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Abstract: Infertility is a major health problem worldwide without an effective therapy or cure.
It is estimated to affect 8–12% of couples in the reproductive age group, equally affecting both
genders. There is no single cause of infertility, and its knowledge is still far from complete, with
about 30% of infertile couples having no cause identified (named idiopathic infertility). Among male
causes of infertility, asthenozoospermia (i.e., reduced sperm motility) is one of the most observed,
being estimated that more than 20% of infertile men have this condition. In recent years, many
researchers have focused on possible factors leading to asthenozoospermia, revealing the existence
of many cellular and molecular players. So far, more than 4000 genes are thought to be involved
in sperm production and as regulators of different aspects of sperm development, maturation, and
function, and all can potentially cause male infertility if mutated. In this review, we aim to give a
brief overview of the typical sperm flagellum morphology and compile some of the most relevant
information regarding the genetic factors involved in male infertility, with a focus on sperm immotility
and on genes related to sperm flagellum development, structure, or function.
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1. Introduction

Infertility is defined as the inability to conceive after at least 12 months of regular,
unprotected sexual intercourse [1]. Infertility is a major health problem worldwide, with
the global disease burden of infertility increasing since 1990. It is estimated to affect 8–12%
of couples in the reproductive age group, equally affecting both genders [2]. The causes of
infertility are wide-ranging and still not completely understood, with about 30% of infertile
couples having no cause identified (named idiopathic infertility). Infertility is influenced
by multiple biological factors, making it highly complex and heterogeneous. Therefore, is
controversial whether infertility is a disease, a condition, or a symptom.

Male infertility can be manifested by various semen phenotypes which include
azoospermia (complete absence of spermatozoa in the ejaculate), oligozoospermia (reduced
number of spermatozoa), necrozoospermia (the presence of dead sperm), and qualitative
defects associated with sperm cells, including reduced sperm motility (asthenozoospermia),
abnormal sperm morphology (teratozoospermia), or the combination of qualitative and
quantitative defects (oligoasthenoteratozoospermia). These anomalies could be caused
by several factors, such as other health complications (e.g., varicocele, cystic fibrosis, and
obesity), infections, lifestyle choices, environmental factors, and genetic factors [3].

Among the semen phenotypes, asthenozoospermia is one of the most observed; it
is estimated that more than 20% of infertile men have this condition [4]. A recent report
from China analyzed 38,905 infertile male patients and showed that asthenozoospermia
was present in 50.5% of these males [5]. Effective motility is necessary for spermatozoa
to transit through the female reproductive tract. Normozoospermic (i.e., normal semen
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phenotype) individuals display two types of physiological motility: activated motility
recovered in the ejaculated semen and hyperactivated motility observed at the site and time
of fertilization [6–8]. Hyperactivated motility is also relevant and necessary for capacitation
and the acrosome reaction, the preliminary stage of fertilization [8]. A decrease in sperm
motility considerably reduces the ability of spermatozoa to reach the site of fertilization
and to penetrate the oocyte, consequently decreasing male fertility.

In recent years, many researchers have focused on possible factors leading to male
infertility, particularly leading to asthenozoospermia, revealing the existence of many
cellular and molecular players, with more than 4000 genes thought to be involved in
sperm production and as regulators of different aspects of sperm development, maturation,
and function [9–19] (Figure 1). All those genes can potentially cause male infertility if
mutated. Disfunction in some of those genes has already been identified in infertile men
patients (Table 1). In addition to the genes that are known to play a role in the pathophys-
iology of male infertility, noncoding RNAs have been increasingly associated with male
infertility. Noncoding RNAs are RNA molecules that are not translated into proteins but
have multiple functions in mammalian spermatogenesis, including the development of
the testes, differentiation of spermatogonial stem cells, and regulation of spermatocyte
meiosis [20–27].

Table 1. Genes in which mutations or gene expression changes were identified with the respective
infertility phenotype associated.

Infertility Phenotype Genes

Asthenospermia AKAP3, AKAP4, AXDND1, CATSPER1, CATSPER2, CATSPER3, CATSPER4, CCDC103, CCDC40,
CFAP43, CFAP44, CFAP70, COPS7A, CRHR1, CUL3, DEFB126, DNAAF1, DNAAF6, DNAH6, DNAH11,
DNAH17, DNAH5, DNAH8, DNAH9, DNAI1, DNAJB13, DNHD1, DRC1, HIP1, HTX11, INSL6 IQCG,

IQUB, KLHL7, KRT34, LRRC6, MT-C03, NEDD4, NSUN7, QRICH2, RSPH3, RSPH6A, SEPTIN4,
SLC26A8, SPAG17, SPATA33, TEKT2, ZMYND10

Multiple morphological
anomalies of the flagella

(MMAF)

BRWD1, CCDC34, CCDC39, CEP135, CFAP251, CFAP58, CFAP61, CFAP69, CFAP74, DNAH1,
DNAH10, DNAH17, DNAH2, DNAH5, DNAH6, DNAH7, DNAH8, DZIP1, DZP1, FSIP2, MAATS1,

ODF2, QRICH2, SPAG6, SPATA16, SPEF2, TTC21A, TTC29, WDR19, WDR66

Nonobstructive
azoospermia

AR, ABLIM1, AHRR, ART3, ATM, AZFa, AZFb, AZFc, BCL2, BPDY2, BPY2, CCDC34, CDC42BPA,
CDY2A, DAZ1, DBX3Y, DMC1, DMRT1, DNMT3B, EPSTI1, ETV5, FANCM, GNAO1, HLA-DRA,

HSF2, HSFY1, KLHL10, M1AP, MCM8, MEIOB, MLH3, MSMB, MTHFR, NANOS1, NPAS2, NR5A1,
PACRG, PIWIL2, PNLDC1, PYGO2, RBMX, RBYMIAI, REC8, SIRPG, SOHLH1, SOX5, SPINK2, SRSF6,
STAG3, STX2, SYCE1, SYCE1L, SYCP3, TAF4B, TDRD9, TEX11, TEX14, TEX15, USP9Y, WT1, XRCC2,

ZMYND15

Obstructive azoospermia ADGRG2, CFTR

Oligozoospermia AXDND1, DAZ1, DAZ2, DICER1, DNMT1, EPHX2, GSTM1, GSTT1, KIT, KITLG, NR0B1, NR5A1,
OR2W3, PARP1, PIWIL3, PIWIL4, PLK4, PON1, PON2, PRM1, PSAT1, SIRPA, SOX6, USP8, ZMYND15

Teratozoospermia AURKC, BSCL2, CCIN, CCDC90B, CCDC91, DPY19L2, SPATA20, SPA17, CYP1A1, FBXO43, PPP2R3C,
SEPTIN12, ZPBP, DPY19L2, PICK1, SPATA16, SEPTIN4

The following databases on phenotype–genotype associations were used as sources of information to elaborate this
table: (1) OMIM (https://www.omim.org/); (2) ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/); (3) Human
Gene Mutation Database (HGMD, https://www.hgmd.cf.ac.uk/ac/index.php); (4) Human Phenotype Ontology
(https://hpo.jax.org/app/about). All databases were accessed on 4 January 2023.

In this review, we briefly go through the sperm flagellum’s typical morphology and
compile some of the most relevant information regarding the genetic factors involved in
male infertility with a focus on sperm immotility and on genes related to sperm flagellum
development, structure, or function.

https://www.omim.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.hgmd.cf.ac.uk/ac/index.php
https://hpo.jax.org/app/about


Genes 2023, 14, 383 3 of 25Genes 2023, 14, x FOR PEER REVIEW 3 of 27 
 

 

 

Figure 1. Schematic view of a human sperm cell and main proteins associated with the main struc-

tures from sperm flagellum. The sperm cell is morphologically divided into two parts: the head and 

the flagellum. The head is composed of the plasma membrane (PM; which surrounds all sperm 

cells), acrosomal vesicle (AV), nucleus (N), and postacrosomal region (PAR; which connects the 

head to the flagellum). The sperm flagellum is further divided into four major regions, the connect-

ing piece, the midpiece, the principal piece, and the endpiece. The connecting piece is composed 

mainly of the segmented columns (SCs), the proximal centriole (PC) and distal centriole, and the 

basal plate. For simplicity, the basal plate and distal centriole are not represented. The midpiece 

includes the axoneme (Ax; which extends for all flagellum), which is surrounded by the outer dense 

fibers (ODFs) and mitochondrial sheath (M). The Ax is composed of nine axonemal doublets micro-

tubules (also known as the peripheral doublets) linked by the dynein regulatory complex (DRC) 

and connected by radial spokes (RS) to a single pair of central microtubules, which are surrounded 

by a fibrillar central sheath, constituting the central pair complex (CPC). The peripheral doublets 

are composed of microtubule A and microtubule B. From each microtubule A arise two dynein 

arms: the outer (ODA) and inner (IDA) dynein arms. The sperm midpiece and principal piece are 

separated by the annulus (An). The proximal principal piece contains the Ax surrounded by the 

ODF and the rings of fibrous sheath (FS). In the distal principal piece, the Ax is encircled by the FS, 
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Figure 1. Schematic view of a human sperm cell and main proteins associated with the main structures
from sperm flagellum. The sperm cell is morphologically divided into two parts: the head and the
flagellum. The head is composed of the plasma membrane (PM; which surrounds all sperm cells),
acrosomal vesicle (AV), nucleus (N), and postacrosomal region (PAR; which connects the head to
the flagellum). The sperm flagellum is further divided into four major regions, the connecting piece,
the midpiece, the principal piece, and the endpiece. The connecting piece is composed mainly of
the segmented columns (SCs), the proximal centriole (PC) and distal centriole, and the basal plate.
For simplicity, the basal plate and distal centriole are not represented. The midpiece includes the
axoneme (Ax; which extends for all flagellum), which is surrounded by the outer dense fibers (ODFs)
and mitochondrial sheath (M). The Ax is composed of nine axonemal doublets microtubules (also
known as the peripheral doublets) linked by the dynein regulatory complex (DRC) and connected
by radial spokes (RS) to a single pair of central microtubules, which are surrounded by a fibrillar
central sheath, constituting the central pair complex (CPC). The peripheral doublets are composed of
microtubule A and microtubule B. From each microtubule A arise two dynein arms: the outer (ODA)
and inner (IDA) dynein arms. The sperm midpiece and principal piece are separated by the annulus
(An). The proximal principal piece contains the Ax surrounded by the ODF and the rings of fibrous
sheath (FS). In the distal principal piece, the Ax is encircled by the FS, and the endpiece only contains
the Ax, which gradually becomes disorganized and loses its 9d + 2s conformation. See text for further
details.

2. Sperm Flagellum

The sperm flagellum is responsible for sperm motility and contains both the site
of energy production and the propulsive apparatus for the cell. The sperm flagellum is
divided into four major regions, the connecting piece (CP), the midpiece (MP), the principal
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piece (PP), and the endpiece (EP). The CP is mainly composed of the segmented columns
(SC), the proximal centriole (PC), distal centriole (DC), and the basal plate. The MP includes
the axoneme (Ax; which extends for all flagellum), which is surrounded by the outer dense
fibers (ODFs) and mitochondrial sheath (M). The MP and PP are separated by the annulus
(An). The proximal PP contains the Ax surrounded by the ODF and the rings of the fibrous
sheath (FS). In the distal PP, the Ax is encircled by the FS, and the EP only contains the Ax
(Figure 2).
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Figure 2. Schematic view of a human sperm cell and transmission electron microscope (TEM) images
of a cross-section from the subregions of the sperm flagellum, which is subdivided into the connecting
piece (CP), the midpiece (MP), the principal piece (PP; which can be further subdivided into proximal
PP (PPP) and distal PP (DPP)), and the endpiece (EP). (a) Cross-section of the sperm MP showing
the axoneme (Ax, light-blue dotted circle), the outer dense fibers (ODFs), and the mitochondrial
sheath (M). (b) Cross-section of the sperm PPP showing the axoneme (Ax, light-blue dotted circle),
the ODF, and the fibrous sheath (FS). (c) Cross-section of the sperm DPP showing the axoneme
(Ax, light-blue dotted circle), and the FS. (d) Cross-section of the sperm EP, showing the axonemal
disorganization that distinguishes this region. Legend: A, acrosome; An, annulus; C, proximal
centriole; CtD, cytoplasmatic droplet; N, nucleus; NV, nuclear vacuole; RM, redundant membrane.
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The sperm flagellum Is formed during a complex process named spermatogenesis
that takes place within the seminiferous tubule and lasts approximately 64 days [28]. Sper-
matogenesis involves three main phases: (1) a proliferative phase where spermatogonia
divide to replace their number (self-renewal); (2) a meiotic phase where spermatogonia
differentiate into cells that lose contact with the basement membrane and commence the
process of meiosis, which finishes with the formation of round spermatids (haploid cells);
and (3) a spermiogenesis phase in which spermatids undergo a profound metamorphosis
to become mature spermatozoa. The last step in spermatogenesis is often divided into two
substages: spermiogenesis and spermiation. Spermiogenesis starts right after spermato-
cytes complete the second meiotic division, during which spermatids undergo a complex
cytodifferentiation until the formation of elongated spermatids that, when fully maturated,
are released from the seminiferous epithelium. The process of releasing the elongated
spermatids is known as spermiation [29].

Intraflagellar transport (IFT) is a bidirectional process via which molecules are con-
stantly transported, such as proteins needed for flagellum formation and selected signaling
molecules, also enabling the recycling of turnover products. All molecules transported
by the IFT process are collectively known as IFT particles (further reviewed by Taschner
and Lorentzen [30], Gonçalves and Pelletier [31], Reiter et al. [32], Lechtreck [33], and
Rosenbaum and Witman [34]). However, Agustin and coworkers found that, although IFT
is critical for sperm development, it is not present in mature sperm and, thus, not needed
for sperm maintenance [35].

There is another transport mechanism during flagellar extension at spermiogenesis,
i.e., intramanchette transport (IMT). Structurally, the manchette is a transient skirt-like
bundle of microtubules that is only present during spermatid elongation, being responsible
for acrosomal vesicle and nuclear elongation. This transient structure consists of a dense
perinuclear ring and inserted microtubules. The manchette is strategically located at the
nuclear–cytoplasmic interface, which facilitates the Ran–GTPase-mediated nucleocytoplas-
mic trafficking of somatic histones [36,37]. The manchette contains important proteins,
such as the Hook1 protein, which is necessary for the correct positioning of microtubular
structures within the haploid germ cell. These proteins are involved in both intramanchette
transport and nucleocytoplasmic exchanges. IMT is as temporary manchette itself, being
only present during the spermatid elongation steps. In addition to having a role in the
nucleus and acrosomal vesicle remodeling, the IMT cooperates with IFT in the development
of the sperm CP and tail [38–40]. The AXDND1 gene was found to be localized in the
manchette, and, when mutated, the late spermatids showed head deformation, outer dou-
blet microtubule deficiency in the axoneme, and loss of corresponding accessory structures,
including ODFs and mitochondria sheath. Furthermore, Axdnd1 knockout mice males are
sterile with a reduced testis size caused by increased germ cell apoptosis and sloughing,
exhibiting phenotypes consistent with oligoasthenoteratozoospermia [41].

2.1. Axoneme

The axoneme extends throughout the flagellum, being the structural core of the flagel-
lum and the major component responsible for sperm motility. Structurally, the axoneme is
highly conserved, and its structure is the same in all motile cilia/flagella [42]. The axoneme
is a hollow cylinder microtubule-based structure composed of two central microtubules
surrounded by nine peripheral microtubule doublets, forming the 9d + 2s microtubule
pattern (nine doublets and two central microtubule pairs) (Figure 3). Each microtubule
doublet (thereafter called a doublet) consists of an internal complete microtubule A, com-
posed of 13 protofilaments, onto which a second external and incomplete microtubule B is
attached, composed of 10 protofilaments [43,44]. Protofilaments are formed by α/β-tubulin
heterodimers with a distinct structural polarity, where α-tubulins are exposed at the minus
end and β-tubulins are exposed at the plus end. The regular and parallel orientation
of tubulin subunits gives microtubules structural and dynamic polarity, with plus ends
localized at the tip of the cilium, growing and shrinking more rapidly [45].
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Figure 3. Schematic view of an axoneme (Ax). The Ax is composed of nine axonemal doublet
microtubules (also known as the peripheral doublets) linked by the dynein regulatory complex (DRC)
and connected by radial spokes (RSs) to a single pair of central Mt, which are surrounded by a fibrillar
central sheath, constituting the central pair complex (CPC). The peripheral doublets are composed of
microtubule A and microtubule B. From each microtubule A arise two dynein arms: the outer (ODA)
and inner (IDA) dynein arms.

Microtubule A contains a pair of projections named dynein arms (DAs). The DA
interacts with microtubule B of the adjacent doublet in an ATP-dependent manner, allowing
doublet sliding and, thus, motility [46]. The DAs are designated by their position as inner
(IDA) and outer (ODA) dynein arms. Each doublet is connected to the neighboring doublet
through a nexin bridge, known as the dynein regulatory complex (DRC) [47]. The axoneme
from motile cilia contains two central microtubules (C1 and C2), which are linked by a
series of regularly spaced linkages (the central bridge) and surrounded by a fibrillar central
sheath. This central structure constitutes the central pair complex (CPC), previously known
as the central apparatus. Doublets are connected to the CPC through radial projections
called radial spokes (RSs).

