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Abstract: Nuclear architecture undergoes an extensive remodeling during spermatogenesis, es-
pecially at levels of spermatocytes (SPC) and spermatids (SPT). Interestingly, typical events of
spermiogenesis, such as nuclear elongation, acrosome biogenesis, and flagellum formation, need
a functional cooperation between proteins of the nuclear envelope and acroplaxome/manchette
structures. In addition, nuclear envelope plays a key role in chromosome distribution. In this sce-
nario, special attention has been focused on the LINC (linker of nucleoskeleton and cytoskeleton)
complex, a nuclear envelope-bridge structure involved in the connection of the nucleoskeleton to
the cytoskeleton, governing mechanotransduction. It includes two integral proteins: KASH- and
SUN-domain proteins, on the outer (ONM) and inner (INM) nuclear membrane, respectively. The
LINC complex is involved in several functions fundamental to the correct development of sperm
cells such as head formation and head to tail connection, and, therefore, it seems to be important
in determining male fertility. This review provides a global overview of the main LINC complex
components, with a special attention to their subcellular localization in sperm cells, their roles in the
regulation of sperm morphological maturation, and, lastly, LINC complex alterations associated to
male infertility.
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1. Introduction

Spermatogenesis is a differentiation process, spatio-temporally coordinated, respon-
sible for spermatozoa (SPZ) production [1,2]. During spermatogenesis, male germ cells
undergo three fundamental phases: (i) self-renewal of spermatogonial stem cells (SSC) and
proliferation of spermatogonia (SPG); (ii) meiosis of spermatocytes (SPC) for haploid round
spermatid (rSPT) production; and (iii) morphogenesis of rSPT into SPZ [3,4]. During these
events, the nuclear structure undergoes a dynamic remodeling to favor the meiotic pairing
of the homologous chromosomes, their separation to form haploid cells, and, finally, the
extreme chromatin condensation in order to protect the paternal genome from chemical
and physical insults and to reduce sperm head size, thus guaranteeing the hydrodynamic
shape of SPZ [5–7]. Additionally, during spermiogenesis, rSPT undergo massive morpho-
logical changes including acrosome and tail formation, cytoplasm elimination, and nuclear
condensation that requires histone replacement by protamines (PRMs) [3,6,8,9].

In this regard, the profound rearrangement of the nuclear architecture deeply involves
an extensive remodeling of the nuclear envelope (NE), including the composition and
the localization of its components. Outer (ONM) and inner (INM) nuclear membranes,
periodically fused at sites forming the nuclear pore complexes (NPCs), play different roles:
ONM proteins are especially implicated in nuclear positioning and movement, while INM
proteins are in close association with nuclear lamina and chromatin, thus regulating a
wide range of nuclear functions such as DNA replication and transcription, chromatin
organization, mitosis, and meiosis [10–13].

Genes 2021, 12, 658. https://doi.org/10.3390/genes12050658 https://www.mdpi.com/journal/genes

https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0002-7325-5317
https://orcid.org/0000-0003-3631-1794
https://doi.org/10.3390/genes12050658
https://doi.org/10.3390/genes12050658
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/genes12050658
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes12050658?type=check_update&version=2


Genes 2021, 12, 658 2 of 16

During spermatogenesis, nuclear remodeling particularly concerns SPC and SPT.
During meiosis, NE proteins, in collaboration with cytoskeletal elements, govern chromo-
some spatial arrangement [14,15]. Both the reorganization of the nuclear lamina and the
cytoplasmic microtubule-associated motor forces drive chromosome movements [14,15].
Beyond its action during male meiosis, NE acts as a platform for several structural changes,
typical of the spermiogenesis phase, such as nuclear elongation, acrosome biogenesis, and
flagellum formation [16–19]. Thus, several NE proteins cooperate with acroplaxome and
manchette structures in order to orchestrate nuclear reshaping [19,20].

In cell nuclei, chromosomes are finely organized and located in specific nuclear
regions named chromosomes territories [21,22]. Interestingly, sperm chromosomes also
do not have a random localization in the nucleus; indeed, a specific longitudinal or radial
positioning of them seems to be involved in the accurate paternal gene expression pattern
after oocyte fertilization [23–27]. NE and its integral membrane proteins play a central role
in chromosome positioning as well as in sperm head formation [16,28,29].

The linker of nucleoskeleton and cytoskeleton (LINC) complex is an NE-bridge struc-
ture involved in the connection of nucleoskeleton to the cytoskeleton, crucial for nuclear
migration, positioning, and anchoring [19,30,31]. The LINC complex is formed by two
transmembrane protein families, both having a single-transmembrane-pass: Nuclear Enve-
lope Spectrin repeat proteins (NESPRIN), located in the ONM, and Sad1p-UNC84 (SUN)
domain proteins, located in the INM [32–34].

