisms underlying the regulation of sperm motility [71]. The
first evidence about the control of sperm motility by processes that include the regulation
of protein phosphorylation was described in dog spermatozoa in 1982 [90]. Later, two
protein kinases, PI3K and AKAP3, were demonstrated to be involved in the phospho-
regulation of human sperm motility [91]. On the other hand, as mentioned before, the
phosphorylation status of a protein depends on the opposing activities of protein kinases
and phosphatases. Accordingly, immotile mammalian spermatozoa contain higher activity
levels of serine/threonine phosphatase 1 isoform gamma 2 (PP1y2) compared with motile
ones [92]. Moreover, the inhibition of PP1y2 causes motility initiation in immature sper-
matozoa, whereas it leads to motility stimulation and changes in flagellar beat parameters
in mature spermatozoa [93], indicating that protein phosphatases also regulate flagellar
motility. Nowadays, high-throughput techniques are used to precisely decipher the phos-
phoproteome with functional importance for sperm motility, and the phosphoproteomic
profiles of spermatozoa in different functional states (uncapacitated vs. capacitated; normal
vs. defective, high vs. low-mobility).

Focusing on phosphorylation at tyrosine residues, phosphotyrosine-containing pro-
teins are present in the spermatozoa of different species. For decades, it has been known
that an increase in the protein tyrosine phosphorylation of spermatozoa plays a critical role
in regulating sperm motility [94], especially in those processes related to hyperactivated
motility. Moreover, deficiencies in the tyrosine-phosphorylated proteins of the sperm
tail are associated with AS in human [95]. Later studies have focused on the differential
analysis of the phosphorylation status of human sperm proteins by large-scale phospho-
proteomics techniques in spermatozoa from healthy and asthenozoospermic donors [18,29]
and from two sperm populations with different sperm motility degrees isolated from nor-
mozoospermic healthy donors [31]. Despite the different strategies of phosphoproteomics
used, changes in sperm motility patterns correlate with the differential phosphorylation
of proteins. Using 2D-gel electrophoresis MALDI-TOF/MS, the first study identified 12
proteins exhibiting differential phosphorylation. There was a relatively lower phosphoryla-
tion level in asthenozoospermic spermatozoa for 10 proteins, while in 2 of them, the level
was higher [18]. In the same way, comparing healthy and asthenozoospermic semen, Parte
and collaborators, using IMAC nano UPLC/MS, detected 66 sperm phosphoproteins with
altered expression (39 were up and 27 were hypophosphorylated) in asthenozoospermic
donors [29].

Moreover, a recent study of human spermatozoa using nano HPLC-MS/MS triple
TOF confirms that the sperm proteins phosphorylation level is involved in sperm motility
regulation. In fact, human sperm subpopulations with low and high motility statistically
differ in up to 119 sperm phosphoproteins [31]. The constructed networks by the STRING
database of protein—protein interactions of human spermatozoa from the phosphoproteins
identified by the studies of Chan et al. (2009), Parte et al. (2012), and Martin-Hidalgo
et al. (2020) (Table 1) and mentioned in the following paragraphs are shown in Figure 2.
Combining overlapping data in these studies focused on human sperm motility, the most
differentially expressed phosphoproteins were mainly involved in sperm metabolism. For
example, GSTM3, a protein important in glutathione metabolism and cellular detoxifica-
tion, was hypophosphorylated in asthenozoospermic donors [18,29]. Moreover, Ras-related
proteins such as RAB2A, RAB2B, or RAB4A, which are involved in vesicle trafficking and
ribosomal proteins such as RPLP2, RPL15, or DAP3, involved in the metabolism of proteins,
also showed differential protein phosphorylation [18,29,31]. In addition, those proteins,
related to the degradation processes in the protein ubiquitination pathway, such as the
ubiquitin-protein ligases, UBR4 and HUWE1; polyubiquitin-C; and the ribonucleoprotein
ubiquitin-40S ribosomal proteins S27a and RPS27A, were found to be hyperphosphory-
lated in low-mobility spermatozoa [29,31]. Other phosphoproteins involved in carbohy-
drate metabolism and energy production, such as pro-glucagon, fructose-bisphosphate
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aldolase A (ALDOA), glyceraldehyde-3-phosphate dehydrogenase-S (GAPDHS), mannose-
6-phosphate isomerase (MPI), or the subunit alpha of the pyruvate dehydrogenase E1
component (PDHA1), also showed altered phosphorylation levels between two sperm sub-
populations with very different motility degrees [18,29,31]. Specifically, MPI and PDHA1
were hypophosphorylated in spermatozoa with poor motility patterns [31], while the phos-
phorylation level of pro-glucagon, ALDOA, and GAPDHS was higher [18,29]. Interestingly,
mice sperm lacking GAPDHS show deficient phosphorylation levels of sperm protein
phosphatase 1 (PP1) accompanied by defects in sperm motility and male fertility [96].
However, changes in sperm motility do not correlate with differential PP1 phosphorylation
in these phosphoproteomic studies. Regarding lipids metabolism, phosphoproteins such
as ATP-citrate synthase (ACLY), dihydroxyacetone phosphate acyltransferase (GNPAT),
ethanolamine-phosphate cytidylyltransferase (PCYT2), choline-phosphate cytidylyltrans-
ferase B (PCYT1B), or phospholipid hydroperoxide glutathione peroxidase (GPX4) were
found to be altered according to the motility status of each spermatozoon [29,31]. While the
phosphorylation levels of ACLY, GNPAT, PCYT2, and PCYT1B were increased, GPX4 was
hypophosphorylated in low-mobility spermatozoa. These results highlight the importance
of metabolism in different motility patterns in human spermatozoa. In fact, up to 40% of
human proteins that are hyperphosphorylated in low-mobility spermatozoa are involved
in metabolism [31]. This interesting finding is consistent with the differences observed by
the proteomic approach in the expression levels of sperm proteins between healthy and
asthenozoospermic individuals [45,46].
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Figure 2. The protein—protein interactions (PPI) network of some phosphoproteins identified by
comparative phosphoproteomics studies between human spermatozoa with different levels of motil-
ity. PPI are generated by the STRING database (http:/ /string-db.org/, accessed on 14 April 2022).
Bubbles show phosphoproteins involved in sperm motility, and lines represent both functional and
physical protein associations. The colors of the lines indicate the type of interaction evidenced from
different sources: databases (blue), protein homology (grey), high-throughput experiments (pink),
co-expression experiments (black), and prior knowledge from research publications (yellow). The
absence of a line indicates that no interaction has been detected. Only those interactions with a high
confidence interaction score (score >0.7 according to STRING indications) are shown.
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Other matching human phosphoproteins that are also found at altered levels in sper-
matozoa with impaired motility include those associated with flagellum assembly and
motility [18,29,31]. The flagellum, a fundamental structure for spermatozoa motility, re-
quires a specific organization of microtubules. The protein components of the tubulin
superfamily (TUBB2C, TUBAS, or TUBGCP2, among others), together with actin and
acting-binding proteins such as ACTA1, ACTB, CFL1, or CLMN, play an important role
in the assembly of microtubules and consequently in sperm motility. These cytoskeletal
proteins showed altered phosphorylation levels in AS vs. normal donors and high vs.
low-mobility human spermatozoa [18,29,31]. In such a way, four of them were hyperphos-
phorylated (TUBB2C, ACTB, CFL1, and CLMN) in spermatozoa with poor motility [29,31].
Furthermore, lower phosphorylation levels are important to regulate flagellum functions
in proteins such as components of the fibrous sheath such as AKAP3, AKAP4, or FSIP2,
and elements of the outer dense fibers, such as ODF1 and ODEF3, located in the midpiece
and principal piece of the tail spermatozoa. All of them are related to sperm motility
showing hypophosphorylated levels in AS and low-mobility human spermatozoa [29,31].
These data agree with the significantly increased phosphorylation of AKAP3 and AKAP4
observed during hyperactivated motility (movement with high amplitude and asymmetric
thrashing of the sperm tail) associated with capacitated human spermatozoa [24,27]. These
two PKA-anchoring proteins, which mediate the PKA activity by localizing this kinase to
specific cellular structures and organelles, are postulated to coordinate sperm capacitation
events, including motility hyperactivation [97].