Dyneins are a large family of motor proteins known as ATPases associated with diverse
activities (AAA+) [48,49]. They are responsible for converting the energy gained from ATP
hydrolysis into mechanical work, which enables the microtubule sliding and, thus, the
flagellar movement [50,51].

The DAs are regularly placed along microtubule doublets. The ODAs are organized at
intervals of 24 nm and believed to be responsible to regulate the ciliary beat frequency (CBF).
The ODAs are controlled by external factors such as phosphorylation, variations in Ca2+

concentrations, and alterations in the redox state [52]. At least 13 genes are related to ODA,
such as DNAH5, DNAH9, and DNAH6 [49,53]. In contrast, the IDAs are docked to doublets
precisely in a 96 nm axonemal repeat and were shown to control the ciliary/flagellar
bending [54]. IDAs are composed of proteins derived from at least 15 genes, including
DNAH3, DNAH7, and DNAH11 [49,53].

Dynein motors are synthesized and preassembled in the cytoplasm and then trans-
ported into the cilia by the IFT machinery (further reviewed by Desai et al. [55]), be-
ing anchored onto doublets by proteins that form high affinity docking sites, such as
CCDC103 [56], CCDC114 [57], ARMC4 [58], and TTC25 [59]. Because dyneins are large
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polypeptides, their synthesis takes time (about 13 min per dynein molecule/per ribosome)
and requires the support of various protein factors termed dynein axonemal assembly
factors (DNAAFs) [49,55]. DNAAFs are known to play a role in substrate recognition for
folding and stabilization of the catalytic dynein subunits [55]. The list is still growing, but
at least eight genes were proposed to originate proteins that act as a chaperone and in
the cytoplasmic assembly of axonemal dyneins, such as DNAAF1 (previously known as
LRRC50), HEATR2, and DNAAF3 [60–62].

The DRC Is involved in interdoublet sliding and in mediating signals between differ-
ent axoneme components. The DRC, thus, acts as an intermediate in the communication
between the CPC–RS complex and DA [47]. The DRC has two distinct parts, the base plate,
via which the DRC is attached to doublet microtubule A, and the linker, which allows
the connection between doublet microtubule A and the microtubule B of the following
doublet [47]. At least 11 DRC proteins have been identified [63–66]. Studies using Chlamy-
domonas mutants lacking DRC showed that, in addition to regulatory functions, DRC
plays a critical role in mediating structural interactions among DA, doublet microtubule A,
and the RS [67–69]. Furthermore, DRC proteins 3, 4, and 7 were suggested to stabilize the
binding of IDA isoforms, whereas components 1 and 2 may be part of the binding site for
both RSs and certain IDA subspecies [70].

Radial spokes present a T-shaped structure, composed of a stalk that is anchored on
doublet microtubule A, and a head, which is assumed to have temporary contact with the
CPC central sheath [71,72]. In Chlamydomonas, at least 23 distinct polypeptides are known
to compose RS. These are named RS proteins (RSP) 1–23 that present a combined molecular
mass of approximately 1200 kDa [73]. However, several of them do not show homology
to proteins of known structure or function, and knowledge is still scarce regarding these
proteins. Nevertheless, some key functions have already been attributed. For instance,
RSP3 is known, together with the LC8 protein (dynein light chain), to be critical in RS stalk
constitution, and to assist the dock of the stalk to its RS docking complexes [74,75]. Further-
more, it is known that RSPH3 is a protein kinase A-anchoring protein (AKAP) [74,76] and,
as other AKAP proteins, it can bind to protein kinase A (PKA) substrates. The connection
between AKAP proteins to PKA substrates enables the activation of the PKA catalytic
subunit and, consequently, leads to the rise in cyclic adenosine monophosphate (cAMP)
levels [77–79]. The presence of AKAP proteins in RS composition may suggest the existence
of phosphorylation/dephosphorylation mechanisms, likely for DA regulation [80]. Studies
in Chlamydomonas have shown that RS are partially assembled in the cytoplasm. The
mechanism of assembly of all RS proteins is not known. Regarding the 12S RS complex,
which includes RS proteins 1–7 and 9–12, it is known that they assemble in the cytoplasm.
The 12S RS complex is then transported, by the IFT, to the tip of the flagellum/cilium,
where it is combined with other RSPs to form the 20S mature RS complex (that contains all
RS proteins) on the axonemal microtubules [81,82].

The RS head and the CPC are spaced apart In the straight axoneme, but the two
structures come into contact when the axoneme bends, and it was proposed that the
distance between the CPC and RS head is critical for proper movement [72]. Moreover,
the RS head architecture and biochemical composition seem to have vital importance in
the mechano-signaling process with the CPC, with mutations that destabilize the RS head
resulting in impaired cilia motility [72].

About CPC microtubules, studies in Chlamydomonas have shown that 24 proteins
compose CPC microtubules, with 10 being unique to microtubule C1 and seven being
unique to microtubule C2, suggesting that CPC microtubules are biochemically and struc-
turally distinct [83]. Although the structure of the axoneme is thought to be well conserved
throughout species, specific knowledge regarding the mammalian CPC proteins is still
limited, and only a few mammalian CPC proteins are known, including SPEF2, HYDIN,
CFAP221, CFAP54, SPAG6, SPAG16, SPAG17, and PCDP1 [84,85]. Concerning CPC assem-
bly, CPC microtubules are not anchored or formed from basal body microtubules. How
CP microtubules assemble is not clear, but studies have suggested that CPC microtubules
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self-assemble without requiring a template within the cilium/flagellum, and that the tubu-
lin used for CPC assembly is imported directly from the cytoplasm [86]. A study from
Nakazawa and coworkers corroborated the previous findings that there is no organizing
center for the CPC assembly and showed that the space size within the axoneme is an
important factor that directs CPC formation in the axoneme. The authors suggested that,
when the CPC precursors are present in the axoneme, the CPC may form spontaneously
without interacting with any template or RSs. In such a case, only the available space and
the amount of precursors may limit the assembly of CPCs [87].

The putative serine–threonine kinase fused (FU) protein and the kinesin protein KIF27
were proposed to be involved in the recruitment or activation of CPC proteins, such as
SPAG16 and PCDP1, thus being required for CPC assembly in motile cilia [88]. However,
the complete cascade of events via which Fu/Kif27 leads to CPC assembly is unknown.

Anomalies in any of the components that are needed for the formation or function of
the axoneme impair sperm motility and, consequently, lead to infertility [8,42,89–91].

2.2. Connecting Piece

The CP (also known as neck piece) is a complex structure, with about 0.5 µm in length
that connects the sperm head to the sperm flagellum. It is composed of the nuclear base,
basal plate, capitellum (or capitulum), segmented (or striated) columns, and centrioles [92].

Round spermatids contain the typical centrosome complex with two orthogonally
arranged centrioles, which are critical to guide sperm development. The distal centriole
(DC) serves as a template for assembling the axoneme (a microtubule-based cytoskeletal
structure that forms the core of the flagellum), and the other, called the proximal centriole
(PC) [93], appears to contribute to the nuclear shaping [94]. After the formation of the
flagellum in the early spermatid, the PC increases the length by the addition of material to
its free distal end, and the centriolar elongation continues throughout the differentiation of
the CP. Ultrastructural studies have observed that the fine structure of the material added
to the distal end of the centriole in elongation is distinct from that of the original centriole.
Hence, this structure was named the centriolar adjunct to denote that it is not simply a
prolongation of the juxtanuclear centriole but is a new structure of slightly different internal
organization [95]. The centriolar adjunct is a dynamic structure, which decreases during
spermatozoa maturation and disappears partially or completely in the mature spermatozoa
of different organisms. In humans, it was shown that the disassembly of the centriolar
adjunct is required for the functional maturity of human spermatozoa, and an incomplete
disassembly of the centriolar adjunct is associated with infertility [96].

The apical region of the CP contains the basal nuclear region that presents a redundant
nuclear envelope with numerous nuclear pores, behaving as a calcium store. The nuclear
lamina of the basal nuclear region thickens to form the basal plate. This is connected to a
dense fibrillar material, named the capitellum, composed of rigid proteins, from which the
striated columns are formed. The capitellum is situated right below the basal plate [95]. The
striated columns encircle the PC, firmly linked to the capitellum [93,97]. Below the PC, there
is a pale region containing a modified DC. During spermiogenesis, the DC gives rise to the
axoneme, and then loses the triplet structure and acquires the form of a cone, with the apex
distally located. The axoneme is present from the distal region of the atypical DC. Until
recently, it was widely accepted that the DC was disintegrated during late spermiogenesis
after axoneme formation, leaving only a few remnants in mature spermatozoa. However,
recent studies reported the presence of a functional, yet highly modified and atypical
DC [98]. It is supposed that, after fertilization, both centrioles, the typical PC and the
atypical DC, are involved in aster formation. Below the DC, a microtubule organizer center
polymerizes the central microtubule pair of the axoneme (further reviewed by Avidor-Reiss,
Mazur, Fishman, and Sindhwani [94]).

At the basolateral nuclear region of the sperm head, the cytoplasmic membrane
is cramped by a posterior ring, separating the head compartment from the flagellum
compartment. Below the nuclear ring, the dense basal nuclear lamina creates a basal



Genes 2023, 14, 383 9 of 25

nuclear fossa, where the capitellum attaches. The sperm nuclear envelope at the head
region does not contain nuclear pores, as sperm chromatin is firmly packaged and inactive,
and the absence of nuclear pores is believed to protect against hydrolytic enzymes released
during the acrosome reaction. The exception to this is the basal nuclear region at the
CP [99].

The capitellum gives rise to distal striated columns [99]. The capitellum is a curved
plate-like disc localized at the beginning of the CP to which the sperm head is firmly
associated by its association with the basal plate. In the mature spermatozoon, at the distal
end of the striated columns, each column is connected with one of the nine outer dense
fibers (ODFs). The striated columns are formed separately, and then become linked at a
late stage in spermiogenesis, while the ODF only attaches to the distal ends of the striated
columns in the mature spermatozoon [100]. Although linked to striated columns, the ODFs
are not present at the CP. Cryo-electron tomography has shown that, within the striated
columns, there are areas with lower (pale bands) and higher (bark bands) density, which
previously were thought to be a staining artefact. Within the pale bands, there are molecular
linkers that connect to the adjacent dark bands, which likely have some role in regulating the
bending of the flagella, instead of being just structural elements [100]. However, how these
linkers participate in the regulation of bending is still not known. Furthermore, Yuan and
coworkers have shown that striated columns are required for normal development of the
CP, specifically for the proper attachment and alignment of the sperm head and MP. They
demonstrated that the SPATA6 protein was exclusively expressed in the CP of spermatozoa.
By inactivation of the mice Spata6 gene, these authors observed that mice were sterile due
to the presence of acephalic spermatozoa, caused by a complete lack or partial development
of the CP. As the major ultrastructural defect found in these null Spata6 mice was the
complete lack of the capitellum and/or striated columns, the authors proposed that Spata6
is required for the formation of the capitellum and striated columns and, consequently, for
the normal assembly of the sperm flagellum [101]. Moreover, recent work suggested that
the SPATA20 protein is essential for sperm head–tail conjunction formation in humans and
that it colocalizes with SPATA6. The presence of a null pathogenic variant in SPATA20 gene
impairs the expression of both SPATA20 and SPATA6, leading to male infertility related to
acephalic spermatozoa syndrome [102].

2.3. Midpiece

The MP is about 3.5–5 µm in length and is localized after the CP. The MP includes the
axoneme, which extends throughout the flagellum. In the MP, the axoneme is surrounded
by nine ODFs and, more externally, by a mitochondrial sheath in the form of a helix. The
human sperm mitochondria are positioned in four helices, and each helix is composed of
11–15 gyres with, on average, two mitochondria in each gyre [92].

The ODF begins at the distal region of the striated columns. The end of the mitochon-
drial sheath is marked by the presence of a proteinaceous ring, the annulus. The ODFs are
formed during spermiogenesis and localize to the PP and PPP of the sperm tail, on the
outside of the axoneme [103]. The ODFs have an important role in the flagellum. ODFs
provide elasticity [104] and enhance the tensile strength of the flagellum that is required to
overcome the shear forces found in the female reproductive tract [105], and they also protect
the integrity of the axoneme to promote sperm motility [106]. Ultrastructural defects in
ODF were reported in the spermatozoa of asthenoteratozoospermic men (abnormal sperm
morphology and reduced motility) [91,106,107].

Mammalian ODFs consist of at least 14 polypeptides, such as ODF1-4, SPAG2, SPAG4,
and SPAG5, which are important for proper sperm function [108–119]. The role of all of
those proteins in sperm function is not clear. However, the expression levels of ODF1–4
were frequently downregulated in asthenozoospermic samples [106]. Moreover, it is known
that ODF1 is involved in the correct arrangement of the mitochondrial sheath and ODF,
and it was shown to be essential for the rigid junction of the sperm head and tail [120,121].
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Moreover, the ODF2 protein was proposed as critical for the formation and stabilization of
ODF structures [106,112,122].

During spermatogenesis, sperm mitochondria suffer several changes. Mitochondria
in spermatogonia and early spermatocytes present the typical morphology observed in
most somatic cell types. As spermatogenesis progresses and the cytoplasm reduces, the
mitochondrial matrix becomes denser and mitochondria decrease in number, with a con-
comitant increase in mitochondrial activity [123,124]. In the mature human spermatozoon,
mitochondria are positioned in four helices. Each helix is composed of 11–15 gyres with
an average of two mitochondria per gyre. Sperm mitochondria are more resistant than
somatic mitochondria due to the presence of a capsule. The sperm mitochondrial capsule
is formed by disulfide bonds between cysteine- and proline-rich proteins, such as the
sperm mitochondria-associated cysteine-rich protein (SMCP), phospholipid hydroperoxide
glutathione peroxidase (PHGPx), and mitochondrial selenoprotein [125].

The sperm mitochondrial capsule makes mitochondria resistant to the hypoosmotic
environment that the sperm encounters during the male-to-female reproductive tract
transition, and to the stretching and compression imposed by the flagellar beat [92,126].
Furthermore, evolution also gave sperm mitochondria other particularities that distinguish
them from somatic mitochondria, adapting them for sperm motility. In this sense, sperm
mitochondria can use lactate as an oxidative substrate, and they contain specific isoforms of
proteins and isoenzymes, such as cytochrome-c, making them more efficient and adaptable
to different conditions [127].

The localization of mitochondria at the beginning of the axoneme, the most energy-
demanding structure of the flagellum, means that a major role of mitochondria is to provide
the energy required for proper sperm motility. However, it is an ongoing debate if mitochon-
drial oxidative phosphorylation is indeed the major source of energy for sperm motility, or
if the main energy source for sperm motility comes from glycolysis driven by glycolytic
enzymes that are linked to the FS (reviewed by Ford [128], du Plessis et al. [129], and
Losano et al. [130]). Additionally, mitochondria play other important roles in sperm, includ-
ing the generation of metabolites in the tricarboxylic acid (TCA) cycle. These metabolites
have diverse downstream applications, including in signaling, in epigenetic regulation, and
as intermediates in the synthesis of pyrimidine, purine, amino acids, and fatty acids [131].
Furthermore, mitochondria are the reactive oxygen species (ROS) generator in the sper-
matozoon, and, at physiological concentrations, ROS are the trigger for several important
mechanisms, such as sperm capacitation, hyperactivation, the acrosome reaction, and
oocyte fusion [132–135]. Additionally, a recent study suggested that mitochondria may
also participate in acrosomal vesicle formation, as Golgi proacrosomal vesicles acquire
mitochondrial proteins [136].

Mitochondrial genetics is highly complex and still not fully understood. Neverthe-
less, numerous mitochondrial genes have been related to male infertility (reviewed by
Demain et al. [137] and Vertika et al. [138]). For instance, a 4977 bp deletion in the mito-
chondrial genome was found to be correlated with spermatogenic failure [139], and genetic
variations in two mitochondrial genes (MT-ND4 and MT-TL1) were proposed as a cause of
asthenozoospermia in China [140]. SDHA is a component of the succinate dehydrogenase
(SDH) complex and plays a critical role in the mitochondria. Recently, it was reported
that the C. elegans SDHA ortholog SDHA-2 is essential for male fertility; SDHA-2 mutants
produce dramatically fewer offspring due to defective sperm activation and motility, and
they have aberrant mitochondrial morphology and dynamics, as well as a disrupted redox
balance [141]. Thus, SDHA-2 is a newer candidate hypothesized to cause male infertility.

In the MP, a cytoplasmic droplet is sometimes observed that consists of residual cyto-
plasm not fully removed during spermiation due to incomplete extrusion from Sertoli cell
cytoplasmic pockets [142,143]. Residual cytoplasm is considered an anomaly only when in
excess, i.e., when it exceeds one-third of the sperm head size [99]. Human spermatozoa that
present a cytoplasmic droplet around the MP, in contrast with excess residual cytoplasm,
are still considered normal, and a small cytoplasmic droplet does not interfere with motility
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or fertility. Even without a cytoplasmic droplet, the apical region of the MP contains a small
region with a few small vesicles. This region is thought to be the major site of water influx
and cell volume regulation, and the small vesicles are important when spermatozoa face
hypoosmotic challenges [143,144].