Nesprins have a central region of variable length and a C-terminal Klarsicht/ANC-
1/Syne homology (KASH) transmembrane domain that facilities NE localization [35];
their N-terminal domain is bound to the cytoskeleton [36–38]. SUN proteins are, instead,
characterized by a nucleoplasmic N-terminal domain bound to nucleoskeleton and a
C-terminal domain that is projected into the perinuclear space (PNS) [15].

The nesprin family includes four members, also identified as KASH proteins, encoded
by four genes, known as SYNE1-4; the SUN family includes five members (SUN1-5) [36,39,40].
The largest isoforms of the nesprin family are KASH1 and KASH2, the only isoforms able
to directly contact the filamentous actin (F-actin); KASH3 associates with intermediate
filaments by using a plectin-binding motif [41]. Instead, KASH4 interacts with kif5b, a sub-
unit of the microtubule motor kinesin-1, and therefore indirectly with microtubules [42,43].
In addition to these four members, KASH5 appears the most divergent; its N-terminus
interacts with dynein–dynactin, which mediates microtubule binding, thus driving rapid
chromosomal movements that facilitate homologous chromosome pairing [44]. In doing so,
KASH5 has a key role in meiosis, and it is essential for fertility. Among SUN proteins, SUN1
and 2 are ubiquitously produced in somatic cells; instead, SUN3, 4 (whose alternative name
is SPAG4), and 5 (whose alternative name is SPAG4L) are restricted to the testis [32,39,45].

Functions of cytoplasm and nucleus are tightly coupled not only through the LINC
complexes, but also through NPCs that are intimately associated [46]. First of all, the
final destination of SUN proteins on the INM needs the protein trafficking across the
NPCs. Furthermore, SUN1 co-localizes with nucleoporin 153 (Nup153) and affects the
distribution of NPCs [47]. SUN1, in combination with SUN2, interacts with messenger
ribonucleoprotein particle components, thus having a direct role in mRNA export through
the NPC in mammalian cells [48].

A regulatory action of the LINC complex during spermatogenesis and sperm matura-
tion is well reported. The LINC complex participates in meiotic recombination supporting
a proper chromosomes pairing, as well as telomere movement and attachment; in fact,
genetic disruption of Sun1 in mice prevents telomere attachment to the nuclear envelope,
efficient homolog pairing, and synapsis formation in meiosis [49]. In addition, KASH5, a
specific partner of SUN1, actively participates in this event [50]. SUN2 also interacts with
KASH5, forming the complex SUN1/SUN2/KASH5 involved in the tethering of meiotic
telomeres to the NE [51,52]. Other SUN proteins involved in meiotic recombination include
SUN5. This function is strictly interconnected to nuclear lamina, a meshwork of interme-
diate filament proteins located in the nucleoplasm, between INM and chromatin [53]. In
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mammals, A-type lamins include A, C, and a male meiosis-specific isoform C2; B-type
lamins include B1, B2, and a spermatid-specific isoform B3. In mouse, SUN5 co-localizes
with lamin B1 and is involved in NE reconstitution and nuclear migration occurring during
meiotic division [54]. In agreement, the SUN5/KASH2 LINC complex may be involved in
mouse SPC meiotic division [55]. LINC complex has also a consolidated role in mammalian
sperm head formation and head to tail connection, and, therefore, it seems to be important
in determining male infertility [45,56,57].

In this scenario, focusing on sperm cells, we report a global overview of the main
LINC complex components and their regulatory action in mechanotransduction, with a
special attention paid to their subcellular localization in SPZ, their roles in the regulation
of sperm morphological maturation, and, lastly, LINC complex alterations associated to
male infertility.

2. The Role of the LINC Complex in Mechanotransduction

Mechanobiology evaluates how mechanical forces impact on cell morphology and
physiology. Mechanical forces have great relevance in cell differentiation, development, and
several disease states. Cells respond to these forces by activating molecular mechanisms in
their microenvironment. Most mechanical processes lead to nuclear movement, shape, and
positioning, as well as chromatin folding and gene expression, in which the LINC complex
plays a critical role.