On the other hand, the proteins of the heat shock family HSP—HSPB1 and HSP90A—
were hyperphosphorylated in low-mobility human spermatozoa [29,31]. These HSP medi-
ate protein folding and signal transduction and prevent protein aggregation predominantly;
their role in human sperm function and male fertility is not clear yet, although a potential
correlation with sperm quality has been described [98].

Other phosphoproteomics techniques to study protein changes associated with sperm
motility were applied during sperm cryopreservation, when a marked reduction in sperm
motility after freezing and thawing occurs. Decreased motility parameters are the most
significant phenotype of cryodamage. Indeed, the cutbacks of human sperm motility
were between 25% and 75% of the total in an evaluation of freeze-thawed sperm samples
relative to that of fresh sperm samples from the same normozoospermic donors [99].
The level of tyrosine phosphorylated proteins in the freeze-thawed group [61], as well
as the number of several kinases required for sperm production and function, such as
testis-specific serine/threonine-protein kinase 6 (TSSK6) [100], was higher than those in
the fresh group. Recently, several phosphoproteomics studies have been performed to
investigate the molecular differences between fresh and cryopreserved (post-thaw) human
spermatozoa. Wang’s lab constructed a quantitative phosphoproteome to investigate
the expression change of phosphorylated sites during sperm cryopreservation [32], and
they identified glycogen synthase kinase 3A, GSK3A, as a key kinase that may play an
important role in regulating human sperm motility. The A isoform of the serine threonine
kinase GSK3 contains at least five phosphorylation sites, including phosphorylation at
Ser21, which inhibits its kinase activity and negatively correlates with human sperm
motility [31,101]. The regulatory role of GSK3A is also required for proper motility in other
mammalian spermatozoa [102-105]. Therefore, low GSK3 activity (more phosphorylated
at Ser21), together with PP1y2 activity, might be a prerequisite for the optimum function of
mammalian spermatozoa [93].

STRING analysis revealed 23 high-confidence PPI collected from direct (physical) and
indirect (functional) associations between 18 of the 36 phosphoproteins involved in sperm
motility that were mentioned in previous paragraphs. So, 50% of the phosphoproteins
identified by comparative phosphoproteomics studies between human spermatozoa with
different motility levels are associated with one another (Figure 2). Moreover, focusing
on protein functions, up to 56% are involved in sperm metabolism. These studies provide
important information about proteins or their molecular mechanisms associated with male
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infertility, related to low-mobility, overall. However, they did not provide any evidence
on the spermatozoa phosphoproteomics based on the type of infertility. A recent study
combining phosphoproteomics results with functional analysis in human spermatozoa
to analyze the role of G-protein-coupled receptors (GPCRs) in spermatozoa physiology
identified phosphorylation changes in sperm-specific proteins downstream of the kappa-
opioid receptor, which modulates human sperm motility [30].

Despite the revelations of these studies, molecular characteristics associated with the
ability to fertilize the oocyte are still poorly understood in spermatozoa. Up to now, few
candidate phosphoproteins have been associated with AS or low sperm motility. Still, there
are many uncharacterized phosphoproteins and undescribed phosphorylation residues in
spermatozoa. Therefore, functional studies in the future should elucidate their importance
in sperm physiology.

6. Phosphoproteomics and Sperm Capacitation

The other two crucial stages in male fertility are sperm capacitation and acrosomal
reaction, with protein phosphorylation also being crucially involved. Sperm capacitation
to acquire the ability to fertilize occurs during sperm transit through the female repro-
ductive tract for a specific time [106,107]. This process can be achieved in vitro, and its
physical manifestation is hyperactivated motility, a powerful and asymmetric sperm tail
movement [108]. After ejaculation, mammalian spermatozoa move actively, but they must
undergo capacitation to fertilize the ovum. This process requires a sequence of physiologi-
cal and biochemical changes, including increases in tyrosine phosphorylation, mostly in tail
proteins. The first study to identify proteins phosphorylated during human sperm capaci-
tation by a proteomic technique used two-dimensional polyacrylamide gel electrophoresis
(PAGE), anti-phosphotyrosine antibody labeling, and MS/MS [24]. In that study, during
human capacitation, the tyrosine phosphorylation sites of AKAP3 and AKAP4 proteins
were detected, which are the major structural component of sperm fibrous sheath [24].
Later, another quantitative phosphoproteomics analysis comparing uncapacitated vs. ca-
pacitated human spermatozoa supported these results about AKAPs using IMAC-TiO2
(LC)-MS/MS [27]. These mentioned functional assays to study signaling pathways during
human sperm capacitation, where phosphoproteomics analysis was combined with a pre-
diction of cellular kinase-substrate relationships, indicated that the insulin growth factor 1
receptor, IGF1R, is an enriched tyrosine phosphorylation kinase. This receptor interacts
during the capacitation process with the up-regulated phosphorylation sites for AKAP3
or AKAP4 proteins. As a result, the phosphorylation levels of AKAP3 and AKAP4, which
include six and two phosphotyrosine sites, respectively, are significantly increased during
human capacitation [24,27]. This tyrosine phosphorylation pathway mediated by IGF1R is
crucial for human sperm capacitation and hyperactivated motility [27].

7. Outlook

Definitely, phosphorylation, among the PTMs, plays a vital role in regulating sperm
processes that are essential for fertilization. Therefore, all these reviewed data together are
a strong indicator of the contributions of sperm phosphoproteins in the most important
male reproductive functions. So, the end goal of using proteomics technologies in male
reproduction is to generate relevant data to increase the knowledge and the discovery of
noninvasive predictive biomarkers of the prognosis and diagnoses of male infertility.