2.4. Principal Piece

The major part of the human sperm flagellum is the PP with about 44–50 µm in
length [145]. The PP is separated from the MP by a septin-based ring structure, located
at the end of the mitochondrial sheath, named the annulus or Jensen’s ring. The annulus
is firmly adherent to the flagellar membrane at the beginning of the PP and is not easily
observed [104]. The annulus is formed before the axoneme starts to extend from sperm,
during late spermiogenesis, and before mitochondrial sheath formation. During sperm
tail elongation and differentiation, it migrates along the axoneme toward its final position
at the junction of the MP and the PP [146]. Thus, the annulus acts as a morphological
organizer guiding the growth of the flagellum and the alignment of the mitochondria
along the axoneme [146]. Moreover, it has a direct role in restricting the diffusion of
membrane proteins, thus acting as a sperm diffusion barrier [147]. The mammalian sperm
annulus is composed mainly of proteins from the septin family, namely, septins (SEPT) 1,
2, 4, 7, and 12 [148–155]. The absence of annulus and the disfunction in septin proteins,
particularly in SEPT4 and SEPT12, is associated with an abnormal sperm flagellum and
immotility [152,156–161].

The PP is distinguished from the other parts of the flagellum by the presence of the FS,
which surrounds the ODF and the axoneme. The FS consists of two longitudinal columns,
at the plane of the central microtubules, connected by a series of semi-circumferential ribs,
which form a ring around the axoneme [92]. The FS is attached to ODFs 3 and 8 in the
proximal part of the PP. At the distal part of the PP, the FS becomes thicker causing ODF
termination, with the FS becoming associated with doublets 3 and 8. FS assembly progresses
from a distal to a proximal direction along the axoneme throughout spermiogenesis [162].
To date, more than 20 FS-related proteins have been documented [163]. Among those,
AKAP proteins are known as the main structural components of the FS, specifically AKAP3
and AKAP4 [162]. FS proteins are widely distributed across the cytoplasm of spermatids;
however, when the sperm flagellum is formed, they specifically localize at the FS [164–166].
It was proposed that FS proteins are synthesized in the cytoplasm and remain in an
immature form. Then, they are transported by the IFT to the FS assemble site, where they
are converted into a mature protein form by the action of proteolytic enzymes [164,167].
A recent study in a mouse model demonstrated that IFT74, an IFT protein, is essential for
sperm flagellum formation, suggesting that it has an important role in the assembly of
the core axoneme. This was shown by the fact that mutant sperm presented very short or
absent tails, with spermatids also presenting a variety of axonemal abnormalities, such
as complete absence of the axoneme, disorganized microtubules, and abnormally formed
axonemes without the central microtubules. Moreover, in the mutant mice, the testicular
expression of the immature form of the AKAP protein (proAKAP4) was observed to be
the predominant form, which suggests that, due to disruption of IFT, the pro-AKAP4 is
not transported to the FS assemble site; thus, the AKAP4 protein is not processed into its
mature form [167].

Some important roles were attributed to the FS. Specifically, it was assumed that the FS
influences and modulates flagellar bending and flagellar beating, likely by being involved
in the cAMP signaling pathway. The AKAP4 protein was shown to act as an important
regulator of the cAMP/PKA and PKC/ERK1/2 signal pathways, which are both important
to regulate processes that lead to fertilization, namely, the forward and hyperactivated
motility and the acrosome reaction [8,168,169]. In addition, FS anchors glycolytic enzymes
that provide energy for sperm motility [162,170]. Anomalies in the FS are associated with
the absence of sperm motility and, thus, with infertility [89,91,171–176]. Dysplasia of FS
(DFS) is a well-defined syndrome characterized by marked hypertrophy and hyperplasia
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of the FS, often associated with annulus absence; consequently, an abnormal FS invades the
MP. Furthermore, the absence of CPC and DA have also been observed [8,91]. Although it
was proposed that DFS might have a genetic base, no consensus exists regarding it. Indeed,
no association between DFS and defects in genes that code for the AKAP3 and AKAP4
proteins were observed in patients with DSF [89].

2.5. Endpiece

In human spermatozoa, the endpiece starts when the FS completely disappears. Thus,
the EP only contains axonemal components. At the proximal part of the EP, the axoneme
structure is kept. Similarly, to the cilium, at more distal regions, the axoneme structure
becomes disorganized, and only single microtubules are present (singlet region) [177].
Studies in human sperm using cryo-electron microscopy found that the microtubule number
in the singlet region was greatly variable, ranging from two to 14 single microtubules, with
no doublet microtubules observed closer than 1.6 µm from the tip. Furthermore, the authors
showed that, in the endpiece of sperm, doublet microtubules can split into two singlet
microtubules [178,179].

At the EP, a novel protein complex was identified and named tail axoneme intra-
lumenal spiral (TAILS). TAILS binds directly to the 11 protofilaments on the internal
microtubule wall, assembling into an array along protofilaments. The authors hypothesized
that TAILS has a role in stabilizing microtubules and/or enabling rapid swimming, and it
plays a role in controlling the swimming direction of spermatozoa [179].

No specific role in sperm motility was assigned to the endpiece. However, recently,
a study proposed a role in sperm propulsion by showing that spermatozoa with a short,
mechanically inactive region at the flagellum end swim faster and more efficiently than
those without [180]. Neal and coworkers proposed that the optimal inactive fraction should
be 5% of the human flagellum tip. This finding could have important consequences in
human-assisted reproduction, i.e., in the development of a new methodology for improving
the analysis of flagellar imaging data [180].

3. Motility Mechanisms

Flagellar beating consists of an undulating wave propagating from the base to the tip
of the flagellum [181]. As stated above, the main component responsible for the ciliary
and flagellar motility is the axoneme (with the 9d + 2s structure), known as the “motor”
complex. In particular, ODAs are responsible for the control of the beat frequency and
provide much of the power required for movement [52]. On the other hand, IDAs are
responsible for the control of the size and shape of the bending [54]. When activated,
DAs and the associated doublet microtubule A move in the proximal direction relative
to doublet microtubule B of the next adjacent doublet. For proper bending, DAs should
follow a switching mechanism that controls the activity of the dynein motors on different
doublets at opposite sides of the bending axis. This means that some DAs on one side of the
axoneme are responsible for generating the forward bend, whereas other DAs produce the
reverse bend [182]. Recent cryo-electron tomography data showed that contacts between
neighboring dyneins change during the power stroke cycle of dyneins, suggesting the
existence of an elegant and complex mechanism for coordinated dynein activity, where an
ATP-dependent conformational change in one dynein is propagated to the neighboring
dynein [183].

The CPC and RS were proposed to be essential for the regulation of DA activity
and, thus, doublet microtubule sliding [71,72]. This proceeds likely through interactions
among specific CPC and RS kinases and phosphatases, which are believed to be involved
in flagellar motility by participating in the cAMP pathway [73,184,185]. It was suggested
that mechanical interactions between the CPC and RS are converted into biochemical
signaling that may alter the phosphorylation state of the DA, which then regulates doublet
microtubule sliding [70,186]. Alternatively, the CPC and RS may be involved in converting
symmetric bends into the asymmetric waveforms required for forward swimming, and
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in the release of ATP inhibitors in a controlled manner [83,186,187]. Moreover, the CPC
may function as a distributor to provide a local signal to the RS that selectively activates
subsets of DA [184,188]. However, these are speculations, and the exact mechanism of
how this regulation occurs is not known; it is also unknown if the CPC and RS may
have an individual or interactive role in ciliary/flagellar motility. Nevertheless, it is well
established that the axoneme is the major player in ciliary/flagellar motility, and that it
requires coordinated DA activation and inactivation, which is highly regulated by the CPC,
RS, and DRC.

It was proposed that age may affect ciliary motility, since, in airway epithelium, the
CBF was observed to differ with age, with the CBF in children being significantly greater
than in adults [189,190]. However, data are not consensual for sperm flagellum motility.
Some authors referring to have not observed differences in sperm motility with aging [191],
while others observed a reduction with ageing [192]. Nevertheless, these studies are
complex, as lifestyle habits and environmental conditions may affect the behavior of the
cells and, thus, affect results.

Regarding human sperm motility, recent 3D studies have shown that the sperm
flagellum beats anisotropically and asymmetrically. Anisotropically means that the wave
characteristics in each transversal direction (i.e., two beating planes, a plane perpendicular
to the FS and a plane parallel to the FS) differ significantly. Asymmetrically means that the
beating planes do not have a left–right symmetry (i.e., the bending is larger for one side
and smaller for the other side) [193].

The origin of those beating characteristics is not fully understood but may rely on
the flagellum structure. The sperm flagellum contains accessory structures, namely, the
ODF and FS, which were proposed to be the reason for the mechanical anisotropy along
the flagellum. The major bending was observed where the beating plane is perpendicular
to the FS. In contrast, where the beating plane lies parallel to the FS, bending may be
obstructed and is, thus, smaller [193]. Furthermore, the anisotropic bilateral localization of
the voltage-gated proton channel Hv1 and the symmetrical, quadrilateral localization of
the sperm cation channel CatSper, both involved in Ca2+ entry and regulation, were also
proposed to be involved in the control of sperm rotation, particularly in the anisotropic
beat generation [193,194].

The control and regulation of motility is a complex process in both cilia and flagella. In
spermatozoa, the capability to move is acquired during the transit through the epididymis,
where they mature. However, spermatozoa only become motile after ejaculation.

Several molecular mechanisms are known to be involved in sperm motility [8]. A
known molecular pathway involved in the acquisition of motility capacity in the epi-
didymis is the relationship among protein phosphatase methylesterase 1 (PPME1), post-
translational modifications of protein phosphatase 2 catalytic subunit α (PPP2CA), and the
serine/threonine protein kinase (GSK3). Conjointly, they trigger a complex series of molec-
ular reactions that culminate in the inactivation of serine/threonine protein phosphatase 1
(PP1), which allows sperm to become motile (reviewed by Freitas et al. [195]).

An example of those complex interactions was given by the study of Koch and cowork-
ers, which showed that, in the last portion of the epididymis, GSK3 is inhibited by Wnt
signals, allowing the inactivation of PP1. PP1 is kept in an active state by phosphorylation
of its inhibitory subunit PPP1R2 through the action of GSK3 [196]. On the contrary, when
Wnt signals block GSK3, the PPP1R2 is not phosphorylated, and PP1 remains inactive,
which was observed to be critical to enabling sperm to acquire motility capacities without
becoming motile in the epididymis [197].

In the female reproductive tract, spermatozoa are exposed to a complex environment,
where molecular signals promote different mechanisms that regulate sperm motility crucial
to uterine migration from the cervix to the uterus and fertilization. To travel through the
female tract, spermatozoa require the assistance of the seminal plasma, which is produced
by different male sex organs (including the testis, the epididymis, the prostate, the Cowper
(bulbourethral) and Littre’s (periurethral) glands, and the ampulla of the ductus deferens).
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Seminal plasma is a very rich fluid that contains a plethora of sugars, oligosaccharides,
glycans, lipids, proteins, inorganic ions (calcium, magnesium, potassium, sodium, and
zinc) and small metabolites. Changes in the seminal plasma composition have already been
associated with infertility [10,198–205]. Moreover, seminal exosomes have been identified
in human seminal plasma. Exosomes are membranous nanovesicles of endocytic origin that
carry and transfer regulatory bioactive molecules and mediate intercellular communication
between cells and tissues [206]. Research on seminal exosomes has increased throughout
the years and several pieces of evidence have been given that associated seminal exosomes
with infertility [207,208].

An example of the relevance of seminal plasma is given by the Semenogelin (SEMG1)
protein. As stated above, spermatozoa only become motile after ejaculation. SEMG1
is a seminal plasma protein that inhibits sperm progressive motility; immediately after
ejaculation, it is hydrolyzed by the prostate-specific antigen (PSA), thus removing SEMG1
from the sperm surface. This allows sperm to become motile in the vaginal canal and
capacitation to proceed during uterine migration [7,209].

At the beginning of the sperm journey throughout the female tract, the first master
regulator is the cervical mucus composition, i.e., the pH, which can impair spermatozoa
motility if too acid [210]. In addition, the mucus molecular composition might also affect
the sperm journey. So far, more than 800 proteins have been identified to compose the
cervical mucus [211]. How these proteins interact with seminal plasm proteins remains
unknown. However, a recent study suggested that genomic compatibility at the cervix
might also be involved in couple fertility, which may open the doors to a new research
field in reproductive biology. The authors genotyped all seven classical HLA genes of
participants, diluted cervical mucus samples from nine women, and combined them with
washed spermatozoa aliquots from eight men. All possible male–female combinations
were tested for spermatozoa performance. They observed that spermatozoa motility was
different depending on male–woman HLA compatibility, with combinations that had low
HLA divergence having higher sperm motility. This suggests that the genotype of the
cervical mucus may affect the couple’s compatibility, and that the cervical mucus could
mediate the sexual selection of spermatozoa from immunologically compatible males [212].

The regulation of ion balance is also essential for sperm motility, particularly Ca2+,
H+, HCO3

−, Na+, and K+ [213]. Calcium is vital to induce hyperactivated motility during
sperm capacitation in the uterine milieu. In mammals, CatSper is the sperm-specific Ca2+

channel complex responsible for flagellar Ca2+ entry [214]. Although other Ca2+ channels
exist in the sperm flagellum, CatSper is the predominant Ca2+ channel and the major
modulator of the physiological processes of sperm hyperactivation, sperm capacitation,
chemotaxis toward the oocyte, and the acrosome reaction [214]. Mutations in Catsper
channels have been associated with sperm immotility [215–218].

Recently, it was shown that CatSper channel complexes are arranged in zigzag rows
along the longitudinal axis of wildtype human and mouse sperm flagella. The cytoplas-
mic EFCAB9–CatSperζ complex was proposed to be critical for the arrangement of the
CatSper channel complex and the linear alignment within the longitudinal nanodomains;
disruption of this complex results in fragmentation and misalignment of the zigzag rows
and disruption of flagellar movement [219]. Furthermore, the C2CD6 protein contains a
calcium-dependent, membrane-targeting C2 domain. This C2CD6 protein was observed to
be associated with the CatSper calcium-selective, core-forming subunits. C2CD6-deficient
sperm have a reduced number of the CatSper nanodomains in the flagellum, which results
in male sterility due to defective hyperactivation and a failure to fertilize oocytes both
in vitro and in vivo [220].

Sodium–hydrogen exchangers (NHEs), encoded by the SLC9 gene family, import
Na+ and export H+ from cells. These Na/K exchangers regulate the intracellular pH in
different cell types, particularly in spermatozoa. Channel sNHE (or NHE10), encoded by
gene SLC9C1, and channel NHA1 (or NHE11), encoded by the SLC9B1 gene, are expressed
specifically in the sperm flagellum [221,222]. Other ions, such as Cl− and HCO3

− are also
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known to be indispensable for the capacitation process. This is accomplished through a
cascade of reactions that involve the activation of soluble adenylyl cyclase (sAC), which
leads to an increase in the intracellular levels of cAMP, by the conversion of ATP into
cAMP. This event stimulates Ca2+ intake and the activation of PKA. Protein kinase A then
triggers several phosphorylation cascades that lead to capacitation [223,224]. The cystic
fibrosis transmembrane conductance regulator (CFTR) is a transporter of both ions, and
its proper function is critical for sperm function, as specific inhibition of this channel has
reduced cAMP production and membrane hyperpolarization [225]. It was shown that
CFTR, together with TAT1, a member of the solute carrier family 26, number 3 (SLC26A3),
work together in the regulation of the Cl− and HCO3

− fluxes. These are required for
activation of the sAC/PKA pathway during sperm capacitation [226]. In this regulation,
and to become active in human spermatozoa, the CFTR channel requires PKA activity, with
PKA being activated by a cascade of events dependent on HCO3

− ions. In this sense, it was
proposed that the Na+/HCO3

− cotransporter (NBC) controls the initial intake of HCO3
−

ions, followed by PKA activation. Thereafter, it is CFTR that controls the intake of HCO3
−

ions [227].
The localization of ion channels is specific within sperm, corroborating the importance

of the precise regulation of those channels for proper sperm function. For instance, the
four CatSper Ca2+ channels [218], KSper (sperm-specific K+ channel, also known as SLO
K+ channels) [228], and Hv1 [194] are found in the PP, and this location seems not to be
random for different reasons. First, the asymmetrical organization of Hv1 is required for
sperm rotation [193,194]. Second, all those channels are related to pH, thus suggesting
a compartmentalized pH sperm motility regulation [213]. Third, those channels seem
to interact with each other; specifically, SLO3 channels appear to play a key role in the
activation of CatSper channels [229], and Hv1 and CatSper channels also interact to regulate
human sperm physiology, likely via the regulation of pH, which then regulates Ca2+

fluxes [230]. In contrast, CFTR and TATI, master regulators of HCO3
− and Cl−, are

colocalized at the sperm head and MP [226], likely because they are critical for the sAC/PKA
signaling pathway, which is mitochondria-dependent [231]. Despite what is already known,
the knowledge is still incomplete, and further studies are needed to better understand the
interactions and the functions of the sperm ion channels.

4. Conclusions and Future Challenges

So far, there is no effective therapy for sperm immotility; thus, to conceive a child,
couples need to use assisted reproductive techniques (ARTs), particularly intracytoplasmic
sperm injection (ICSI). Although some successful ICSIs performed with immotile sper-
matozoa have been reported, the fertilization rate after ICSI with immotile spermatozoa
is usually low [232]. The success of the ICSI was proposed to be related to individual
genotype [233] Moreover, sperm immotility is mostly caused by defects in multiple genes
and/or by the interaction of multiple variants located in different genes; thus, using ART
has the risk of transmitting the mutation to its offspring. Therefore, understanding which
molecular players affect sperm motility, how they are correlated, how exactly proteins work,
and how these variants may affect its function is essential to planning and developing
effective therapies for infertility.