The precise cause(s) of male infertility remains elusive, although the correlation be-
tween immotile or poorly motile spermatozoa and infertility is scientifically strong. PTMs
by phosphorylation allow eukaryotic cells and spermatozoa to dynamically regulate their
intracellular signal integration and physiological states. Up to now, there have been some
candidate human sperm phosphoproteins associated with AS or low sperm motility, but
many uncharacterized sperm phosphoproteins and undescribed phosphorylation sites
still exist. Nonetheless, providing clarification through functional studies would provide
unprecedented insights into the regulatory tasks of phosphorylation and the molecular
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networks that govern spermatozoa function. The application of global phosphoproteomics
profiling technology in evaluating sperm quality associated with male infertility would al-
low for significant advances to be made in identifying male infertility biomarkers. Therefore,
more studies will improve the application of this procedure and overcome the limitations,
providing data that will contribute to new knowledge and abundant resources for the
screening of these molecular biomarkers in correlation with sperm quality. In addition,
phosphoproteomics has found differences in spermatozoa from a distinct breed of pigs
presenting different sperm qualities [109]. This research, which elucidates the mecha-
nisms of regulation of male reproduction in other mammals, might be extrapolated to
humans. In line with this, future studies of phosphoproteomics in a larger population
could help explain whether the different results observed in some proteomics studies can
be attributed to biological variation in various ethnic groups, as Siva et al. (2010) has
speculated. Hence, further investigations combined with other single-omics fields (such as
genomics, epigenomics, transcriptomics, and metabolomics) or with multi-omics contribu-
tions (proteogenomics, proteotranscriptomics, or reproductomics) are necessary. Findings
from new studies would broaden our understanding of the mechanisms underlying the
role of protein phosphorylation in sperm motility and male fertility. They would offer a
unique perspective for future research into male fertility, especially for repeated failures in
ART linked to unknown infertility causes.

Author Contributions: R.S. contributed to the writing and original draft preparation; R.S., L.].G.-M.
and M.].B. contributed to the review of the manuscript, editing, visualization, and supervision;
L.J.G.-M. and M.].B. contributed to project administration and to funding acquisition. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by Junta de Extremadura and European Social Funds (Grants:
IB16184, 1B20154 and GR18094). Rebeca Serrano is recipient of a research contract granted by
Consejeria de Economia, Ciencia y Agenda Digital, Junta de Extremadura, and by the European
Social Funds (IB20154).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Patents: This research/review did not generate patents.

References

1. Varner, D.D. Odyssey of the spermatozoon. Asian J. Androl. 2015, 17, 522-528. [CrossRef] [PubMed]

2. Hetherington, L.; Schneider, E.K.; Scott, C.; DeKretser, D.; Muller, C.H.; Hondermarck, H.; Velkov, T.; Baker, M.A. Deficiency
in Outer Dense Fiber 1 Is a Marker and Potential Driver of Idiopathic Male Infertility. Mol. Cell. Proteom. 2016, 15, 3685-3693.
[CrossRef]

3. World Human Organization. WHO Laboratory Manual for the Examination and Processing of Human Semen, 5th ed.; WHO Press:
Geneva, Switzerland, 2010; p. 287.

4. Esteves, S.C.; Miyaoka, R.; Agarwal, A. An update on the clinical assessment of the infertile male. Clinics 2011, 66, 691-700.
[CrossRef] [PubMed]

5. Eliasson, R. Semen analysis with regard to sperm number, sperm morphology and functional aspects. Asian J. Androl. 2010,
12,26-32. [CrossRef] [PubMed]

6.  Sanchez, V.; Wistuba, J.; Mallidis, C. Semen analysis: Update on clinical value, current needs and future perspectives. Reproduction
2013, 146, R249-R258. [CrossRef]

7. Wang, C; Swerdloff, R.S. Limitations of semen analysis as a test of male fertility and anticipated needs from newer tests. Fertil.
Steril. 2014, 102, 1502-1507. [CrossRef]

8.  Papillon-Smith, ].; Baker, S.E.; Agbo, C.; Dahan, M.H. Pregnancy rates with intrauterine insemination: Comparing 1999 and 2010
World Health Organization semen analysis norms. Reprod. Biomed. Online 2015, 30, 392-400. [CrossRef]

9.  Stern, ].E.; Luke, B.; Hornstein, M.D.; Cabral, H.; Gopal, D.; Diop, H.; Kotelchuck, M. The effect of father’s age in fertile, subfertile,
and assisted reproductive technology pregnancies: A population based cohort study. J. Assist. Reprod. Genet. 2014, 31, 1437-1444.
[CrossRef]


http://doi.org/10.4103/1008-682X.153544
http://www.ncbi.nlm.nih.gov/pubmed/25926611
http://doi.org/10.1074/mcp.M116.060343
http://doi.org/10.1590/S1807-59322011000400026
http://www.ncbi.nlm.nih.gov/pubmed/21655766
http://doi.org/10.1038/aja.2008.58
http://www.ncbi.nlm.nih.gov/pubmed/20111078
http://doi.org/10.1530/REP-13-0109
http://doi.org/10.1016/j.fertnstert.2014.10.021
http://doi.org/10.1016/j.rbmo.2014.12.007
http://doi.org/10.1007/s10815-014-0327-8

Biology 2022, 11, 659 14 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Santiago, J.; Silva, J.V.; Howl, ].; Santos, M.A.S.; Fardilha, M. All you need to know about sperm RNAs. Hum. Reprod. Update 2021,
28, 67-91. [CrossRef]

Samanta, L.; Swain, N.; Ayaz, A.; Venugopal, V.; Agarwal, A. Post-Translational Modifications in sperm Proteome: The Chemistry
of Proteome diversifications in the Pathophysiology of male factor infertility. Biochim. Biophys. Acta 2016, 1860, 1450-1465.
[CrossRef]

Cheng, YM.; Hu, X.N.; Peng, Z; Pan, T.T.; Wang, F.; Chen, H.Y.; Chen, W.Q.; Zhang, Y.; Zeng, X.H.; Luo, T. Lysine glutarylation in
human sperm is associated with progressive motility. Hum. Reprod. 2019, 34, 1186-1194. [CrossRef]

Qi, Q.; Pan, H,; Jiang, N.; Zhang, M.; Sun, S.; Wan, X.; Zhang, F.; Zhang, L.; Diao, H.; Wang, J.; et al. A novel posttranslational
modification of histone, H3 S-sulfhydration, is down-regulated in asthenozoospermic sperm. J. Assist. Reprod. Genet. 2021,
38, 3175-3193. [CrossRef]

Marchiani, S.; Tamburrino, L.; Giuliano, L.; Nosi, D.; Sarli, V.; Gandini, L.; Piomboni, P.; Belmonte, G.; Forti, G.; Baldi, E.; et al.
Sumol-ylation of human spermatozoa and its relationship with semen quality. Int. |. Androl. 2011, 34, 581-593. [CrossRef]
[PubMed]

Cheng, YM.; Peng, Z.; Chen, H.Y,; Pan, T.T.; Hu, X.N.; Wang, F; Luo, T. Posttranslational lysine 2-hydroxyisobutyrylation of
human sperm tail proteins affects motility. Hum. Reprod. 2020, 35, 494-503. [CrossRef]

Sun, G,; Jiang, M.; Zhou, T.; Guo, Y,; Cui, Y.; Guo, X.; Sha, J. Insights into the lysine acetylproteome of human sperm. J. Proteom.
2014, 109, 199-211. [CrossRef] [PubMed]

Porambo, J.R.; Salicioni, A.M.; Visconti, P.E.; Platt, M.D. Sperm phosphoproteomics: Historical perspectives and current
methodologies. Expert Rev. Proteom. 2012, 9, 533-548. [CrossRef]

Chan, C.C; Shui, H.A.; Wu, C.H.; Wang, C.Y.,; Sun, G.H.; Chen, HM.; Wu, G.J. Motility and protein phosphorylation in healthy
and asthenozoospermic sperm. J. Proteome Res. 2009, 8, 5382-5386. [CrossRef] [PubMed]

Barbonetti, A.; Vassallo, M.R.; Fortunato, D.; Francavilla, S.; Maccarrone, M.; Francavilla, F. Energetic metabolism and human
sperm motility: Impact of CB; receptor activation. Endocrinology 2010, 151, 5882-5892. [CrossRef]

Visconti, PE.; Krapf, D.; de la Vega-Beltran, J.L.; Acevedo, ].].; Darszon, A. Ion channels, phosphorylation and mammalian sperm
capacitation. Asian J. Androl. 2011, 13, 395405. [CrossRef]

Castillo, J.; Knol, J.C.; Korver, C.M,; Piersma, S.R.; Pham, T.V.; de Goeij-de Haas, R.R.; van Pelt, A M.M.; Jimenez, C.R.; Jansen,
B.J.H. Human Testis Phosphoproteome Reveals Kinases as Potential Targets in Spermatogenesis and Testicular Cancer. Mol. Cell.
Proteom. 2019, 18 (Suppl. S1), 5132-S144. [CrossRef]

Li, Y,; Cheng, Y.; Zhu, T.; Zhang, H.; Li, W.; Guo, Y.; Qi, Y.; Chen, X.; Zhang, J.; Sha, J.; et al. The Protein Phosphorylation
Landscape of Mouse Spermatids during Spermiogenesis. Proteomics 2019, 19, €1900055. [CrossRef] [PubMed]

Zhang, PF,; Huang, Y.L.; Fu, Q.; He, W.T,; Xiao, K.; Zhang, M. Integrated analysis of phosphoproteome and ubiquitylome in
epididymal sperm of buffalo (Bubalus bubalis). Mol. Reprod. Dev. 2021, 88, 15-33. [CrossRef] [PubMed]

Ficarro, S.; Chertihin, O.; Westbrook, V.A.; White, F.; Jayes, F.; Kalab, P.; Marto, J.A.; Shabanowitz, J.; Herr, ].C.; Hunt, D.F,; et al.
Phosphoproteome analysis of capacitated human sperm. Evidence of tyrosine phosphorylation of a kinase-anchoring protein 3
and valosin-containing protein/p97 during capacitation. J. Biol. Chem. 2003, 278, 11579-11589. [CrossRef]

Bailey, J.L.; Tardif, S.; Dubé, C.; Beaulieu, M.; Reyes-Moreno, C.; Lefiévre, L.; Leclerc, P. Use of phosphoproteomics to study
tyrosine kinase activity in capacitating boar sperm. Kinase activity and capacitation. Theriogenology 2005, 63, 599-614. [CrossRef]
[PubMed]

(Kota, V.; Dhople, V.M.; Shivaji, S. Tyrosine phosphoproteome of hamster spermatozoa: Role of glycerol-3-phosphate dehydroge-
nase 2 in sperm capacitation. Proteomics 2009, 9, 1809-1826. [CrossRef]

Wang, J.; Qi, L.; Huang, S.; Zhou, T.; Guo, Y.; Wang, G.; Guo, X.; Zhou, Z; Sha, ]. Quantitative phosphoproteomics analysis reveals
a key role of insulin growth factor 1 receptor (IGF1R) tyrosine kinase in human sperm capacitation. Mol. Cell. Proteom. 2015,
14,1104-1112. [CrossRef]

Syifa, N.; Yang, ].T.; Wu, C.S.; Lin, M.H.; Wu, W.L,; Lai, CW.; Ku, S.H,; Liang, S.Y.; Hung, Y.C.; Chou, C.T,; et al. Phosphopro-
teomics and Bioinformatics Analyses Reveal Key Roles of GSK-3 and AKAP4 in Mouse Sperm Capacitation. Int. J. Mol. Sci. 2020,
21,7283. [CrossRef]

Parte, PP; Rao, P.,; Redij, S.; Lobo, V.; D’Souza, S.J.; Gajbhiye, R.; Kulkarni, V. Sperm phosphoproteome profiling by ultra
performance liquid chromatography followed by data independent analysis (LC-MS(E)) reveals altered proteomic signatures in
asthenozoospermia. J. Proteom. 2012, 75, 5861-5871. [CrossRef]

Urizar-Arenaza, I.; Osinalde, N.; Akimov, V.; Puglia, M.; Candenas, L.; Pinto, FM.; Mufioa-Hoyos, I.; Gianzo, M.; Matorras, R.;
Irazusta, J.; et al. Phosphoproteomic and Functional Analyses Reveal Sperm-specific Protein Changes Downstream of Kappa
Opioid Receptor in Human Spermatozoa. Mol. Cell Proteom. 2019, 18 (Suppl. S1), S118-5131. [CrossRef]

Martin-Hidalgo, D.; Serrano, R.; Zaragoza, C.; Garcia-Marin, L.J.; Bragado, M.J. Human sperm phosphoproteome reveals
differential phosphoprotein signatures that regulate human sperm motility. J. Proteom. 2020, 215, 103654. [CrossRef]

Wang, J.; Wang, M.; Hong, R.; Tang, S.; Xu, Y.; Zhao, X.; Zhou, T.; Wang, Z.; Huang, S. Quantitative phosphoproteomics reveals
GSK3A substrate network is involved in the cryodamage of sperm motility. Biosci. Rep. 2021, 41, BSR20211326. [CrossRef]
[PubMed]

Intasqui, P,; Agarwal, A.; Sharma, R.; Samanta, L.; Bertolla, R.P. Towards the identification of reliable sperm biomarkers for male
infertility: A sperm proteomic approach. Andrologia 2018, 50, €12919. [CrossRef] [PubMed]


http://doi.org/10.1093/humupd/dmab034
http://doi.org/10.1016/j.bbagen.2016.04.001
http://doi.org/10.1093/humrep/dez068
http://doi.org/10.1007/s10815-021-02314-x
http://doi.org/10.1111/j.1365-2605.2010.01118.x
http://www.ncbi.nlm.nih.gov/pubmed/21039605
http://doi.org/10.1093/humrep/dez296
http://doi.org/10.1016/j.jprot.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25038526
http://doi.org/10.1586/epr.12.41
http://doi.org/10.1021/pr9003932
http://www.ncbi.nlm.nih.gov/pubmed/19678645
http://doi.org/10.1210/en.2010-0484
http://doi.org/10.1038/aja.2010.69
http://doi.org/10.1074/mcp.RA118.001278
http://doi.org/10.1002/pmic.201900055
http://www.ncbi.nlm.nih.gov/pubmed/30901149
http://doi.org/10.1002/mrd.23432
http://www.ncbi.nlm.nih.gov/pubmed/33140506
http://doi.org/10.1074/jbc.M202325200
http://doi.org/10.1016/j.theriogenology.2004.09.034
http://www.ncbi.nlm.nih.gov/pubmed/15626419
http://doi.org/10.1002/pmic.200800519
http://doi.org/10.1074/mcp.M114.045468
http://doi.org/10.3390/ijms21197283
http://doi.org/10.1016/j.jprot.2012.07.003
http://doi.org/10.1074/mcp.RA118.001133
http://doi.org/10.1016/j.jprot.2020.103654
http://doi.org/10.1042/BSR20211326
http://www.ncbi.nlm.nih.gov/pubmed/34596222
http://doi.org/10.1111/and.12919
http://www.ncbi.nlm.nih.gov/pubmed/29205438