Finding robust, reliable, and reproducible genomic biomarkers is essential to improve
the diagnostics and management of male infertility. With the international announcement
of the complete sequencing of the human genome, medical doctors and scientists believed
that all genetic questions would be answered. However, despite the huge progress in
genomics and amazing achievements, there are still several unanswered questions. Thus,
finding biomarkers for male infertility is not always straightforward. It is important to keep
in mind that the presence of gene mutation by itself may not represent a direct cause–effect
relationship, especially for multifactorial diseases such as male infertility, which may be
caused for several problems during the complex spermatogenesis process, as well as other
pathologies and infections. The knowledge regarding the genetic etiology underlying
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male infertility is still far from complete. Neither the role of modifiers genes, nor how
the transcriptome, proteome, and epigenomic influence the clinical phenotype is fully
understood.

Induced pluripotent stem cells (iPSC) and genome editing technology show great
promise for biological and therapeutic applications for male infertility. Remarkable work
conducted by Hayashi et al. reported that iPSC could be differentiated into fertile sperma-
tozoa and oocytes via primordial germ cell-like cells [234]. However, the studies are still
limited and controversial. Several barriers, including ethical issues, the risk of transmitting
genetic insults to the offspring during in vitro culture of stem cells, and the safety and
efficacy of genome editing, must be overcome. Hopefully, a platform for modeling male
infertility using stem cells will be created, and improvements in the knowledge regarding
the mechanisms related to male infertility will be achieved.
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Abbreviations

ART Assisted reproductive techniques
CPC Central pair complex
CBF Ciliary beat frequency
CP Connecting piece
cAMP Cyclic adenosine monophosphate
DC Distal centriole
DA Dynein arms
DNAAFs Dynein axonemal assembly factors
DRC Dynein regulatory complex
DFS Dysplasia of FS
EP Endpiece
FS Fibrous sheath
iPSC Induced pluripotent stem cells
IDA Inner dynein arms
ICSI Intracytoplasmic sperm injection
IFT Intraflagellar transport
IMT Intramanchette transport
MP Midpiece
ODF Outer dense fibers
ODA Outer dynein arms
PP Principal piece
PKA Protein kinase A
AKAP Protein kinase A-anchoring protein
PC Proximal centriole
RS Radial spokes
ROS Reactive oxygen species
RSP RS proteins
SEPT Septins
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NHEs Sodium–hydrogen exchangers
sAC Soluble adenylyl cyclase
SDH Succinate dehydrogenase
TAILS Tail axoneme intra-lumenal spiral

References
1. WHO. WHO Laboratory Manual for the Examination and Processing of Human Semen, 6th ed.; WHO: Geneva, Switzerland, 2021.
2. Sun, H.; Gong, T.-T.; Jiang, Y.-T.; Zhang, S.; Zhao, Y.-H.; Wu, Q.-J. Global, regional, and national prevalence and disability-adjusted

life-years for infertility in 195 countries and territories, 1990–2017: Results from a global burden of disease study, 2017. Aging
2019, 11, 10952–10991. [CrossRef] [PubMed]

3. Agarwal, A.; Baskaran, S.; Parekh, N.; Cho, C.L.; Henkel, R.; Vij, S.; Arafa, M.; Panner Selvam, M.K.; Shah, R. Male infertility.
Lancet 2021, 397, 319–333. [CrossRef] [PubMed]

4. Curi, S.M.; Ariagno, J.I.; Chenlo, P.H.; Mendeluk, G.R.; Pugliese, M.N.; Sardi Segovia, L.M.; Repetto, H.E.H.; Blanco, A.M.
Asthenozoospermia: Analysis of a large population. Syst. Biol. Reprod. Med. 2003, 49, 343–349. [CrossRef] [PubMed]

5. Wu, Z.-G.; Chen, W.-K.; Fei, Q.-J.; Liu, Y.-L.; Liu, X.-D.; Huang, H.; Shang, X.-J. Analysis of semen quality of 38 905 infertile male
patients during 2008-2016 in Wenzhou, China. Asian J. Androl. 2021, 23, 314–318. [CrossRef] [PubMed]

6. Suarez, S.S. How Do Sperm Get to the Egg? Bioengineering Expertise Needed! Exp. Mech. 2009, 50, 1267–1274. [CrossRef]
7. Suarez, S.S. Control of hyperactivation in sperm. Hum. Reprod. Update 2008, 14, 647–657. [CrossRef] [PubMed]
8. Pereira, R.; Sa, R.; Barros, A.; Sousa, M. Major regulatory mechanisms involved in sperm motility. Asian J. Androl. 2017, 19, 5–14.

[CrossRef]
9. Aliakbari, F.; Eshghifar, N.; Mirfakhraie, R.; Pourghorban, P.; Azizi, F. Coding and Non-Coding RNAs, as Male Fertility and

Infertility Biomarkers. Int. J. Fertil. Steril. 2021, 15, 158–166. [CrossRef]
10. Cannarella, R.; Barbagallo, F.; Crafa, A.; La Vignera, S.; Condorelli, R.A.; Calogero, A.E. Seminal Plasma Transcriptome and

Proteome: Towards a Molecular Approach in the Diagnosis of Idiopathic Male Infertility. Int. J. Mol. Sci. 2020, 21, 7308–7321.
[CrossRef]

11. Jan, S.Z.; Vormer, T.L.; Jongejan, A.; Röling, M.D.; Silber, S.J.; de Rooij, D.G.; Hamer, G.; Repping, S.; van Pelt, A.M.M. Unraveling
transcriptome dynamics in human spermatogenesis. Development 2017, 144, 3659–3673. [CrossRef]

12. La, H.; Yoo, H.; Lee, E.J.; Thang, N.X.; Choi, H.J.; Oh, J.; Park, J.H.; Hong, K. Insights from the Applications of Single-Cell
Transcriptomic Analysis in Germ Cell Development and Reproductive Medicine. Int. J. Mol. Sci 2021, 22, 823–839. [CrossRef]
[PubMed]

13. Linn, E.; Ghanem, L.; Bhakta, H.; Greer, C.; Avella, M. Genes Regulating Spermatogenesis and Sperm Function Associated With
Rare Disorders. Front. Cell Dev. Biol. 2021, 9, 634536–634553. [CrossRef] [PubMed]

14. Neto, F.T.; Bach, P.V.; Najari, B.B.; Li, P.S.; Goldstein, M. Spermatogenesis in humans and its affecting factors. Semin. Cell Dev. Biol.
2016, 59, 10–26. [CrossRef] [PubMed]

15. Rabbani, M.; Zheng, X.; Manske, G.L.; Vargo, A.; Shami, A.N.; Li, J.Z.; Hammoud, S.S. Decoding the Spermatogenesis Program:
New Insights from Transcriptomic Analyses. Annu. Rev. Genet. 2022, 56, 339–368. [CrossRef] [PubMed]

16. Guo, J.; Grow, E.J.; Mlcochova, H.; Maher, G.J.; Lindskog, C.; Nie, X.; Guo, Y.; Takei, Y.; Yun, J.; Cai, L.; et al. The adult human
testis transcriptional cell atlas. Cell Res. 2018, 28, 1141–1157. [CrossRef]

17. Hermann, B.P.; Cheng, K.; Singh, A.; Roa-De La Cruz, L.; Mutoji, K.N.; Chen, I.C.; Gildersleeve, H.; Lehle, J.D.; Mayo, M.;
Westernströer, B.; et al. The Mammalian Spermatogenesis Single-Cell Transcriptome, from Spermatogonial Stem Cells to
Spermatids. Cell Rep. 2018, 25, 1650–1667.e1658. [CrossRef]

18. Neuhaus, N.; Yoon, J.; Terwort, N.; Kliesch, S.; Seggewiss, J.; Huge, A.; Voss, R.; Schlatt, S.; Grindberg, R.V.; Scholer, H.R. Single-cell
gene expression analysis reveals diversity among human spermatogonia. Mol. Hum. Reprod. 2017, 23, 79–90. [CrossRef]

19. Soraggi, S.; Riera, M.; Rajpert-De Meyts, E.; Schierup, M.H.; Almstrup, K. Evaluating genetic causes of azoospermia: What can
we learn from a complex cellular structure and single-cell transcriptomics of the human testis? Hum. Genet. 2021, 140, 183–201.
[CrossRef]

20. Asadpour, R.; Mofidi Chelan, E. Using microRNAs as molecular biomarkers for the evaluation of male infertility. Andrologia 2022,
54, e14298. [CrossRef]

21. Chu, C.; Zhang, Y.L.; Yu, L.; Sharma, S.; Fei, Z.L.; Drevet, J.R. Epididymal small non-coding RNA studies: Progress over the past
decade. Andrology 2019, 7, 681–689. [CrossRef] [PubMed]

22. de Mateo, S.; Sassone-Corsi, P. Regulation of spermatogenesis by small non-coding RNAs: Role of the germ granule. Semin. Cell
Dev. Biol. 2014, 29, 84–92. [CrossRef] [PubMed]

23. Kyrgiafini, M.A.; Sarafidou, T.; Mamuris, Z. The Role of Long Noncoding RNAs on Male Infertility: A Systematic Review and In
Silico Analysis. Biology 2022, 11, 1510–1542. [CrossRef] [PubMed]

24. Rolland, A.D.; Evrard, B.; Darde, T.A.; Le Béguec, C.; Le Bras, Y.; Bensalah, K.; Lavoué, S.; Jost, B.; Primig, M.; Dejucq-Rainsford,
N.; et al. RNA profiling of human testicular cells identifies syntenic lncRNAs associated with spermatogenesis. Hum. Reprod 2019,
34, 1278–1290. [CrossRef]

25. Walker, W.H. Regulation of mammalian spermatogenesis by miRNAs. Semin. Cell Dev. Biol. 2022, 121, 24–31. [CrossRef]

http://doi.org/10.18632/aging.102497
http://www.ncbi.nlm.nih.gov/pubmed/31790362
http://doi.org/10.1016/S0140-6736(20)32667-2
http://www.ncbi.nlm.nih.gov/pubmed/33308486
http://doi.org/10.1080/01485010390219656
http://www.ncbi.nlm.nih.gov/pubmed/12893510
http://doi.org/10.4103/aja.aja_83_20
http://www.ncbi.nlm.nih.gov/pubmed/33433531
http://doi.org/10.1007/s11340-009-9312-z
http://doi.org/10.1093/humupd/dmn029
http://www.ncbi.nlm.nih.gov/pubmed/18653675
http://doi.org/10.4103/1008-682X.167716
http://doi.org/10.22074/ijfs.2021.134602
http://doi.org/10.3390/ijms21197308
http://doi.org/10.1242/dev.152413
http://doi.org/10.3390/ijms22020823
http://www.ncbi.nlm.nih.gov/pubmed/33467661
http://doi.org/10.3389/fcell.2021.634536
http://www.ncbi.nlm.nih.gov/pubmed/33665191
http://doi.org/10.1016/j.semcdb.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27143445
http://doi.org/10.1146/annurev-genet-080320-040045
http://www.ncbi.nlm.nih.gov/pubmed/36070560
http://doi.org/10.1038/s41422-018-0099-2
http://doi.org/10.1016/j.celrep.2018.10.026
http://doi.org/10.1093/molehr/gaw079
http://doi.org/10.1007/s00439-020-02116-8
http://doi.org/10.1111/and.14298
http://doi.org/10.1111/andr.12639
http://www.ncbi.nlm.nih.gov/pubmed/31044548
http://doi.org/10.1016/j.semcdb.2014.04.021
http://www.ncbi.nlm.nih.gov/pubmed/24755166
http://doi.org/10.3390/biology11101510
http://www.ncbi.nlm.nih.gov/pubmed/36290414
http://doi.org/10.1093/humrep/dez063
http://doi.org/10.1016/j.semcdb.2021.05.009


Genes 2023, 14, 383 18 of 25

26. Fenner, A. Male factor infertility: Piwi, Hiwi, Miwi: Essential genes for effective spermiogenesis. Nat. Rev. Urol. 2017, 14, 451.
[CrossRef]

27. Zhou, G.; Zhang, M.; Zhang, J.; Feng, Y.; Xie, Z.; Liu, S.; Zhu, D.; Luo, Y. The gene regulatory role of non-coding RNAs in
non-obstructive azoospermia. Front. Endocrinol. 2022, 13, 959487. [CrossRef] [PubMed]

28. Sutovsky, P.; Manandhar, G. Mammalian spermatogenesis and sperm structure: Anatomical and compartmental analysis. In The
Sperm Cell-Production, Maturation, Fertilization, Regeneration; De Jonge, C.J., Ed.; Cambridge University Press: Cambridge, UK,
2006; pp. 1–31.

29. O’Donnell, L. Mechanisms of spermiogenesis and spermiation and how they are disturbed. Spermatogenesis 2015, 4, e979623.
[CrossRef]

30. Taschner, M.; Lorentzen, E. The Intraflagellar Transport Machinery. Cold Spring Harb. Perspect. Biol. 2016, 8, a028092. [CrossRef]
31. Gonçalves, J.; Pelletier, L. The Ciliary Transition Zone: Finding the Pieces and Assembling the Gate. Mol. Cells 2017, 40, 243–253.

[CrossRef]
32. Reiter, J.F.; Blacque, O.E.; Leroux, M.R. The base of the cilium: Roles for transition fibres and the transition zone in ciliary

formation, maintenance and compartmentalization. EMBO Rep. 2012, 13, 608–618. [CrossRef]
33. Lechtreck, K.F. IFT-Cargo Interactions and Protein Transport in Cilia. Trends Biochem. Sci. 2015, 40, 765–778. [CrossRef]
34. Rosenbaum, J.L.; Witman, G.B. Intraflagellar transport. Nat. Rev. Mol. Cell Biol. 2002, 3, 813–825. [CrossRef] [PubMed]
35. San Agustin, J.T.; Pazour, G.J.; Witman, G.B. Intraflagellar transport is essential for mammalian spermiogenesis but is absent in

mature sperm. Mol. Biol. Cell 2015, 26, 4358–4372. [CrossRef] [PubMed]
36. Kierszenbaum, A.L.; Gil, M.; Rivkin, E.; Tres, L.L. Ran, a GTP-binding protein involved in nucleocytoplasmic transport and

microtubule nucleation, relocates from the manchette to the centrosome region during rat spermiogenesis. Mol. Reprod. Dev. 2002,
63, 131–140. [CrossRef] [PubMed]

37. Fouquet, J.-P.; Kann, M.-L. The cytoskeleton of mammalian spermatozoa. Biol. Cell 1994, 81, 89–93. [CrossRef] [PubMed]
38. Kierszenbaum, A.L. Intramanchette transport (IMT): Managing the making of the spermatid head, centrosome, and tail. Mol.

Reprod. Dev. 2002, 63, 1–4. [CrossRef] [PubMed]
39. Lehti, M.S.; Sironen, A. Formation and function of the manchette and flagellum during spermatogenesis. Reproduction 2016, 151,

R43–R54. [CrossRef]
40. Kierszenbaum, A.L.; Rivkin, E.; Tres, L.L. Cytoskeletal track selection during cargo transport in spermatids is relevant to male

fertility. Spermatogenesis 2011, 1, 221–230. [CrossRef]
41. Ma, Q.; Cao, C.; Zhuang, C.; Luo, X.; Li, X.; Wan, H.; Ye, J.; Chen, F.; Cui, L.; Zhang, Y.; et al. AXDND1, a novel testis-enriched

gene, is required for spermiogenesis and male fertility. Cell Death Discov. 2021, 7, 348. [CrossRef]
42. Pereira, R.; Oliveira, M.E.; Santos, R.; Oliveira, E.; Barbosa, T.; Santos, T.; Gonçalves, P.; Ferraz, L.; Pinto, S.; Barros, A.; et al.

Characterization of CCDC103 expression profiles: Further insights in primary ciliary dyskinesia and in human reproduction.
J. Assist. Reprod. Genet. 2019, 36, 1683–1700. [CrossRef]

43. Nicastro, D.; Schwartz, C.; Pierson, J.; Gaudette, R.; Porter, M.E.; McIntosh, J.R. The molecular architecture of axonemes revealed
by cryoelectron tomography. Science 2006, 313, 944–948. [CrossRef] [PubMed]

44. Ma, M.; Stoyanova, M.; Rademacher, G.; Dutcher, S.K.; Brown, A.; Zhang, R. Structure of the Decorated Ciliary Doublet
Microtubule. Cell 2019, 179, 909–922. [CrossRef] [PubMed]

45. Nogales, E.; Whittaker, M.; Milligan, R.A.; Downing, K.H. High-Resolution Model of the Microtubule. Cell 1999, 96, 79–88.
[CrossRef] [PubMed]

46. Ishibashi, K.; Sakakibara, H.; Oiwa, K. Force-Generating Mechanism of Axonemal Dynein in Solo and Ensemble. Int. J. Mol. Sci.
2020, 21, 2843–2860. [CrossRef] [PubMed]

47. Heuser, T.; Raytchev, M.; Krell, J.; Porter, M.E.; Nicastro, D. The dynein regulatory complex is the nexin link and a major regulatory
node in cilia and flagella. J. Cell Biol. 2009, 187, 921–933. [CrossRef]

48. King, S.M. The dynein microtubule motor. Biochim. Biophys. Acta 2000, 1496, 60–75. [CrossRef]
49. King, S.M. Axonemal Dynein Arms. Cold Spring Harb. Perspect. Biol. 2016, 8, a028100. [CrossRef]
50. Roberts, A.J.; Malkova, B.; Walker, M.L.; Sakakibara, H.; Numata, N.; Kon, T.; Ohkura, R.; Edwards, T.A.; Knight, P.J.; Sutoh,

K.; et al. ATP-driven remodeling of the linker domain in the dynein motor. Structure 2012, 20, 1670–1680. [CrossRef]
51. Roberts, A.J.; Numata, N.; Walker, M.L.; Kato, Y.S.; Malkova, B.; Kon, T.; Ohkura, R.; Arisaka, F.; Knight, P.J.; Sutoh, K.; et al.

AAA+ Ring and Linker Swing Mechanism in the Dynein Motor. Cell 2009, 136, 485–495. [CrossRef]
52. King, S.M. Regulatory mechanics of outer-arm dynein motors. In Dyneins, 2nd ed; King, S.M., Ed.; Academic Press, Elsevier:

Oxford, UK, 2018; pp. 250–269.
53. King, S.M. Composition and assembly of axonemal dyneins. In Dyneins, 2nd ed.; King, S.M., Ed.; Academic Press, Elsevier:

Oxford, UK, 2018; pp. 162–201.
54. Hwang, J.; Hunter, E.L.; Sale, W.S.; Wirschell, M. Control of axonemal inner dynein arms. In Dyneins, 2nd ed.; King, S.M., Ed.;

Academic Press, Elsevier: Oxford, UK, 2018; pp. 270–297.
55. Desai, P.B.; Dean, A.B.; Mitchell, D.R. Cytoplasmic preassembly and trafficking of axonemal dyneins. In Dyneins, 2nd ed.; King,

S.M., Ed.; Academic Press, Elsevier: Oxford, UK, 2018; pp. 140–161.
56. King, S.M.; Patel-King, R.S. The oligomeric outer dynein arm assembly factor CCDC103 is tightly integrated within the ciliary

axoneme and exhibits periodic binding to microtubules. J. Biol. Chem. 2015, 290, 7388–7401. [CrossRef]

http://doi.org/10.1038/nrurol.2017.95
http://doi.org/10.3389/fendo.2022.959487
http://www.ncbi.nlm.nih.gov/pubmed/36060931
http://doi.org/10.4161/21565562.2014.979623
http://doi.org/10.1101/cshperspect.a028092
http://doi.org/10.14348/molcells.2017.0054
http://doi.org/10.1038/embor.2012.73
http://doi.org/10.1016/j.tibs.2015.09.003
http://doi.org/10.1038/nrm952
http://www.ncbi.nlm.nih.gov/pubmed/12415299
http://doi.org/10.1091/mbc.E15-08-0578
http://www.ncbi.nlm.nih.gov/pubmed/26424803
http://doi.org/10.1002/mrd.10164
http://www.ncbi.nlm.nih.gov/pubmed/12211070
http://doi.org/10.1016/S0248-4900(94)80001-4
http://www.ncbi.nlm.nih.gov/pubmed/7849610
http://doi.org/10.1002/mrd.10179
http://www.ncbi.nlm.nih.gov/pubmed/12211054
http://doi.org/10.1530/REP-15-0310
http://doi.org/10.4161/spmg.1.3.18018
http://doi.org/10.1038/s41420-021-00738-z
http://doi.org/10.1007/s10815-019-01509-7
http://doi.org/10.1126/science.1128618
http://www.ncbi.nlm.nih.gov/pubmed/16917055
http://doi.org/10.1016/j.cell.2019.09.030
http://www.ncbi.nlm.nih.gov/pubmed/31668805
http://doi.org/10.1016/S0092-8674(00)80961-7
http://www.ncbi.nlm.nih.gov/pubmed/9989499
http://doi.org/10.3390/ijms21082843
http://www.ncbi.nlm.nih.gov/pubmed/32325779
http://doi.org/10.1083/jcb.200908067
http://doi.org/10.1016/S0167-4889(00)00009-4
http://doi.org/10.1101/cshperspect.a028100
http://doi.org/10.1016/j.str.2012.07.003
http://doi.org/10.1016/j.cell.2008.11.049
http://doi.org/10.1074/jbc.M114.616425


Genes 2023, 14, 383 19 of 25

57. Knowles, M.R.; Leigh, M.W.; Ostrowski, L.E.; Huang, L.; Carson, J.L.; Hazucha, M.J.; Yin, W.; Berg, J.S.; Davis, S.D.; Dell, S.D.
Exome Sequencing Identifies Mutations in CCDC114 as a Cause of Primary Ciliary Dyskinesia. Am. J. Hum. Genet. 2013, 92,
99–106. [CrossRef] [PubMed]

58. Hjeij, R.; Lindstrand, A.; Francis, R.; Zariwala, M.A.; Liu, X.; Li, Y.; Damerla, R.; Dougherty, G.W.; Abouhamed, M.; Olbrich,
H.; et al. ARMC4 mutations cause primary ciliary dyskinesia with randomization of left/right body asymmetry. Am. J. Hum.
Genet. 2013, 93, 357–367. [CrossRef]

59. Wallmeier, J.; Shiratori, H.; Dougherty, G.W.; Edelbusch, C.; Hjeij, R.; Loges, N.T.; Menchen, T.; Olbrich, H.; Pennekamp, P.; Raidt,
J.; et al. TTC25 Deficiency Results in Defects of the Outer Dynein Arm Docking Machinery and Primary Ciliary Dyskinesia with
Left-Right Body Asymmetry Randomization. Am. J. Hum. Genet. 2016, 99, 460–469. [CrossRef]

60. Mitchison, H.M.; Schmidts, M.; Loges, N.T.; Freshour, J.; Dritsoula, A.; Hirst, R.A.; O’Callaghan, C.; Blau, H.; Al Dabbagh, M.;
Olbrich, H.; et al. Mutations in axonemal dynein assembly factor DNAAF3 cause primary ciliary dyskinesia. Nat. Genet. 2012, 44,
381–389. [CrossRef]

61. Horani, A.; Druley, T.E.; Zariwala, M.A.; Patel, A.C.; Levinson, B.T.; Van Arendonk, L.G.; Thornton, K.C.; Giacalone, J.C.; Albee,
A.J.; Wilson, K.S.; et al. Whole-Exome Capture and Sequencing Identifies HEATR2 Mutation as a Cause of Primary Ciliary
Dyskinesia. Am. J. Hum. Genet. 2012, 91, 685–693. [CrossRef]

62. Loges, N.T.; Olbrich, H.; Becker-Heck, A.; Häffner, K.; Heer, A.; Reinhard, C.; Schmidts, M.; Kispert, A.; Zariwala, M.a.; Leigh,
M.W.; et al. Deletions and point mutations of LRRC50 cause primary ciliary dyskinesia due to dynein arm defects. Am. J. Hum.
Genet. 2009, 85, 883–889. [CrossRef]

63. Bower, R.; Tritschler, D.; VanderWaal, K.; Perrone, C.A.; Mueller, J.; Fox, L.; Sale, W.S.; Porter, M.E. The N-DRC forms a conserved
biochemical complex that maintains outer doublet alignment and limits microtubule sliding in motile axonemes. Mol. Biol. Cell
2013, 24, 1134–1152. [CrossRef] [PubMed]

64. Lin, J.; Tritschler, D.; Song, K.; Barber, C.F.; Cobb, J.S.; Porter, M.E.; Nicastro, D. Building Blocks of the Nexin-Dynein Regulatory
Complex in Chlamydomonas Flagella. J. Biol. Chem. 2011, 286, 29175–29191. [CrossRef] [PubMed]

65. Awata, J.; Song, K.; Lin, J.; King, S.M.; Sanderson, M.J.; Nicastro, D.; Witman, G.B. DRC3 connects the N-DRC to dynein g to
regulate flagellar waveform. Mol. Biol. Cell 2015, 26, 2788–2800. [CrossRef] [PubMed]

66. Wirschell, M.; Olbrich, H.; Werner, C.; Tritschler, D.; Bower, R.; Sale, W.S.; Loges, N.T.; Pennekamp, P.; Lindberg, S.; Stenram,
U.; et al. The nexin-dynein regulatory complex subunit DRC1 is essential for motile cilia function in algae and humans. Nat.
Genet. 2013, 45, 262–268. [CrossRef] [PubMed]

67. Gardner, L.C.; O’Toole, E.; Perrone, C.A.; Giddings, T.; Porter, M.E. Components of a “dynein regulatory complex” are located
at the junction between the radial spokes and the dynein arms in Chlamydomonas flagella. J. Cell Biol. 1994, 127, 1311–1325.
[CrossRef] [PubMed]

68. Piperno, G.; Mead, K.; LeDizet, M.; Moscatelli, A. Mutations in the “dynein regulatory complex” alter the ATP-insensitive binding
sites for inner arm dyneins in Chlamydomonas axonemes. J. Cell Biol. 1994, 125, 1109–1117. [CrossRef] [PubMed]

69. Piperno, G.; Mead, K.; Shestak, W. The inner dynein arms I2 interact with a “dynein regulatory complex” in Chlamydomonas
flagella. J. Cell Biol. 1992, 118, 1455–1463. [CrossRef] [PubMed]

70. Porter, M.E. Ciliary and flagellar motility and the nexin-dynein regulatory complex. In Dyneins, 2nd ed.; King, S.M., Ed.; Academic
Press, Elsevier: Oxford, UK, 2018; pp. 298–335.

71. Gui, M.; Ma, M.; Sze-Tu, E.; Wang, X.; Koh, F.; Zhong, E.D.; Berger, B.; Davis, J.H.; Dutcher, S.K.; Zhang, R.; et al. Structures of
radial spokes and associated complexes important for ciliary motility. Nat. Struct. Mol. Biol. 2021, 28, 29–37. [CrossRef] [PubMed]

72. Grossman-Haham, I.; Coudray, N.; Yu, Z.; Wang, F.; Zhang, N.; Bhabha, G.; Vale, R.D. Structure of the radial spoke head and
insights into its role in mechanoregulation of ciliary beating. Nat. Struct. Mol. Biol. 2021, 28, 20–28. [CrossRef] [PubMed]

73. Yang, P.; Diener, D.R.; Yang, C.; Kohno, T.; Pazour, G.J.; Dienes, J.M.; Agrin, N.S.; King, S.M.; Sale, W.S.; Kamiya, R.; et al. Radial
spoke proteins of Chlamydomonas flagella. J. Cell Sci. 2006, 119, 1165–1174. [CrossRef]

74. Gaillard, A.R.; Diener, D.R.; Rosenbaum, J.L.; Sale, W.S. Flagellar radial spoke protein 3 is an A-kinase anchoring protein (AKAP).
J. Cell Biol. 2001, 153, 443–448. [CrossRef]

75. Gupta, A.; Diener, D.R.; Sivadas, P.; Rosenbaum, J.L.; Yang, P. The versatile molecular complex component LC8 promotes several
distinct steps of flagellar assembly. J. Cell Biol. 2012, 198, 115–126. [CrossRef]

76. Jivan, A.; Earnest, S.; Juang, Y.-C.; Cobb, M.H. Radial Spoke Protein 3 Is a Mammalian Protein Kinase A-anchoring Protein That
Binds ERK1/2. J. Biol. Chem. 2009, 284, 29437–29445. [CrossRef]

77. Michel, J.J.C.; Scott, J.D. AKAP mediated signal transduction. Annu. Rev. Pharmacol. Toxicol. 2002, 42, 235–257. [CrossRef]
78. Luconi, M.; Cantini, G.; Baldi, E.; Forti, G. Role of a-kinase anchoring proteins (AKAPs) in reproduction. Front. Biosci. 2011, 16,

1315–1330. [CrossRef] [PubMed]
79. Gold, M.G.; Lygren, B.; Dokurno, P.; Hoshi, N.; McConnachie, G.; Tasken, K.; Carlson, C.R.; Scott, J.D.; Barford, D. Molecular

basis of AKAP specificity for PKA regulatory subunits. Mol. Cell 2006, 24, 383–395. [CrossRef] [PubMed]
80. Porter, M.E.; Sale, W.S. The 9 + 2 axoneme anchors multiple inner arm dyneins and a network of kinases and phosphatases that

control motility. J. Cell Biol. 2000, 151, F37–F42. [CrossRef]
81. Diener, D.R.; Yang, P.; Geimer, S.; Cole, D.G.; Sale, W.S.; Rosenbaum, J.L. Sequential assembly of flagellar radial spokes.

Cytoskeleton 2011, 68, 389–400. [CrossRef]

http://doi.org/10.1016/j.ajhg.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23261302
http://doi.org/10.1016/j.ajhg.2013.06.009
http://doi.org/10.1016/j.ajhg.2016.06.014
http://doi.org/10.1038/ng.1106
http://doi.org/10.1016/j.ajhg.2012.08.022
http://doi.org/10.1016/j.ajhg.2009.10.018
http://doi.org/10.1091/mbc.e12-11-0801
http://www.ncbi.nlm.nih.gov/pubmed/23427265
http://doi.org/10.1074/jbc.M111.241760
http://www.ncbi.nlm.nih.gov/pubmed/21700706
http://doi.org/10.1091/mbc.E15-01-0018
http://www.ncbi.nlm.nih.gov/pubmed/26063732
http://doi.org/10.1038/ng.2533
http://www.ncbi.nlm.nih.gov/pubmed/23354437
http://doi.org/10.1083/jcb.127.5.1311
http://www.ncbi.nlm.nih.gov/pubmed/7962092
http://doi.org/10.1083/jcb.125.5.1109
http://www.ncbi.nlm.nih.gov/pubmed/8195292
http://doi.org/10.1083/jcb.118.6.1455
http://www.ncbi.nlm.nih.gov/pubmed/1387875
http://doi.org/10.1038/s41594-020-00530-0
http://www.ncbi.nlm.nih.gov/pubmed/33318703
http://doi.org/10.1038/s41594-020-00519-9
http://www.ncbi.nlm.nih.gov/pubmed/33318704
http://doi.org/10.1242/jcs.02811
http://doi.org/10.1083/jcb.153.2.443
http://doi.org/10.1083/jcb.201111041
http://doi.org/10.1074/jbc.M109.048181
http://doi.org/10.1146/annurev.pharmtox.42.083101.135801
http://doi.org/10.2741/3791
http://www.ncbi.nlm.nih.gov/pubmed/21196234
http://doi.org/10.1016/j.molcel.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17081989
http://doi.org/10.1083/jcb.151.5.F37
http://doi.org/10.1002/cm.20520


Genes 2023, 14, 383 20 of 25

82. Zhu, X.; Liu, Y.; Yang, P. Radial Spokes-A Snapshot of the Motility Regulation, Assembly, and Evolution of Cilia and Flagella.
Cold Spring Harb. Perspect. Biol. 2017, 9, a028126–a028139. [CrossRef]

83. Smith, E.F.; Lefebvre, P.A. The role of central apparatus components in flagellar motility and microtubule assembly. Cell Motil.
Cytoskeleton 1997, 38, 1–8. [CrossRef]

84. Teves, M.E.; Nagarkatti-Gude, D.R.; Zhang, Z.; Strauss, J.F. Mammalian axoneme central pair complex proteins: Broader roles
revealed by gene knockout phenotypes. Cytoskeleton 2016, 73, 3–22. [CrossRef]

85. McKenzie, C.W.; Lee, L. Genetic interaction between central pair apparatus genes CFAP221, CFAP54, and SPEF2 in mouse models
of primary ciliary dyskinesia. Sci. Rep. 2020, 10, 12337. [CrossRef]

86. Lechtreck, K.F.; Gould, T.J.; Witman, G.B. Flagellar central pair assembly in Chlamydomonas reinhardtii. Cilia 2013, 2, 15–34.
[CrossRef] [PubMed]

87. Nakazawa, Y.; Ariyoshi, T.; Noga, A.; Kamiya, R.; Hirono, M. Space-Dependent Formation of Central Pair Microtubules and Their
Interactions with Radial Spokes. PLoS ONE 2014, 9, e110513. [CrossRef] [PubMed]

88. Nozawa, Y.I.; Yao, E.; Lin, C.; Yang, J.-H.; Wilson, C.W.; Gacayan, R.; Chuang, P.-T. Fused (Stk36) is a ciliary protein required
for central pair assembly and motile cilia orientation in the mammalian oviduct. Dev. Dyn. 2013, 242, 1307–1319. [CrossRef]
[PubMed]

89. Pereira, R.; Oliveira, J.; Ferraz, L.; Barros, A.; Santos, R.; Sousa, M. Mutation analysis in patients with total sperm immotility.
J. Assist. Reprod. Genet. 2015, 32, 893–902. [CrossRef] [PubMed]

90. Pereira, R.; Oliveira, J.; Sousa, M. A molecular approach to sperm immotility in humans: A review. Med. Reprod. Y Embriol. Clínica
2014, 1, 15–25. [CrossRef]

91. Sousa, M.; Oliveira, E.; Alves, A.; Gouveia, M.; Figueiredo, H.; Ferraz, L.; Barros, A.; Sa, R. Ultrastructural analysis of five patients
with total sperm immotility. Zygote 2015, 23, 900–907. [CrossRef]

92. Grudzinskas, J.G.; Yovich, J.L. Sperm structure and function. In Gametes—The Spermatozoon; Cambridge University Press:
Cambridge, UK, 1995.