Biology 2022, 11, 659 15 of 17

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

Nowicka-Bauer, K.; Malcher, A.; Wioczkowska, O.; Kamieniczna, M.; Olszewska, M.; Kurpisz, M.K. Evaluation of seminal plasma
HSPA?2 protein as a biomarker of human spermatogenesis status. Reprod. Biol. 2022, 22, 100597. [CrossRef] [PubMed]
Netherton, J.; Ogle, R.A.; Hetherington, L.; Silva Balbin Villaverde, A.L; Hondermarck, H.; Baker, M.A. Proteomic Analysis
Reveals that Topoisomerase 2A is Associated with Defective Sperm Head Morphology. Mol. Cell. Proteom. 2020, 19, 444-455.
[CrossRef]

Pixton, K.L.; Deeks, E.D.; Flesch, EM.; Moseley, F.L.; Bjorndahl, L.; Ashton, PR.; Barratt, C.L.; Brewis, . A. Sperm proteome
mapping of a patient who experienced failed fertilization at IVF reveals altered expression of at least 20 proteins compared with
fertile donors: Case report. Hum. Reprod. 2004, 19, 1438-1447. [CrossRef]

Zhao, C.; Huo, R.; Wang, FQ.; Lin, M.; Zhou, Z.M; Sha, ].H. Identification of several proteins involved in regulation of sperm
motility by proteomic analysis. Fertil. Steril. 2007, 87, 436—438. [CrossRef]

Martinez-Heredia, J.; de Mateo, S.; Vidal-Taboada, ].M.; Ballesca, J.L.; Oliva, R. Identification of proteomic differences in
asthenozoospermic sperm samples. Hum. Reprod. 2008, 23, 783-791. [CrossRef]

Siva, A.B.; Kameshwari, D.B.; Singh, V,; Pavani, K.; Sundaram, C.S.; Rangaraj, N.; Deenadayal, M.; Shivaji, S. Proteomics-based
study on asthenozoospermia: Differential expression of proteasome alpha complex. Mol. Hum. Reprod. 2010, 16, 452—-462.
[CrossRef]

Thacker, S.; Yadav, S.P,; Sharma, R K,; Kashou, A.; Willard, B.; Zhang, D.; Agarwal, A. Evaluation of sperm proteins in infertile
men: A proteomic approach. Fertil. Steril. 2011, 95, 2745-2748. [CrossRef]

Shen, S.; Wang, J.; Liang, ]J.; He, D. Comparative proteomic study between human normal motility sperm and idiopathic
asthenozoospermia. World |. Urol. 2013, 31, 1395-1401. [CrossRef]

Amaral, A.; Paiva, C.; Attardo Parrinello, C.; Estanyol, ].M.; Ballesca, J.L.; Ramalho- Santos, J.; Oliva, R. Identification of proteins
involved in human sperm motility using highthroughput differential proteomics. J. Proteome Res. 2014, 13, 5670-5684. [CrossRef]
[PubMed]

Hashemitabar, M.; Sabbagh, S.; Orazizadeh, M.; Ghadiri, A.; Bahmanzadeh, M. A proteomic analysis on human sperm tail:
Comparison between normozoospermia and asthenozoospermia. J. Assist. Reprod. Genet. 2015, 32, 853-863. [CrossRef] [PubMed]
Saraswat, M.; Joenvaird, S.; Jain, T.; Tomar, A.K.; Sinha, A ; Singh, S.; Yadav, S.; Renkonen, R. Human Spermatozoa Quantitative
Proteomic Signature Classifies Normo- and Asthenozoospermia. Mol. Cell. Proteom. 2017, 16, 57-72. [CrossRef] [PubMed]
Moscatelli, N.; Lunetti, P; Braccia, C.; Armirotti, A.; Pisanello, F.; De Vittorio, M.; Zara, V.; Ferramosca, A. Comparative Proteomic
Analysis of Proteins Involved in Bioenergetics Pathways Associated with Human Sperm Motility. Int. J. Mol. Sci. 2019, 20, 3000.
[CrossRef]

Guo, Y; Jiang, W.; Yu, W.; Niu, X,; Liu, E; Zhou, T.; Zhang, H.; Li, Y,; Zhu, H.; Zhou, Z.; et al. Proteomics analysis of
asthenozoospermia and identification of glucose-6-phosphate isomerase as an important enzyme for sperm motility. J. Proteom.
2019, 208, 103478. [CrossRef]

Aitken, R.].; Sutton, M.; Warner, P.; Richardson, D.W. Relationship between the movement characteristics of human spermatozoa
and their ability to penetrate cervical mucus and zona-free hamster oocytes. J. Reprod. Fertil. 1985, 73, 441-449. [CrossRef]

Curi, S.M.; Ariagno, J.I.; Chenlo, PH.; Mendeluk, G.R.; Pugliese, M.N.; Sardi Segovia, L.M.; Repetto, H.E.; Blanco, A.M.
Asthenozoospermia: Analysis of a large population. Arch. Androl. 2003, 49, 343-349. [CrossRef]

Liu, X,; Teng, Z.; Wang, Z.; Zhu, P,; Song, Z.; Liu, F. Expressions of HSPA1L and HSPA9 are associated with poor sperm quality of
low-motility spermatozoa in fertile men. Andrologia 2022, 54, e14321. [CrossRef]

Meccariello, R.; Chianese, R.; Ciaramella, V.; Fasano, S.; Pierantoni, R. Molecular chaperones, cochaperones, and ubiquitina-
tion/deubiquitination system: Involvement in the production of high quality spermatozoa. Biomed. Res. Int. 2014, 2014, 561426.
[CrossRef]

Dun, M.D.; Aitken, R.J.; Nixon, B. The role of molecular chaperones in spermatogenesis and the post-testicular maturation of
mammalian spermatozoa. Hum. Reprod. Update 2012, 18, 420-435. [CrossRef]

Liu, X.X.; Shen, X.E,; Liu, EJ. Screening targeted testis-specific genes for molecular assessment of aberrant sperm quality. Mol.
Med. Rep. 2016, 14, 1594-1600. [CrossRef] [PubMed]

Nixon, B.; Bromfield, E.G.; Cui, J.; De Iuliis, G.N. Heat Shock Protein A2 (HSPA2): Regulatory Roles in Germ Cell Development
and Sperm Function. Adv. Anat. Embryol. Cell Biol. 2017, 222, 67-93. [CrossRef] [PubMed]