93. Woolley, D.M.; Fawcett, D.W. The degeneration and disappearance of the centrioles during the development of the rat spermato-
zoon. Anat. Rec. 1973, 177, 289–301. [CrossRef]

94. Avidor-Reiss, T.; Mazur, M.; Fishman, E.L.; Sindhwani, P. The Role of Sperm Centrioles in Human Reproduction—The Known
and the Unknown. Front. Cell Dev. Biol. 2019, 7, 188–203. [CrossRef]

95. Fawcett, D.W.; Phillips, D.M. The fine structure and development of the neck region of the mammalian spermatozoon. Anat. Rec.
1969, 165, 153–183. [CrossRef] [PubMed]

96. Garanina, A.S.; Alieva, I.B.; Bragina, E.E.; Blanchard, E.; Arbeille, B.; Guerif, F.; Uzbekova, S.; Uzbekov, R.E. The Centriolar
Adjunct(-)Appearance and Disassembly in Spermiogenesis and the Potential Impact on Fertility. Cells 2019, 8, 180–191. [CrossRef]

97. Lindemann, C.B.; Lesich, K.A. Functional anatomy of the mammalian sperm flagellum. Cytoskeleton 2016, 73, 652–669. [CrossRef]
98. Fishman, E.L.; Jo, K.; Nguyen, Q.P.H.; Kong, D.; Royfman, R.; Cekic, A.R.; Khanal, S.; Miller, A.L.; Simerly, C.; Schatten, G.; et al.

A novel atypical sperm centriole is functional during human fertilization. Nat. Commun. 2018, 9, 2210. [CrossRef]
99. Mortimer, D. The functional anatomy of the human spermatozoon: Relating ultrastructure and function. Mol. Hum. Reprod. 2018,

24, 567–592. [CrossRef] [PubMed]
100. Ounjai, P.; Kim, K.D.; Lishko, P.V.; Downing, K.H. Three-Dimensional Structure of the Bovine Sperm Connecting Piece Revealed

by Electron Cryotomography. Biol. Reprod. 2012, 87, 1–9. [CrossRef] [PubMed]
101. Yuan, S.; Stratton, C.J.; Bao, J.; Zheng, H.; Bhetwal, B.P.; Yanagimachi, R.; Yan, W. Spata6 is required for normal assembly of the

sperm connecting piece and tight head–tail conjunction. Proc. Natl. Acad. Sci. USA 2015, 112, E430–E439. [CrossRef]
102. Wang, X.; Jiang, C.; Dai, S.; Shen, G.; Yang, Y.; Shen, Y. Identification of nonfunctional SPATA20 causing acephalic spermatozoa

syndrome in humans. Clin. Genet. 2022, 1–10. [CrossRef]
103. Oko, R. Comparative analysis of proteins from the fibrous sheath and outer dense fibers of rat spermatozoa. Biol. Reprod. 1988, 39,

169–182. [CrossRef]
104. Fawcett, D.W. A comparative view of sperm ultrastructure. Biol. Reprod. 1970, 2, 90–127. [CrossRef]
105. Baltz, J.M.; Williams, P.O.; Cone, R.A. Dense fibers protect mammalian sperm against damage. Biol. Reprod. 1990, 43, 485–491.

[CrossRef]
106. Zhao, W.; Li, Z.; Ping, P.; Wang, G.; Yuan, X.; Sun, F. Outer dense fibers stabilize the axoneme to maintain sperm motility. J. Cell.

Mol. Med. 2018, 22, 1755–1768. [CrossRef]
107. Chemes, H.E.; Rawe, V.Y. The making of abnormal spermatozoa: Cellular and molecular mechanisms underlying pathological

spermiogenesis. Cell Tissue Res. 2010, 341, 349–357. [CrossRef]
108. Brohmann, H.; Pinnecke, S.; Hoyer-Fender, S. Identification and characterization of new cDNAs encoding outer dense fiber

proteins of rat sperm. J. Biol. Chem. 1997, 272, 10327–10332. [CrossRef]
109. Shao, X.; Tarnasky, H.A.; Schalles, U.; Oko, R.; van der Hoorn, F.A. Interactional cloning of the 84-kDa major outer dense fiber

protein Odf84. Leucine zippers mediate associations of Odf84 and Odf27. J. Biol. Chem. 1997, 272, 6105–6113. [CrossRef]
[PubMed]

110. Schalles, U.; Shao, X.; van der Hoorn, F.A.; Oko, R. Developmental expression of the 84-kDa ODF sperm protein: Localization to
both the cortex and medulla of outer dense fibers and to the connecting piece. Dev. Biol. 1998, 199, 250–260. [CrossRef] [PubMed]

http://doi.org/10.1101/cshperspect.a028126
http://doi.org/10.1002/(SICI)1097-0169(1997)38:1&lt;1::AID-CM1&gt;3.0.CO;2-C
http://doi.org/10.1002/cm.21271
http://doi.org/10.1038/s41598-020-69359-3
http://doi.org/10.1186/2046-2530-2-15
http://www.ncbi.nlm.nih.gov/pubmed/24283352
http://doi.org/10.1371/journal.pone.0110513
http://www.ncbi.nlm.nih.gov/pubmed/25333940
http://doi.org/10.1002/dvdy.24024
http://www.ncbi.nlm.nih.gov/pubmed/23907739
http://doi.org/10.1007/s10815-015-0474-6
http://www.ncbi.nlm.nih.gov/pubmed/25877373
http://doi.org/10.1016/S2340-9320(15)30004-9
http://doi.org/10.1017/S0967199414000616
http://doi.org/10.1002/ar.1091770209
http://doi.org/10.3389/fcell.2019.00188
http://doi.org/10.1002/ar.1091650204
http://www.ncbi.nlm.nih.gov/pubmed/5387815
http://doi.org/10.3390/cells8020180
http://doi.org/10.1002/cm.21338
http://doi.org/10.1038/s41467-018-04678-8
http://doi.org/10.1093/molehr/gay040
http://www.ncbi.nlm.nih.gov/pubmed/30215807
http://doi.org/10.1095/biolreprod.112.101980
http://www.ncbi.nlm.nih.gov/pubmed/22767409
http://doi.org/10.1073/pnas.1424648112
http://doi.org/10.1111/cge.14268
http://doi.org/10.1095/biolreprod39.1.169
http://doi.org/10.1095/biolreprod2.Supplement_2.90
http://doi.org/10.1095/biolreprod43.3.485
http://doi.org/10.1111/jcmm.13457
http://doi.org/10.1007/s00441-010-1007-3
http://doi.org/10.1074/jbc.272.15.10327
http://doi.org/10.1074/jbc.272.10.6105
http://www.ncbi.nlm.nih.gov/pubmed/9045620
http://doi.org/10.1006/dbio.1998.8931
http://www.ncbi.nlm.nih.gov/pubmed/9698445


Genes 2023, 14, 383 21 of 25

111. Diekman, A.B.; Olson, G.; Goldberg, E. Expression of the human antigen SPAG2 in the testis and localization to the outer dense
fibers in spermatozoa. Mol. Reprod. Dev. 1998, 50, 284–293. [CrossRef]

112. Shao, X.; Murthy, S.; Demetrick, D.J.; Van der Hoorn, F.A. Human outer dense fiber gene, ODF2, localizes to chromosome 9q34.
Cytogenet. Genome Res. 1999, 83, 221–223. [CrossRef] [PubMed]

113. Petersen, C.; Fuzesi, L.; Hoyer-Fender, S. Outer dense fibre proteins from human sperm tail: Molecular cloning and expression
analyses of two cDNA transcripts encoding proteins of approximately 70 kDa. Mol. Hum. Reprod. 1999, 5, 627–635. [CrossRef]
[PubMed]

114. Shao, X.; Tarnasky, H.A.; Lee, J.P.; Oko, R.; van der Hoorn, F.A. Spag4, a novel sperm protein, binds outer dense-fiber protein
Odf1 and localizes to microtubules of manchette and axoneme. Dev. Biol. 1999, 211, 109–123. [CrossRef]

115. Shao, X.; Xue, J.; van der Hoorn, F.A. Testicular protein Spag5 has similarity to mitotic spindle protein Deepest and binds outer
dense fiber protein Odf1. Mol. Reprod. Dev. 2001, 59, 410–416. [CrossRef]

116. Fontaine, J.M.; Rest, J.S.; Welsh, M.J.; Benndorf, R. The sperm outer dense fiber protein is the 10th member of the superfamily of
mammalian small stress proteins. Cell Stress Chaperones 2003, 8, 62–69. [CrossRef]

117. Zarsky, H.A.; Tarnasky, H.A.; Cheng, M.; van der Hoorn, F.A. Novel RING finger protein OIP1 binds to conserved amino acid
repeats in sperm tail protein ODF1. Biol. Reprod. 2003, 68, 543–552. [CrossRef]

118. Donkor, F.F.; Monnich, M.; Czirr, E.; Hollemann, T.; Hoyer-Fender, S. Outer dense fibre protein 2 (ODF2) is a self-interacting
centrosomal protein with affinity for microtubules. J. Cell Sci. 2004, 117, 4643–4651. [CrossRef]

119. Ghafouri-Fard, S.; Ghafouri-Fard, S.; Modarressi, M.H. Expression of splice variants of cancer-testis genes ODF3 and ODF4 in the
testis of a prostate cancer patient. Genet. Mol. Res. 2012, 11, 3642–3648. [CrossRef] [PubMed]

120. Yang, K.; Meinhardt, A.; Zhang, B.; Grzmil, P.; Adham, I.M.; Hoyer-Fender, S. The small heat shock protein ODF1/HSPB10 is
essential for tight linkage of sperm head to tail and male fertility in mice. Mol. Cell. Biol. 2012, 32, 216–225. [CrossRef] [PubMed]

121. 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. Proteomics 2016, 15, 3685–3693.
[CrossRef]

122. Tarnasky, H.; Cheng, M.; Ou, Y.; Thundathil, J.C.; Oko, R.; van der Hoorn, F.A. Gene trap mutation of murine Outer dense fiber
protein-2 gene can result in sperm tail abnormalities in mice with high percentage chimaerism. BMC Dev. Biol. 2010, 10, 67.
[CrossRef] [PubMed]

123. Petit, J.M.; Ratinaud, M.H.; Cordelli, E.; Spanò, M.; Julien, R. Mouse testis cell sorting according to DNA and mitochondrial
changes during spermatogenesis. Cytometry 1995, 19, 304–312. [CrossRef]

124. Otani, H.; Tanaka, O.; Kasai, K.-I.; Yoshioka, T. Development of mitochondrial helical sheath in the middle piece of the mouse
spermatid tail: Regular dispositions and synchronized changes. Anat. Rec. 1988, 222, 26–33. [CrossRef]

125. Hawthorne, S.K.; Goodarzi, G.; Bagarova, J.; Gallant, K.E.; Busanelli, R.R.; Olend, W.J.; Kleene, K.C. Comparative genomics of the
sperm mitochondria-associated cysteine-rich protein gene. Genomics 2006, 87, 382–391. [CrossRef]

126. Hirata, S.; Hoshi, K.; Shoda, T.; Mabuchi, T. Spermatozoon and mitochondrial DNA. Reprod. Med. Biol. 2002, 1, 41–47. [CrossRef]
127. Piomboni, P.; Focarelli, R.; Stendardi, A.; Ferramosca, A.; Zara, V. The role of mitochondria in energy production for human

sperm motility. Int. J. Androl. 2012, 35, 109–124. [CrossRef]
128. Ford, W.C.L. Glycolysis and sperm motility: Does a spoonful of sugar help the flagellum go round? Hum. Reprod. Update 2006, 12,

269–274. [CrossRef]
129. du Plessis, S.S.; Agarwal, A.; Mohanty, G.; van der Linde, M. Oxidative phosphorylation versus glycolysis: What fuel do

spermatozoa use? Asian J. Androl. 2015, 17, 230–235. [CrossRef] [PubMed]
130. Losano, J.D.A.; Angrimani, D.S.R.; Ferreira Leite, R.; Simões da Silva, B.D.C.; Barnabe, V.H.; Nichi, M. Spermatic mitochondria:

Role in oxidative homeostasis, sperm function and possible tools for their assessment. Zygote 2018, 26, 251–260. [CrossRef]
[PubMed]

131. Martínez-Reyes, I.; Chandel, N.S. Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 2020, 11, 102.
[CrossRef] [PubMed]

132. Aitken, R.J.; Drevet, J.R. The Importance of Oxidative Stress in Determining the Functionality of Mammalian Spermatozoa:
A Two-Edged Sword. Antioxidants 2020, 9, 111. [CrossRef]

133. Ford, W. Regulation of sperm function by reactive oxygen species. Hum. Reprod. Update 2004, 10, 387–399. [CrossRef]
134. Kowaltowski, A.J.; de Souza-Pinto, N.C.; Castilho, R.F.; Vercesi, A.E. Mitochondria and reactive oxygen species. Free Radic. Biol.

Med. 2009, 47, 333–343. [CrossRef]
135. Zhang, G.; Yang, W.; Zou, P.; Jiang, F.; Zeng, Y.; Chen, Q.; Sun, L.; Yang, H.; Zhou, N.; Wang, X.; et al. Mitochondrial functionality

modifies human sperm acrosin activity, acrosome reaction capability and chromatin integrity. Hum. Reprod. 2019, 34, 3–11.
[CrossRef]

136. Ren, M.; Xu, Y.; Erdjument-Bromage, H.; Donelian, A.; Phoon, C.K.L.; Terada, N.; Strathdee, D.; Neubert, T.A.; Schlame, M.
Extramitochondrial cardiolipin suggests a novel function of mitochondria in spermatogenesis. J. Cell Biol. 2019, 218, 1491–1502.
[CrossRef]

137. Demain, L.A.; Conway, G.S.; Newman, W.G. Genetics of mitochondrial dysfunction and infertility. Clin. Genet. 2017, 91, 199–207.
[CrossRef] [PubMed]

http://doi.org/10.1002/(SICI)1098-2795(199807)50:3&lt;284::AID-MRD4&gt;3.0.CO;2-F
http://doi.org/10.1159/000015183
http://www.ncbi.nlm.nih.gov/pubmed/10072582
http://doi.org/10.1093/molehr/5.7.627
http://www.ncbi.nlm.nih.gov/pubmed/10381817
http://doi.org/10.1006/dbio.1999.9297
http://doi.org/10.1002/mrd.1047
http://doi.org/10.1379/1466-1268(2003)8&lt;62:TSODFP&gt;2.0.CO;2
http://doi.org/10.1095/biolreprod.102.009076
http://doi.org/10.1242/jcs.01303
http://doi.org/10.4238/2012.October.4.11
http://www.ncbi.nlm.nih.gov/pubmed/23096689
http://doi.org/10.1128/MCB.06158-11
http://www.ncbi.nlm.nih.gov/pubmed/22037768
http://doi.org/10.1074/mcp.M116.060343
http://doi.org/10.1186/1471-213X-10-67
http://www.ncbi.nlm.nih.gov/pubmed/20550699
http://doi.org/10.1002/cyto.990190404
http://doi.org/10.1002/ar.1092220106
http://doi.org/10.1016/j.ygeno.2005.09.010
http://doi.org/10.1046/j.1445-5781.2002.00007.x
http://doi.org/10.1111/j.1365-2605.2011.01218.x
http://doi.org/10.1093/humupd/dmi053
http://doi.org/10.4103/1008-682X.135123
http://www.ncbi.nlm.nih.gov/pubmed/25475660
http://doi.org/10.1017/S0967199418000242
http://www.ncbi.nlm.nih.gov/pubmed/30223916
http://doi.org/10.1038/s41467-019-13668-3
http://www.ncbi.nlm.nih.gov/pubmed/31900386
http://doi.org/10.3390/antiox9020111
http://doi.org/10.1093/humupd/dmh034
http://doi.org/10.1016/j.freeradbiomed.2009.05.004
http://doi.org/10.1093/humrep/dey335
http://doi.org/10.1083/jcb.201808131
http://doi.org/10.1111/cge.12896
http://www.ncbi.nlm.nih.gov/pubmed/27748512


Genes 2023, 14, 383 22 of 25

138. Vertika, S.; Singh, K.K.; Rajender, S. Mitochondria, spermatogenesis, and male infertility—An update. Mitochondrion 2020, 54, 26–40.
[CrossRef]

139. Kao, S.-H.; Chao, H.-T.; Wei, Y.-H. Mitochondrial Deoxyribonucleic Acid 4977-bp Deletion is Associated with Diminished Fertility
and Motility of Human Sperm1. Biol. Reprod. 1995, 52, 729–736. [CrossRef]

140. Ni, F.; Zhou, Y.; Zhang, W.X.; Wang, X.M.; Song, X.M.; Jiang, H. Mitochondrial variations in the MT-ND4 and MT-TL1 genes are
associated with male infertility. Syst. Biol. Reprod. Med. 2017, 63, 2–6. [CrossRef]

141. Woodhouse, R.M.; Frolows, N.; Wang, G.; Hawdon, A.; Wong, E.H.K.; Dansereau, L.C.; Su, Y.; Adair, L.D.; New, E.J.; Philp,
A.M.; et al. Mitochondrial succinate dehydrogenase function is essential for sperm motility and male fertility. iScience 2022, 25,
105573–105603. [CrossRef] [PubMed]

142. Cooper, T.G.; Yeung, C.H.; Fetic, S.; Sobhani, A.; Nieschlag, E. Cytoplasmic droplets are normal structures of human sperm but
are not well preserved by routine procedures for assessing sperm morphology. Hum. Reprod. 2004, 19, 2283–2288. [CrossRef]
[PubMed]

143. Rengan, A.K.; Agarwal, A.; van der Linde, M.; du Plessis, S.S. An investigation of excess residual cytoplasm in human spermatozoa
and its distinction from the cytoplasmic droplet. Reprod. Biol. Endocrinol. 2012, 10, 92. [CrossRef]

144. Cooper, T.G. The epididymis, cytoplasmic droplets and male fertility. Asian J. Androl. 2011, 13, 130–138. [CrossRef]
145. Holstein, A.F.; Roosen-Runge, E.C. Spermatozoa. In Atlas of Human Spermatogenesis; Grosse: Berlin, Germany, 1981.
146. Toure, A.; Rode, B.; Hunnicutt, G.R.; Escalier, D.; Gacon, G. Septins at the annulus of mammalian sperm. Biol. Chem. 2011, 392,

799–803. [CrossRef]
147. Kwitny, S.; Klaus, A.V.; Hunnicutt, G.R. The annulus of the mouse sperm tail is required to establish a membrane diffusion barrier

that is engaged during the late steps of spermiogenesis. Biol. Reprod. 2010, 82, 669–678. [CrossRef]
148. Kuo, P.L.; Chiang, H.S.; Wang, Y.Y.; Kuo, Y.C.; Chen, M.F.; Yu, I.S.; Teng, Y.N.; Lin, S.W.; Lin, Y.H. SEPT12-microtubule complexes

are required for sperm head and tail formation. Int. J. Mol. Sci. 2013, 14, 22102–22116. [CrossRef]
149. Lin, Y.H.; Kuo, Y.C.; Chiang, H.S.; Kuo, P.L. The role of the septin family in spermiogenesis. Spermatogenesis 2011, 1, 298–302.