Radons, J. The human HSP70 family of chaperones: Where do we stand? Cell Stress Chaperones 2016, 21, 379—404. [CrossRef]
Bracke, A.; Peeters, K.; Punjabi, U.; Hoogewijs, D.; Dewilde, S. A search for molecular mechanisms underlying male idiopathic
infertility. Reprod. Biomed. Online 2018, 36, 327-339. [CrossRef]

Légaré, C.; Droit, A.; Fournier, F,; Bourassa, S.; Force, A.; Cloutier, F.,; Tremblay, R.; Sullivan, R. Investigation of male infertility
using quantitative comparative proteomics. J. Proteome Res. 2014, 13, 5403-5414. [CrossRef]

Ostrowski, L.E.; Andrews, K.; Potdar, P.; Matsuura, H.; Jetten, A.; Nettesheim, P. Cloning and characterization of KPL2, a novel
gene induced during ciliogenesis of tracheal epithelial cells. Am. J. Respir. Cell Mol. Biol. 1999, 20, 675-683. [CrossRef] [PubMed]
Tu, C.; Nie, H.; Meng, L.; Wang, W.; Li, H.; Yuan, S.; Cheng, D.; He, W.; Liu, G.; Du, J.; et al. Novel mutations in SPEF2 causing
different defects between flagella and cilia bridge: The phenotypic link between MMAF and PCD. Hum. Genet. 2020, 139, 257-271.
[CrossRef]

Li, D.Y; Yang, X.X.; Tu, C.E; Wang, W.L.; Meng, L.L.; Lu, G.X; Tan, Y.Q.; Zhang, Q.J.; Du, J. Sperm flagellar 2 (SPEF2) is essential
for sperm flagellar assembly in humans. Asian J. Androl. 2021, 23, 1-8. [CrossRef]


http://doi.org/10.1016/j.repbio.2021.100597
http://www.ncbi.nlm.nih.gov/pubmed/34959194
http://doi.org/10.1074/mcp.RA119.001626
http://doi.org/10.1093/humrep/deh224
http://doi.org/10.1016/j.fertnstert.2006.06.057
http://doi.org/10.1093/humrep/den024
http://doi.org/10.1093/molehr/gaq009
http://doi.org/10.1016/j.fertnstert.2011.03.112
http://doi.org/10.1007/s00345-013-1023-5
http://doi.org/10.1021/pr500652y
http://www.ncbi.nlm.nih.gov/pubmed/25250979
http://doi.org/10.1007/s10815-015-0465-7
http://www.ncbi.nlm.nih.gov/pubmed/25825237
http://doi.org/10.1074/mcp.M116.061028
http://www.ncbi.nlm.nih.gov/pubmed/27895139
http://doi.org/10.3390/ijms20123000
http://doi.org/10.1016/j.jprot.2019.103478
http://doi.org/10.1530/jrf.0.0730441
http://doi.org/10.1080/01485010390219656
http://doi.org/10.1111/and.14321
http://doi.org/10.1155/2014/561426
http://doi.org/10.1093/humupd/dms009
http://doi.org/10.3892/mmr.2016.5434
http://www.ncbi.nlm.nih.gov/pubmed/27356588
http://doi.org/10.1007/978-3-319-51409-3_4
http://www.ncbi.nlm.nih.gov/pubmed/28389751
http://doi.org/10.1007/s12192-016-0676-6
http://doi.org/10.1016/j.rbmo.2017.12.005
http://doi.org/10.1021/pr501031x
http://doi.org/10.1165/ajrcmb.20.4.3496
http://www.ncbi.nlm.nih.gov/pubmed/10100999
http://doi.org/10.1007/s00439-020-02110-0
http://doi.org/10.4103/aja202154

Biology 2022, 11, 659 16 of 17

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.
87.

Lehti, M.S.; Sironen, A. Formation and function of sperm tail structures in association with sperm motility defects. Biol. Reprod.
2017, 97, 522-536. [CrossRef]

Wang, S.; Wang, W.; Xu, Y.; Tang, M.; Fang, J.; Sun, H.; Sun, Y.; Gu, M,; Liu, Z.; Zhang, Z.; et al. Proteomic characteristics of human
sperm cryopreservation. Proteomics 2014, 14, 298-310. [CrossRef]

Fu, L.; An, Q.; Zhang, K,; Liu, Y;; Tong, Y.; Xu, J.; Zhou, E; Wang, X.; Guo, Y.; Lu, W,; et al. Quantitative proteomic characterization
of human sperm cryopreservation: Using data independent acquisition mass spectrometry. BMC Urol. 2019, 19, 133. [CrossRef]
[PubMed]

Wang, Y.C.; Peterson, S.E.; Loring, J.F. Protein post-translational modifications and regulation of pluripotency in human stem
cells. Cell Res. 2014, 24, 143-160. [CrossRef] [PubMed]

Khoury, G.A.; Baliban, R.C.; Floudas, C.A. Proteome-wide post-translational modification statistics: Frequency analysis and
curation of the swiss-prot database. Sci. Rep. 2011, 1, 90. [CrossRef] [PubMed]

Cohen, P. The role of protein phosphorylation in human health and disease. The Sir Hans Krebs Medal Lecture. Eur. J. Biochem.
2001, 268, 5001-5010. [CrossRef]

Olsen, J.V.; Blagoev, B.; Gnad, F.; Macek, B.; Kumar, C.; Mortensen, P.; Mann, M. Global, in vivo, and site-specific phosphorylation
dynamics in signaling networks. Cell 2006, 127, 635-648. [CrossRef]

Adam, K.; Hunter, T. Histidine kinases and the missing phosphoproteome from prokaryotes to eukaryotes. Lab. Investig. 2018,
98, 233-247. [CrossRef]

Beltrao, P,; Bork, P.; Krogan, N.J.; van Noort, V. Evolution and functional cross-talk of protein post-translational modifications.
Mol. Syst. Biol. 2013, 9, 714. [CrossRef]

Brohi, R.D.; Huo, L.J. Posttranslational Modifications in Spermatozoa and Effects on Male Fertility and Sperm Viability. OMICS
2017, 21, 245-256. [CrossRef]

Low, T.Y.; Mohtar, M.A ; Lee, P.Y.; Omar, N.; Zhou, H.; Ye, M. Widening the Bottleneck of phosphoproteomics: Evolving strategies
for Phosphopeptide enrichment. Mass Spectrom. Rev. 2021, 40, 309-333. [CrossRef]

Amaral, A.; Castillo, J.; Ramalho-Santos, J.; Oliva, R. The combined human sperm proteome: Cellular pathways and implications
for basic and clinical science. Hum. Reprod. Update 2014, 20, 40-62. [CrossRef]

Larsen, M.R.; Thingholm, T.E.; Jensen, O.N.; Roepstorff, P.; Jorgensen, T.]. Highly selective enrichment of phosphorylated peptides
from peptide mixtures using titanium dioxide microcolumns. Mol. Cell. Proteom. 2005, 4, 873-886. [CrossRef]

Mitulovic, G.; Mechtler, K. HPLC techniques for proteomics analysis—A short overview of latest developments. Brief. Funct.
Genom. Proteomic 2006, 5, 249-260. [CrossRef]