[CrossRef]
150. Mostowy, S.; Cossart, P. Septins: The fourth component of the cytoskeleton. Nat. Rev. Mol. Cell Biol. 2012, 13, 183–194. [CrossRef]

[PubMed]
151. Chao, H.-C.A.; Lin, Y.-H.; Kuo, Y.-C.; Shen, C.-J.; Pan, H.-A.; Kuo, P.-L. The expression pattern of SEPT7 correlates with sperm

morphology. J. Assist. Reprod. Genet. 2010, 27, 299–307. [CrossRef]
152. Kissel, H.; Georgescu, M.-M.; Larisch, S.; Manova, K.; Hunnicutt, G.R.; Steller, H. The Sept4 Septin Locus Is Required for Sperm

Terminal Differentiation in Mice. Dev. Cell 2005, 8, 353–364. [CrossRef] [PubMed]
153. Lin, Y.-H.; Lin, Y.-M.; Wang, Y.-Y.; Yu, I.; Lin, Y.-W.; Wang, Y.-H.; Wu, C.-M.; Pan, H.-A.; Chao, S.-C.; Yen, P.H. The expression level

of septin12 is critical for spermiogenesis. Am. J. Pathol. 2009, 174, 1857–1868. [CrossRef]
154. Kuo, Y.C.; Shen, Y.R.; Chen, H.I.; Lin, Y.H.; Wang, Y.Y.; Chen, Y.R.; Wang, C.Y.; Kuo, P.L. SEPT12 orchestrates the formation of

mammalian sperm annulus by organizing core octameric complexes with other SEPT proteins. J. Cell Sci. 2015, 128, 923–934.
[CrossRef] [PubMed]

155. Steels, J.D.; Estey, M.P.; Froese, C.D.; Reynaud, D.; Pace-Asciak, C.; Trimble, W.S. Sept12 is a component of the mammalian sperm
tail annulus. Cell Motil. Cytoskelet. 2007, 64, 794–807. [CrossRef]

156. Hosseinifar, H.; Shafipour, M.; Modarresi, T.; Azad, M.; Sadighi Gilani, M.A.; Shahhosseini, M.; Sabbaghian, M. Relationship
between absence of annulus and asthenozoospermia in Iranian men. J. Assist. Reprod. Genet. 2014, 31, 1681–1685. [CrossRef]

157. Kuo, Y.C.; Lin, Y.H.; Chen, H.I.; Wang, Y.Y.; Chiou, Y.W.; Lin, H.H.; Pan, H.A.; Wu, C.M.; Su, S.M.; Hsu, C.C.; et al. SEPT12
mutations cause male infertility with defective sperm annulus. Hum. Mutat. 2012, 33, 710–719. [CrossRef]

158. Lhuillier, P.; Rode, B.; Escalier, D.; Lorès, P.; Dirami, T.; Bienvenu, T.; Gacon, G.; Dulioust, E.; Touré, a. Absence of annulus in
human asthenozoospermia: Case report. Hum. Reprod. 2009, 24, 1296–1303. [CrossRef]

159. Lin, Y.H.; Wang, Y.Y.; Chen, H.I.; Kuo, Y.C.; Chiou, Y.W.; Lin, H.H.; Wu, C.M.; Hsu, C.C.; Chiang, H.S.; Kuo, P.L. SEPTIN12 genetic
variants confer susceptibility to teratozoospermia. PLoS ONE 2012, 7, e34011. [CrossRef]

160. Shen, Y.R.; Wang, H.Y.; Kuo, Y.C.; Shih, S.C.; Hsu, C.H.; Chen, Y.R.; Wu, S.R.; Wang, C.Y.; Kuo, P.L. SEPT12 phosphorylation
results in loss of the septin ring/sperm annulus, defective sperm motility and poor male fertility. PLoS Genet. 2017, 13, e1006631.
[CrossRef]

161. Sugino, Y.; Ichioka, K.; Soda, T.; Ihara, M.; Kinoshita, M.; Ogawa, O.; Nishiyama, H. Septins as diagnostic markers for a subset of
human asthenozoospermia. J. Urol. 2008, 180, 2706–2709. [CrossRef]

162. Eddy, E.M.; Toshimori, K.; O’Brien, D.a. Fibrous sheath of mammalian spermatozoa. Microsc. Res. Tech. 2003, 61, 103–115.
[CrossRef]

163. 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]

164. Johnson, L.R.; Foster, J.A.; Haig-Ladewig, L.; Vanscoy, H.; Rubin, C.S.; Moss, S.B.; Gerton, G.L. Assembly of AKAP82, a Protein
Kinase A Anchor Protein, into the Fibrous Sheath of Mouse Sperm. Dev. Biol. 1997, 192, 340–350. [CrossRef]

165. Li, Y.-F.; He, W.; Kim, Y.-H.; Mandal, A.; Digilio, L.; Klotz, K.; Flickinger, C.J.; Herr, J.C. CABYR isoforms expressed in late steps of
spermiogenesis bind with AKAPs and ropporin in mouse sperm fibrous sheath. Reprod. Biol. Endocrinol. 2010, 8, 101. [CrossRef]

http://doi.org/10.1016/j.mito.2020.06.003
http://doi.org/10.1095/biolreprod52.4.729
http://doi.org/10.1080/19396368.2016.1256451
http://doi.org/10.1016/j.isci.2022.105573
http://www.ncbi.nlm.nih.gov/pubmed/36465130
http://doi.org/10.1093/humrep/deh410
http://www.ncbi.nlm.nih.gov/pubmed/15242996
http://doi.org/10.1186/1477-7827-10-92
http://doi.org/10.1038/aja.2010.97
http://doi.org/10.1515/BC.2011.074
http://doi.org/10.1095/biolreprod.109.079566
http://doi.org/10.3390/ijms141122102
http://doi.org/10.4161/spmg.1.4.18326
http://doi.org/10.1038/nrm3284
http://www.ncbi.nlm.nih.gov/pubmed/22314400
http://doi.org/10.1007/s10815-010-9409-4
http://doi.org/10.1016/j.devcel.2005.01.021
http://www.ncbi.nlm.nih.gov/pubmed/15737931
http://doi.org/10.2353/ajpath.2009.080955
http://doi.org/10.1242/jcs.158998
http://www.ncbi.nlm.nih.gov/pubmed/25588830
http://doi.org/10.1002/cm.20224
http://doi.org/10.1007/s10815-014-0353-6
http://doi.org/10.1002/humu.22028
http://doi.org/10.1093/humrep/dep020
http://doi.org/10.1371/journal.pone.0034011
http://doi.org/10.1371/journal.pgen.1006631
http://doi.org/10.1016/j.juro.2008.08.005
http://doi.org/10.1002/jemt.10320
http://doi.org/10.1093/biolre/iox096
http://doi.org/10.1006/dbio.1997.8767
http://doi.org/10.1186/1477-7827-8-101


Genes 2023, 14, 383 23 of 25

166. Hu, Y.; Yu, H.; Pask, A.J.; O’Brien, D.A.; Shaw, G.; Renfree, M.B. A-kinase anchoring protein 4 has a conserved role in mammalian
spermatogenesis. Reproduction 2009, 137, 645–653. [CrossRef] [PubMed]

167. Shi, L.; Zhou, T.; Huang, Q.; Zhang, S.; Li, W.; Zhang, L.; Hess, R.A.; Pazour, G.J.; Zhang, Z. Intraflagellar transport protein 74 is
essential for spermatogenesis and male fertility in mice. Biol. Reprod. 2019, 101, 188–199. [CrossRef]

168. Kinukawa, M.; Oda, S.; Shirakura, Y.; Okabe, M.; Ohmuro, J.; Baba, S.A.; Nagata, M.; Aoki, F. Roles of cAMP in regulating
microtubule sliding and flagellar bending in demembranated hamster spermatozoa. FEBS Lett. 2006, 580, 1515–1520. [CrossRef]
[PubMed]

169. Almog, T.; Lazar, S.; Reiss, N.; Etkovitz, N.; Milch, E.; Rahamim, N.; Dobkin-Bekman, M.; Rotem, R.; Kalina, M.; Ramon, J.; et al.
Identification of Extracellular Signal-regulated Kinase 1/2 and p38 MAPK as Regulators of Human Sperm Motility and Acrosome
Reaction and as Predictors of Poor Spermatozoan Quality. J. Biol. Chem. 2008, 283, 14479–14489. [CrossRef] [PubMed]

170. Krisfalusi, M.; Miki, K.; Magyar, P.L.; O’Brien, D.A. Multiple glycolytic enzymes are tightly bound to the fibrous sheath of mouse
spermatozoa. Biol. Reprod. 2006, 75, 270–278. [CrossRef]

171. Olmedo, S.B.; Nodar, F.; Chillik, C.; Chemes, H.E. Successful intracytoplasmic sperm injection with spermatozoa from a patient
with dysplasia of the fibrous sheath and chronic respiratory disease. Hum. Reprod. 1997, 12, 1497–1499. [CrossRef]

172. Chemes, H.E.; Olmedo, S.B.; Carrere, C.; Oses, R.; Carizza, C.; Leisner, M.; Blaquier, J. Ultrastructural pathology of the sperm
flagellum: Association between flagellar pathology and fertility prognosis in severely asthenozoospermic men. Hum. Reprod.
1998, 13, 2521–2526. [CrossRef]

173. Rawe, V.Y.; Galaverna, G.D.; Acosta, A.A.; Olmedo, S.B.; Chemes, H.E. Incidence of tail structure distortions associated with
dysplasia of the fibrous sheath in human spermatozoa. Hum. Reprod. 2001, 16, 879–886. [CrossRef] [PubMed]

174. Rawe, V.Y.; Olmedo, S.B.; Benmusa, A.; Shiigi, S.M.; Chemes, H.E.; Sutovsky, P. Sperm ubiquitination in patients with dysplasia of
the fibrous sheath. Hum. Reprod. 2002, 17, 2119–2127. [CrossRef] [PubMed]

175. Baccetti, B.; Collodel, G.; Estenoz, M.; Manca, D.; Moretti, E.; Piomboni, P. Gene deletions in an infertile man with sperm fibrous
sheath dysplasia. Hum. Reprod. 2005, 20, 2790–2794. [CrossRef]

176. Escalier, D.; Albert, M. New fibrous sheath anomaly in spermatozoa of men with consanguinity. Fertil. Steril. 2006, 86,
219.e211–219.e219. [CrossRef]

177. Croft, J.T.; Zabeo, D.; Subramanian, R.; Höög, J.L. Composition, structure and function of the eukaryotic flagellum distal tip.
Essays Biochem. 2018, 62, 815–828. [CrossRef]

178. Zabeo, D.; Croft, J.T.; Höög, J.L. Axonemal doublet microtubules can split into two complete singlets in human sperm flagellum
tips. FEBS Lett. 2019, 593, 892–902. [CrossRef]

179. Zabeo, D.; Heumann, J.M.; Schwartz, C.L.; Suzuki-Shinjo, A.; Morgan, G.; Widlund, P.O.; Höög, J.L. A lumenal interrupted helix
in human sperm tail microtubules. Sci. Rep. 2018, 8, 2727. [CrossRef]

180. Neal, C.V.; Hall-McNair, A.L.; Kirkman-Brown, J.; Smith, D.J.; Gallagher, M.T. Doing more with less: The flagellar end piece
enhances the propulsive effectiveness of human spermatozoa. Phys. Rev. Fluids 2020, 5, 073101. [CrossRef]

181. Kinukawa, M.; Ohmuro, J.; Baba, S.A.; Murashige, S.; Okuno, M.; Nagata, M.; Aoki, F. Analysis of Flagellar Bending in Hamster
Spermatozoa: Characterization of an Effective Stroke. Biol. Reprod. 2005, 73, 1269–1274. [CrossRef] [PubMed]

182. Morita, Y.; Shingyoji, C. Effects of Imposed Bending on Microtubule Sliding in Sperm Flagella. Curr. Biol. 2004, 14, 2113–2118.
[CrossRef] [PubMed]

183. Rao, Q.; Han, L.; Wang, Y.; Chai, P.; Kuo, Y.-w.; Yang, R.; Hu, F.; Yang, Y.; Howard, J.; Zhang, K. Structures of outer-arm dynein
array on microtubule doublet reveal a motor coordination mechanism. Nat. Struct. Mol. Biol. 2021, 28, 799–810. [CrossRef]
[PubMed]

184. Omoto, C.K.; Gibbons, I.R.; Kamiya, R.; Shingyoji, C.; Takahashi, K.; Witman, G.B. Rotation of the central pair microtubules in
eukaryotic flagella. Mol. Biol. Cell 1999, 10, 1–4. [CrossRef] [PubMed]

185. Loreng, T.D.; Smith, E.F. The Central Apparatus of Cilia and Eukaryotic Flagella. Cold Spring Harb. Perspect. Biol. 2017, 9,
a028118–a028132. [CrossRef]

186. Smith, E.F.; Yang, P. The radial spokes and central apparatus: Mechano-chemical transducers that regulate flagellar motility. Cell
Motil. Cytoskeleton 2004, 57, 8–17. [CrossRef]

187. Smith, E.F. Regulation of flagellar dynein by calcium and a role for an axonemal calmodulin and calmodulin-dependent kinase.
Mol. Biol. Cell 2002, 13, 3303–3313. [CrossRef]

188. DiPetrillo, C.G.; Smith, E.F. Pcdp1 is a central apparatus protein that binds Ca(2+)-calmodulin and regulates ciliary motility. J. Cell
Biol. 2010, 189, 601–612. [CrossRef]

189. Chilvers, M.A.; Rutman, A.; O’Callaghan, C. Functional analysis of cilia and ciliated epithelial ultrastructure in healthy children
and young adults. Thorax 2003, 58, 333–338. [CrossRef]

190. Chilvers, M.A.; O’Callaghan, C. Analysis of ciliary beat pattern and beat frequency using digital high speed imaging: Comparison
with the photomultiplier and photodiode methods. Thorax 2000, 55, 314–317. [CrossRef] [PubMed]

191. Collodel, G.; Ferretti, F.; Masini, M.; Gualtieri, G.; Moretti, E. Influence of age on sperm characteristics evaluated by light and
electron microscopies. Sci. Rep. 2021, 11, 4989. [CrossRef]

192. Eskenazi, B.; Wyrobek, A.J.; Sloter, E.; Kidd, S.A.; Moore, L.; Young, S.; Moore, D. The association of age and semen quality in
healthy men. Hum. Reprod. 2003, 18, 447–454. [CrossRef]

http://doi.org/10.1530/REP-08-0337
http://www.ncbi.nlm.nih.gov/pubmed/19139142
http://doi.org/10.1093/biolre/ioz071
http://doi.org/10.1016/j.febslet.2006.01.078
http://www.ncbi.nlm.nih.gov/pubmed/16466717
http://doi.org/10.1074/jbc.M710492200
http://www.ncbi.nlm.nih.gov/pubmed/18372245
http://doi.org/10.1095/biolreprod.105.049684
http://doi.org/10.1093/humrep/12.7.1497
http://doi.org/10.1093/humrep/13.9.2521
http://doi.org/10.1093/humrep/16.5.879
http://www.ncbi.nlm.nih.gov/pubmed/11331633
http://doi.org/10.1093/humrep/17.8.2119
http://www.ncbi.nlm.nih.gov/pubmed/12151447
http://doi.org/10.1093/humrep/dei126
http://doi.org/10.1016/j.fertnstert.2005.12.042
http://doi.org/10.1042/ebc20180032
http://doi.org/10.1002/1873-3468.13379
http://doi.org/10.1038/s41598-018-21165-8
http://doi.org/10.1103/PhysRevFluids.5.073101
http://doi.org/10.1095/biolreprod.105.042317
http://www.ncbi.nlm.nih.gov/pubmed/16107609
http://doi.org/10.1016/j.cub.2004.11.028
http://www.ncbi.nlm.nih.gov/pubmed/15589153
http://doi.org/10.1038/s41594-021-00656-9
http://www.ncbi.nlm.nih.gov/pubmed/34556869
http://doi.org/10.1091/mbc.10.1.1
http://www.ncbi.nlm.nih.gov/pubmed/9880321
http://doi.org/10.1101/cshperspect.a028118
http://doi.org/10.1002/cm.10155
http://doi.org/10.1091/mbc.e02-04-0185
http://doi.org/10.1083/jcb.200912009
http://doi.org/10.1136/thorax.58.4.333
http://doi.org/10.1136/thorax.55.4.314
http://www.ncbi.nlm.nih.gov/pubmed/10722772
http://doi.org/10.1038/s41598-021-84051-w
http://doi.org/10.1093/humrep/deg107