Thingholm, T.E.; Larsen, M.R. The Use of Titanium Dioxide for Selective Enrichment of Phosphorylated Peptides. Methods Mol.
Biol. 2016, 1355, 135-146. [CrossRef]

Agarwal, A.; Panner Selvam, M.K,; Baskaran, S. Proteomic Analyses of Human Sperm Cells: Understanding the Role of Proteins
and Molecular Pathways Affecting Male Reproductive Health. Int. J. Mol. Sci. 2020, 21, 1621. [CrossRef] [PubMed]

Needham, E.J.; Parker, B.L.; Burykin, T.; James, D.E.; Humphrey, S.J. lluminating the dark phosphoproteome. Sci. Signal. 2019,
12, 565. [CrossRef] [PubMed]

Anand, S.; Samuel, M.; Ang, C.S.; Keerthikumar, S.; Mathivanan, S. Label-Based and Label-Free Strategies for Protein Quantitation.
Methods Mol. Biol. 2017, 1549, 31-43. [CrossRef]

Megger, D.A.; Pott, L.L.; Ahrens, M.; Padden, J.; Bracht, T.; Kuhlmann, K.; Eisenacher, M.; Meyer, H.E.; Sitek, B. Comparison
of label-free and label-based strategies for proteome analysis of hepatoma cell lines. Biochim. Biophys. Acta 2014, 1844, 967-976.
[CrossRef] [PubMed]

Agarwal, A.; Samanta, L.; Bertolla, R.P.; Durairajanayagam, D.; Intasqui, P. Proteomics in Human Reproduction: Biomarkers for
Millennials; Springer: Berlin/Heidelberg, Germany, 2016.

Macek, B.; Mann, M.; Olsen, ].V. Global and site-specific quantitative phosphoproteomics: Principles and applications. Annu Rev.
Pharmacol. Toxicol. 2009, 49, 199-221. [CrossRef]

Aitken, R.J.; Baker, M.A. The role of proteomics in understanding sperm cell biology. Int. J. Androl. 2008, 31, 295-302. [CrossRef]
Jordan, PW.; Karppinen, ].; Handel, M. A. Polo-like kinase is required for synaptonemal complex disassembly and phosphorylation
in mouse spermatocytes. . Cell Sci. 2012, 125, 5061-5072. [CrossRef]

Qi, L,; Liu, Z.; Wang, J.; Cui, Y.; Guo, Y.; Zhou, T.; Zhou, Z.; Guo, X.; Xue, Y.; Sha, ]. Systematic analysis of the phosphoproteome
and kinase-substrate networks in the mouse testis. Mol. Cell. Proteom. 2014, 13, 3626-3638. [CrossRef] [PubMed]

Wei, Y.; Gao, Q.; Niu, P; Xu, K,; Qiu, Y,; Hu, Y,; Liu, S.; Zhang, X.; Yu, M,; Liu, Z.; et al. Integrative Proteomic and Phosphopro-
teomic Profiling of Testis from Wip1 Phosphatase- Knockout Mice: Insights into Mechanisms of Reduced Fertility. Mol. Cell.
Proteom. 2019, 18, 216-230. [CrossRef] [PubMed]

Filipponi, D.; Muller, ].; Emelyanov, A.; Bulavin, D.V. Wip1 controls global heterochromatin silencing via ATM/BRCA1-dependent
DNA methylation. Cancer Cell 2013, 24, 528-541. [CrossRef] [PubMed]

Heller, C.G.; Clermont, Y. Spermatogenesis in man: An estimate of its duration. Science 1963, 140, 184-186. [CrossRef] [PubMed]
Sutovsky, P.; Moreno, R.; Ramalho-Santos, J.; Dominko, T.; Thompson, W.E.; Schatten, G. A putative, ubiquitin-dependent
mechanism for the recognition and elimination of defective spermatozoa in the mammalian epididymis. J. Cell Sci. 2001,
114, 1665-1675. [CrossRef]


http://doi.org/10.1093/biolre/iox096
http://doi.org/10.1002/pmic.201300225
http://doi.org/10.1186/s12894-019-0565-2
http://www.ncbi.nlm.nih.gov/pubmed/31842847
http://doi.org/10.1038/cr.2013.151
http://www.ncbi.nlm.nih.gov/pubmed/24217768
http://doi.org/10.1038/srep00090
http://www.ncbi.nlm.nih.gov/pubmed/22034591
http://doi.org/10.1046/j.0014-2956.2001.02473.x
http://doi.org/10.1016/j.cell.2006.09.026
http://doi.org/10.1038/labinvest.2017.118
http://doi.org/10.1002/msb.201304521
http://doi.org/10.1089/omi.2016.0173
http://doi.org/10.1002/mas.21636
http://doi.org/10.1093/humupd/dmt046
http://doi.org/10.1074/mcp.T500007-MCP200
http://doi.org/10.1093/bfgp/ell034
http://doi.org/10.1007/978-1-4939-3049-4_9
http://doi.org/10.3390/ijms21051621
http://www.ncbi.nlm.nih.gov/pubmed/32120839
http://doi.org/10.1126/scisignal.aau8645
http://www.ncbi.nlm.nih.gov/pubmed/30670635
http://doi.org/10.1007/978-1-4939-6740-7_4
http://doi.org/10.1016/j.bbapap.2013.07.017
http://www.ncbi.nlm.nih.gov/pubmed/23954498
http://doi.org/10.1146/annurev.pharmtox.011008.145606
http://doi.org/10.1111/j.1365-2605.2007.00851.x
http://doi.org/10.1242/jcs.105015
http://doi.org/10.1074/mcp.M114.039073
http://www.ncbi.nlm.nih.gov/pubmed/25293948
http://doi.org/10.1074/mcp.RA117.000479
http://www.ncbi.nlm.nih.gov/pubmed/30361445
http://doi.org/10.1016/j.ccr.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/24135283
http://doi.org/10.1126/science.140.3563.184
http://www.ncbi.nlm.nih.gov/pubmed/13953583
http://doi.org/10.1242/jcs.114.9.1665

Biology 2022, 11, 659 17 of 17

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.
106.
107.
108.

109.

Wang, Y.; Wan, J.; Ling, X.; Liu, M.; Zhou, T. The human sperm proteome 2.0: An integrated resource for studying sperm functions
at the level of posttranslational modification. Proteomics 2016, 16, 2597-2601. [CrossRef]

Eskandari-Shahraki, M.; Tavalaee, M.; Deemeh, M.R.; Jelodar, G.A.; Nasr-Esfahani, M.H. Proper ubiquitination effect on the
fertilisation outcome post-ICSI. Andrologia 2013, 45, 204-210. [CrossRef]

Tash, ].S.; Means, A.R. Regulation of protein phosphorylation and motility of sperm by cyclic adenosine monophosphate and
calcium. Biol. Reprod. 1982, 26, 745-763. [CrossRef]

Luconi, M.; Baldi, E. How do sperm swim? Molecular mechanisms underlying sperm motility. Cell Mol. Biol. 2003, 49, 357-369.
Huang, Z.; Khatra, B.; Bollen, M.; Carr, D.W,; Vijayaraghavan, S. Sperm PP1gamma?2 is regulated by a homologue of the yeast
protein phosphatase binding protein sds22. Biol. Reprod. 2002, 67, 1936-1942. [CrossRef]

Chakrabarti, R.; Cheng, L.; Puri, P; Soler, D.; Vijayaraghavan, S. Protein phosphatase PP1 gamma 2 in sperm morphogenesis and
epididymal initiation of sperm motility. Asian J. Androl. 2007, 9, 445-452. [CrossRef] [PubMed]

Visconti, P.E.; Bailey, ].L.; Moore, G.D.; Pan, D.; Olds-Clarke, P.; Kopf, G.S. Capacitation of mouse spermatozoa. I. Correlation
between the capacitation state and protein tyrosine phosphorylation. Development 1995, 121, 1129-1137. [CrossRef] [PubMed]
Yunes, R.; Doncel, G.E,; Acosta, A.A. Incidence of sperm-tail tyrosine phosphorylation and hyperactivated motility in normo-
zoospermic and asthenozoospermic human sperm samples. Biocell 2003, 27, 29-36. [CrossRef] [PubMed]

Huang, Z.; Danshina, P.V.; Mohr, K.; Qu, W.; Goodson, S.G.; O’Connell, T.M.; O’Brien, D.A. Sperm function, protein phospho-
rylation, and metabolism differ in mice lacking successive sperm-specific glycolytic enzymes. Biol. Reprod. 2017, 97, 586-597.
[CrossRef]

Morgan, D.J.; Weisenhaus, M.; Shum, S.; Su, T.; Zheng, R.; Zhang, C.; Shokat, K.M.; Hille, B.; Babcock, D.EF; McKnight, G.S.
Tissue-specific PKA inhibition using a chemical genetic approach and its application to studies on sperm capacitation. Proc. Natl.
Acad. Sci. USA 2008, 105, 20740-20745. [CrossRef]

Liu, X.; Wang, X,; Liu, FE. Decreased expression of heat shock protein A4L in spermatozoa is positively related to poor human
sperm quality. Mol. Reprod. Dev. 2019, 86, 379-386. [CrossRef]

Nijs, M.; Ombelet, W. Cryopreservation of human sperm. Hum. Fertil. 2001, 4, 158-163. [CrossRef]

Bogle, O.A.; Kumar, K.; Attardo-Parrinello, C.; Lewis, S.E.; Estanyol, ].M.; Ballesca, J.L.; Oliva, R. Identification of protein changes
in human spermatozoa throughout the cryopreservation process. Andrology 2017, 5, 10-22. [CrossRef]

Freitas, M.].; Silva, J.V.; Brothag, C.; Regadas-Correia, B.; Fardilha, M.; Vijayaraghavan, S. Isoform-specific GSK3A activity is
negatively correlated with human sperm motility. Mol. Hum. Reprod. 2019, 25, 171-183. [CrossRef]

Vijayaraghavan, S.; Mohan, J.; Gray, H.; Khatra, B.; Carr, D.W. A role for phosphorylation of glycogen synthase kinase-3alpha in
bovine sperm motility regulation. Biol Reprod. 2000, 62, 1647-1654. [CrossRef]

Aparicio, LM.; Bragado, M.].; Gil, M.C.; Garcia-Herreros, M.; Gonzalez-Fernandez, L.; Tapia, J.A.; Garcia-Marin, L.]. Porcine
sperm motility is regulated by serine phosphorylation of the glycogen synthase kinase-3alpha. Reproduction 2007, 134, 435-444.
[CrossRef] [PubMed]

Bhattacharjee, R.; Goswami, S.; Dudiki, T.; Popkie, A.P; Phiel, C.].; Kline, D.; Vijayaraghavan, S. Targeted disruption of glycogen
synthase kinase 3A (GSK3A) in mice affects sperm motility resulting in male infertility. Biol. Reprod. 2015, 92, 65. [CrossRef]
Zhu, Z; Li, R.; Wang, L.; Zheng, Y.; Hoque, S.A.M.; Lv, Y,; Zeng, W. Glycogen Synthase Kinase-3 Regulates Sperm Motility and
Acrosome Reaction via Affecting Energy Metabolism in Goats. Front. Physiol. 2019, 10, 968. [CrossRef] [PubMed]

Chang, M.C. Fertilizing capacity of spermatozoa deposited into the fallopian tubes. Nature 1951, 168, 697—-698. [CrossRef]
Austin, C.R. The capacitation of the mammalian sperm. Nature 1952, 170, 326. [CrossRef] [PubMed]

Yanagimachi, R. Fertility of mammalian spermatozoa: Its development and relativity. Zygote 1994, 2, 371-372. [CrossRef]
[PubMed]

Xu, Y;; Han, Q.; Ma, C.; Wang, Y.,; Zhang, P; Li, C.; Cheng, X.; Xu, H. Comparative Proteomics and Phosphoproteomics Analysis
Reveal the Possible Breed Difference in Yorkshire and Duroc Boar Spermatozoa. Front. Cell Dev. Biol. 2021, 9, 652809. [CrossRef]


http://doi.org/10.1002/pmic.201600233
http://doi.org/10.1111/j.1439-0272.2012.01330.x
http://doi.org/10.1095/biolreprod26.4.745
http://doi.org/10.1095/biolreprod.102.004093
http://doi.org/10.1111/j.1745-7262.2007.00307.x
http://www.ncbi.nlm.nih.gov/pubmed/17589781
http://doi.org/10.1242/dev.121.4.1129
http://www.ncbi.nlm.nih.gov/pubmed/7743926
http://doi.org/10.32604/biocell.2003.27.029
http://www.ncbi.nlm.nih.gov/pubmed/12847912
http://doi.org/10.1093/biolre/iox103
http://doi.org/10.1073/pnas.0810971105
http://doi.org/10.1002/mrd.23113
http://doi.org/10.1080/1464727012000199232
http://doi.org/10.1111/andr.12279
http://doi.org/10.1093/molehr/gaz009
http://doi.org/10.1095/biolreprod62.6.1647
http://doi.org/10.1530/REP-06-0388
http://www.ncbi.nlm.nih.gov/pubmed/17709562
http://doi.org/10.1095/biolreprod.114.124495
http://doi.org/10.3389/fphys.2019.00968
http://www.ncbi.nlm.nih.gov/pubmed/31417426
http://doi.org/10.1038/168697b0
http://doi.org/10.1038/170326a0
http://www.ncbi.nlm.nih.gov/pubmed/12993150
http://doi.org/10.1017/S0967199400002240
http://www.ncbi.nlm.nih.gov/pubmed/8665172
http://doi.org/10.3389/fcell.2021.652809

	Introduction 
	Proteomics and Sperm Physiology 
	Phosphoproteomics Technique in Male Fertility 
	Phosphorylation as Post-Translational Modification of Sperm Proteins 
	Phosphoproteomics Technique 

	Phosphoproteomics and Spermatogenesis 
	Phosphoproteomics and Sperm Motility 
	Phosphoproteomics and Sperm Capacitation 
	Outlook 
	References