Genes 2023, 14, 383 24 of 25

193. Gadêlha, H.; Hernández-Herrera, P.; Montoya, F.; Darszon, A.; Corkidi, G. Human sperm uses asymmetric and anisotropic
flagellar controls to regulate swimming symmetry and cell steering. Sci. Adv. 2020, 6, eaba5168. [CrossRef]

194. Miller, M.R.; Kenny, S.J.; Mannowetz, N.; Mansell, S.A.; Wojcik, M.; Mendoza, S.; Zucker, R.S.; Xu, K.; Lishko, P.V. Asymmetrically
Positioned Flagellar Control Units Regulate Human Sperm Rotation. Cell Rep. 2018, 24, 2606–2613. [CrossRef]

195. Freitas, M.J.; Vijayaraghavan, S.; Fardilha, M. Signaling mechanisms in mammalian sperm motility. Biol. Reprod. 2017, 96, 2–12.
[CrossRef]

196. Koch, S.; Acebron, S.P.; Herbst, J.; Hatiboglu, G.; Niehrs, C. Post-transcriptional Wnt Signaling Governs Epididymal Sperm
Maturation. Cell 2015, 163, 1225–1236. [CrossRef]

197. Vijayaraghavan, S.; Stephens, D.T.; Trautman, K.; Smith, G.D.; Khatra, B.; da Cruz e Silva, E.F.; Greengard, P. Sperm Motility
Development in the Epididymis is Associated with Decreased Glycogen Synthase Kinase-3 and Protein Phosphatase 1 Activity1.
Biol. Reprod. 1996, 54, 709–718. [CrossRef]

198. Ahmadi, H.; Csabai, T.; Gorgey, E.; Rashidiani, S.; Parhizkar, F.; Aghebati-Maleki, L. Composition and effects of seminal plasma in
the female reproductive tracts on implantation of human embryos. Biomed. Pharmacother. 2022, 151, 113065. [CrossRef] [PubMed]

199. Banihani, S.A.; Aljabali, S.M. Men with oligozoospermia had lower level of seminal plasma pyridoxine compared to normo-
zoospermic men. Heliyon 2022, 8, e11983. [CrossRef] [PubMed]

200. Banjoko, S.O.; Adeseolu, F.O. Seminal Plasma pH, Inorganic Phosphate, Total and Ionized Calcium Concentrations In The
Assessment of Human Spermatozoa Function. J. Clin. Diagn. Res. 2013, 7, 2483–2486. [CrossRef] [PubMed]

201. Caballero, I.; Parrilla, I.; Alminana, C.; del Olmo, D.; Roca, J.; Martinez, E.A.; Vazquez, J.M. Seminal plasma proteins as modulators
of the sperm function and their application in sperm biotechnologies. Reprod. Domest. Anim. 2012, 47 (Suppl. 3), 12–21. [CrossRef]

202. Drabovich, A.P.; Saraon, P.; Jarvi, K.; Diamandis, E.P. Seminal plasma as a diagnostic fluid for male reproductive system disorders.
Nat. Rev. Urol. 2014, 11, 278–288. [CrossRef] [PubMed]

203. Jodar, M. Sperm and seminal plasma RNAs: What roles do they play beyond fertilization? Reproduction 2019, 158, R113–R123.
[CrossRef]

204. Karabulut, S.; Korkmaz, S.; Güneş, E.; Kabil, E.; Keskin, İ.; Usta, M.; Omurtag, G.Z. Seminal trace elements and their relationship
with sperm parameters. Andrologia 2022, 54, e14610. [CrossRef]

205. Murdica, V.; Giacomini, E.; Alteri, A.; Bartolacci, A.; Cermisoni, G.C.; Zarovni, N.; Papaleo, E.; Montorsi, F.; Salonia, A.;
Viganò, P.; et al. Seminal plasma of men with severe asthenozoospermia contain exosomes that affect spermatozoa motility and
capacitation. Fertil. Steril. 2019, 111, 897–908.e2. [CrossRef] [PubMed]

206. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
207. Candenas, L.; Chianese, R. Exosome Composition and Seminal Plasma Proteome: A Promising Source of Biomarkers of Male

Infertility. Int. J. Mol. Sci. 2020, 21, 7022–7049. [CrossRef]
208. Mahdavinezhad, F.; Gilani, M.A.S.; Gharaei, R.; Ashrafnezhad, Z.; Valipour, J.; Nashtaei, M.S.; Amidi, F. Protective roles of

seminal plasma exosomes and microvesicles during human sperm cryopreservation. Reprod. Biomed. Online 2022, 45, 341–353.
[CrossRef]

209. Mitra, A.; Richardson, R.T.; O’Rand, M.G. Analysis of Recombinant Human Semenogelin as an Inhibitor of Human Sperm
Motility. Biol. Reprod. 2010, 82, 489–496. [CrossRef] [PubMed]

210. Suarez, S.S.; Pacey, A.A. Sperm transport in the female reproductive tract. Hum. Reprod. Update 2006, 12, 23–37. [CrossRef]
211. Druart, X. Sperm Interaction with the Female Reproductive Tract. Reprod. Domest. Anim. 2012, 47, 348–352. [CrossRef]
212. Jokiniemi, A.; Magris, M.; Ritari, J.; Kuusipalo, L.; Lundgren, T.; Partanen, J.; Kekäläinen, J. Post-copulatory genetic matchmaking:

HLA-dependent effects of cervical mucus on human sperm function. Proc. R. Soc. B Biol. Sci. 2020, 287, 20201682. [CrossRef]
213. Wang, H.; McGoldrick, L.L.; Chung, J.-J. Sperm ion channels and transporters in male fertility and infertility. Nat. Rev. Urol. 2021,

18, 46–66. [CrossRef] [PubMed]
214. Qi, H.; Moran, M.M.; Navarro, B.; Chong, J.A.; Krapivinsky, G.; Krapivinsky, L.; Kirichok, Y.; Ramsey, I.S.; Quill, T.A.; Clapham,

D.E. All four CatSper ion channel proteins are required for male fertility and sperm cell hyperactivated motility. Proc. Natl. Acad.
Sci. USA 2007, 104, 1219–1223. [CrossRef] [PubMed]

215. Hildebrand, M.S.; Avenarius, M.R.; Fellous, M.; Zhang, Y.; Meyer, N.C.; Auer, J.; Serres, C.; Kahrizi, K.; Najmabadi, H.; Beckmann,
J.S.; et al. Genetic male infertility and mutation of CATSPER ion channels. Eur. J. Hum. Genet. 2010, 18, 1178–1184. [CrossRef]
[PubMed]

216. Avenarius, M.R.; Hildebrand, M.S.; Zhang, Y.; Meyer, N.C.; Smith, L.L.; Kahrizi, K.; Najmabadi, H.; Smith, R.J. Human male
infertility caused by mutations in the CATSPER1 channel protein. Am. J. Hum. Genet. 2009, 84, 505–510. [CrossRef] [PubMed]

217. Avidan, N.; Tamary, H.; Dgany, O.; Cattan, D.; Pariente, A.; Thulliez, M.; Borot, N.; Moati, L.; Barthelme, A.; Shalmon, L.; et al.
CATSPER2, a human autosomal nonsyndromic male infertility gene. Eur. J. Hum. Genet. 2003, 11, 497–502. [CrossRef]

218. Ren, D.; Navarro, B.; Perez, G.; Jackson, A.C.; Hsu, S.; Shi, Q.; Tilly, J.L.; Clapham, D.E. A sperm ion channel required for sperm
motility and male fertility. Nature 2001, 413, 603–609. [CrossRef] [PubMed]

219. Zhao, Y.; Wang, H.; Wiesehoefer, C.; Shah, N.B.; Reetz, E.; Hwang, J.Y.; Huang, X.; Wang, T.-e.; Lishko, P.V.; Davies, K.M.; et al. 3D
structure and in situ arrangements of CatSper channel in the sperm flagellum. Nat. Commun. 2022, 13, 3439. [CrossRef]

220. Yang, F.; Gracia Gervasi, M.; Orta, G.; Tourzani, D.A.; De la Vega-Beltran, J.L.; Ruthel, G.; Darszon, A.; Visconti, P.E.; Wang, P.J.
C2CD6 regulates targeting and organization of the CatSper calcium channel complex in sperm flagella. Development 2022, 149,
dev199988. [CrossRef]

http://doi.org/10.1126/sciadv.aba5168
http://doi.org/10.1016/j.celrep.2018.08.016
http://doi.org/10.1095/biolreprod.116.144337
http://doi.org/10.1016/j.cell.2015.10.029
http://doi.org/10.1095/biolreprod54.3.709
http://doi.org/10.1016/j.biopha.2022.113065
http://www.ncbi.nlm.nih.gov/pubmed/35550527
http://doi.org/10.1016/j.heliyon.2022.e11983
http://www.ncbi.nlm.nih.gov/pubmed/36483303
http://doi.org/10.7860/JCDR/2013/6194.3585
http://www.ncbi.nlm.nih.gov/pubmed/24392378
http://doi.org/10.1111/j.1439-0531.2012.02028.x
http://doi.org/10.1038/nrurol.2014.74
http://www.ncbi.nlm.nih.gov/pubmed/24709963
http://doi.org/10.1530/REP-18-0639
http://doi.org/10.1111/and.14610
http://doi.org/10.1016/j.fertnstert.2019.01.030
http://www.ncbi.nlm.nih.gov/pubmed/31029245
http://doi.org/10.1126/science.aau6977
http://doi.org/10.3390/ijms21197022
http://doi.org/10.1016/j.rbmo.2022.03.033
http://doi.org/10.1095/biolreprod.109.081331
http://www.ncbi.nlm.nih.gov/pubmed/19889947
http://doi.org/10.1093/humupd/dmi047
http://doi.org/10.1111/j.1439-0531.2012.02097.x
http://doi.org/10.1098/rspb.2020.1682
http://doi.org/10.1038/s41585-020-00390-9
http://www.ncbi.nlm.nih.gov/pubmed/33214707
http://doi.org/10.1073/pnas.0610286104
http://www.ncbi.nlm.nih.gov/pubmed/17227845
http://doi.org/10.1038/ejhg.2010.108
http://www.ncbi.nlm.nih.gov/pubmed/20648059
http://doi.org/10.1016/j.ajhg.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19344877
http://doi.org/10.1038/sj.ejhg.5200991
http://doi.org/10.1038/35098027
http://www.ncbi.nlm.nih.gov/pubmed/11595941
http://doi.org/10.1038/s41467-022-31050-8
http://doi.org/10.1242/dev.199988


Genes 2023, 14, 383 25 of 25

221. Zhang, Z.; Yang, Y.; Wu, H.; Zhang, H.; Zhang, H.; Mao, J.; Liu, D.; Zhao, L.; Lin, H.; Tang, W.; et al. Sodium-Hydrogen-Exchanger
expression in human sperm and its relationship with semen parameters. J. Assist. Reprod Genet. 2017, 34, 795–801. [CrossRef]

222. Liu, T.; Huang, J.C.; Zuo, W.L.; Lu, C.L.; Chen, M.; Zhang, X.S.; Li, Y.C.; Cai, H.; Zhou, W.L.; Hu, Z.Y.; et al. A novel testis-specific
Na+/H+ exchanger is involved in sperm motility and fertility. Front. Biosci. 2010, 2, 566–581. [CrossRef]

223. Wertheimer, E.V.; Salicioni, A.M.; Liu, W.; Trevino, C.L.; Chavez, J.; Hernández-González, E.O.; Darszon, A.; Visconti, P.E.
Chloride Is Essential for Capacitation and for the Capacitation-associated Increase in Tyrosine Phosphorylation. J. Biol. Chem.
2008, 283, 35539–35550. [CrossRef] [PubMed]

224. Chen, W.Y.; Xu, W.M.; Chen, Z.H.; Ni, Y.; Yuan, Y.Y.; Zhou, S.C.; Zhou, W.W.; Tsang, L.L.; Chung, Y.W.; Höglund, P.; et al. Cl−
Is Required for HCO3− Entry Necessary for Sperm Capacitation in Guinea Pig: Involvement of a Cl−/HCO3− Exchanger
(SLC26A3) and CFTR1. Biol. Reprod. 2009, 80, 115–123. [CrossRef] [PubMed]

225. Xu, W.M.; Shi, Q.X.; Chen, W.Y.; Zhou, C.X.; Ni, Y.; Rowlands, D.K.; Yi Liu, G.; Zhu, H.; Ma, Z.G.; Wang, X.F.; et al. Cystic fibrosis
transmembrane conductance regulator is vital to sperm fertilizing capacity and male fertility. Proc. Natl. Acad. Sci. USA 2007, 104,
9816–9821. [CrossRef]

226. Rode, B.; Dirami, T.; Bakouh, N.; Rizk-Rabin, M.; Norez, C.; Lhuillier, P.; Lorès, P.; Jollivet, M.; Melin, P.; Zvetkova, I.; et al. The
testis anion transporter TAT1 (SLC26A8) physically and functionally interacts with the cystic fibrosis transmembrane conductance
regulator channel: A potential role during sperm capacitation. Hum. Mol. Genet. 2012, 21, 1287–1298. [CrossRef] [PubMed]

227. Puga Molina, L.C.; Pinto, N.A.; Torres, N.I.; González-Cota, A.L.; Luque, G.M.; Balestrini, P.A.; Romarowski, A.; Krapf, D.;
Santi, C.M.; Treviño, C.L.; et al. CFTR/ENaC-dependent regulation of membrane potential during human sperm capacitation is
initiated by bicarbonate uptake through NBC. J. Biol. Chem. 2018, 293, 9924–9936. [CrossRef] [PubMed]

228. Mannowetz, N.; Naidoo, N.M.; Choo, S.-A.S.; Smith, J.F.; Lishko, P.V. Slo1 is the principal potassium channel of human
spermatozoa. eLife 2013, 2, e01009. [CrossRef]

229. Brenker, C.; Zhou, Y.; Müller, A.; Echeverry, F.A.; Trötschel, C.; Poetsch, A.; Xia, X.-M.; Bönigk, W.; Lingle, C.J.; Kaupp, U.B.; et al.
The Ca2+-activated K+ current of human sperm is mediated by Slo3. eLife 2014, 3, e01438. [CrossRef]

230. Lishko, P.V.; Kirichok, Y. The role of Hv1 and CatSper channels in sperm activation. J. Physiol. 2010, 588, 4667–4672. [CrossRef]
[PubMed]

231. Valsecchi, F.; Ramos-Espiritu, L.S.; Buck, J.; Levin, L.R.; Manfredi, G. cAMP and Mitochondria. Physiology 2013, 28, 199–209.
[CrossRef] [PubMed]

232. Ortega, C.; Verheyen, G.; Raick, D.; Camus, M.; Devroey, P.; Tournaye, H. Absolute asthenozoospermia and ICSI: What are the
options? Hum. Reprod. Update 2011, 17, 684–692. [CrossRef]

233. Wang, J.; Wang, W.; Shen, L.; Zheng, A.; Meng, Q.; Li, H.; Yang, S. Clinical detection, diagnosis and treatment of morphological
abnormalities of sperm flagella: A review of literature. Front. Genet. 2022, 13, 1034951–1034967. [CrossRef] [PubMed]

234. Hayashi, K.; Ohta, H.; Kurimoto, K.; Aramaki, S.; Saitou, M. Reconstitution of the mouse germ cell specification pathway in
culture by pluripotent stem cells. Cell 2011, 146, 519–532. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s10815-017-0898-2
http://doi.org/10.2741/e115
http://doi.org/10.1074/jbc.M804586200
http://www.ncbi.nlm.nih.gov/pubmed/18957426
http://doi.org/10.1095/biolreprod.108.068528
http://www.ncbi.nlm.nih.gov/pubmed/18784352
http://doi.org/10.1073/pnas.0609253104
http://doi.org/10.1093/hmg/ddr558
http://www.ncbi.nlm.nih.gov/pubmed/22121115
http://doi.org/10.1074/jbc.RA118.003166
http://www.ncbi.nlm.nih.gov/pubmed/29743243
http://doi.org/10.7554/eLife.01009
http://doi.org/10.7554/eLife.01438
http://doi.org/10.1113/jphysiol.2010.194142
http://www.ncbi.nlm.nih.gov/pubmed/20679352
http://doi.org/10.1152/physiol.00004.2013
http://www.ncbi.nlm.nih.gov/pubmed/23636265
http://doi.org/10.1093/humupd/dmr018
http://doi.org/10.3389/fgene.2022.1034951
http://www.ncbi.nlm.nih.gov/pubmed/36425067
http://doi.org/10.1016/j.cell.2011.06.052

	Introduction 
	Sperm Flagellum 
	Axoneme 
	Connecting Piece 
	Midpiece 
	Principal Piece 
	Endpiece 

	Motility Mechanisms 
	Conclusions and Future Challenges 
	References