Mechanotransduction is just the route by which cells transform extracellular mechani-
cal signals into biochemical signals, involving cytoskeletal–nucleoskeletal connections; in
other words, extracellular forces, generated from the matrix, through the propagation of
mechanical signals along the cytoskeleton, regulate NE composition, acting on the LINC
complex, nuclear shape, chromatin organization, and gene expression, as a final effect
(Figure 1) [58–60]. The idea that the LINC complex may act as a force-sensitive-signaling
hub in order to fine-tune nuclear responses came from studies on isolated nuclei, subjected
to physical forces [61]. Studies on this aspect demonstrate, in fact, that perturbations of
the LINC complex or disruption of the interaction between the LINC complex and nuclear
lamins cause cytoskeletal disorganization, impair the cytoskeletal force transmission to the
nucleus, and alter gene expression [62].

One of the main cytoskeletal actors in the mechanotransduction pathway is the actin.
Actin plays a crucial role in different cellular functions such as (i) cell motility, (ii) cell
signaling, and (iii) cellular response to mechanical stimuli. Recent findings show the newest
actin functions, highlighting how the actin structures around NE may be a key factor in
the regulation of nucleus movement as well as gene expression [63]. In this scenario,
the LINC complex mechanically connects the nucleus to the cytoskeletal actin, which in
turn mediates nuclear movement and nucleus position in cells [32]. The actin-to-LINC
complex connection is mediated by KASH proteins, which, on one side, interact with
SUN partner at the NE level, while on the other side they interact with cytoskeletal actin
through a specific actin-binding domain. The actin role in nucleus movement via the LINC
complex is well described. Indeed, KASH2 and SUN1/2 alterations negatively impair
nuclear migration during mammalian retinal development [64]. In addition, prior cell
migration and transverse actin filaments interact with KASH2 to form transmembrane
actin-associated nuclear (TAN) lines, which provide a retrograde flow useful for nucleus
movement behind the centrosome. Interestingly, depending on the SUN partner, two
different nuclear movements occur. In detail, KASH2/SUN2 interactions induce rearward
movement via TAN lines, while KASH2/SUN1 interactions induce toward movement via
microtubules [65–68].
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Figure 1. Schematic representation of mechanical force transduction from the cell membrane to the
nucleus. Following mechanical stimulus and activation of membrane receptors, a signal transduction
pathway is triggered to cytoskeletal filaments that interact with LINC complex components. These
last, in turn, interact with nuclear lamina that transmits mechanical force to the chromatin. Finally,
chromatin folding changes, induced by mechanical force transduction, modulate gene expression.

Around the nucleus, actin also forms a filamentous structure covering the nuclear
surface named perinuclear actin CAP, that, interacting with KASH2 or KASH3, participates
in nucleus orientation, nuclear shape, and finally mechanotransduction, protecting the
nucleus from mechanical deformation [69–71]. KASH2/3 depletion is associated with the
inhibition of perinuclear actin CAP assembly and negatively affects mechanotransduc-
tion [72].

One of the kinds of main intracellular mechanosensor signaling generated from
mechanical cues and linked to actin stimulation is the Hippo kinase signaling cascade.
This evolutionarily conserved pathway, involved in the regulation of cell proliferation and
fate, tissue differentiation, and organ size, is triggered downstream from a mechanical
force able to induce actin activation [73–75]. It also includes Yes-associated protein (YAP)
and its homologous protein Transcriptional Co-Activator With PDZ-Binding Motif (TAZ),
two transcriptional co-activators able to deliver mechanical cues to the transcriptional
machinery of the nucleus by shuttling between the cytoplasm and nucleus [76–78].

Actin–LINC complex interaction plays a key role in mitosis and meiosis. In the first
case, the actin–LINC complex regulates centrosome positioning and ensures that no chro-
mosome mis-location occurs, while during meiosis actin polymerization regulates the
nuclear movement [79,80]. Finally, the actin–LINC complex regulates gene expression. In
several cell types, actin contractility regulates nuclear volume and, mechanically, affects
chromatin conformation and accessibility to transcriptional factors, with consequent al-
teration of gene expression [81]. In addition, alteration of gene expression may depend
on anomalous LINC complex dependent mechanisms, as observed in the case of KASH2
downregulation that associates with alterations of gene expression in epithelial cells [82].
In other words, transcriptional regulation may depend on the LINC complex through
non-mechanical mechanisms, such as changes in signaling pathways putatively mediated
by this complex.
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Whether the LINC complex directly contacts chromatin or establishes indirect con-
tacts via nuclear lamina is not fully elucidated. Such a possibility is more intriguing in
post-meiotic germ cells that undergo chromatin condensation through the replacement
of nuclear histones with protamines [4]. In somatic cells, the Lamin B receptor (LBR),
an integral protein of the INM, binds to lamin B1 and links the nuclear lamina to the
chromatin through an interaction with the HP1-type heterochromatin proteins and the
Barrier-to-autointegration factor (BAF) [83,84]. In germ cells, LBR is also able to tempo-
rally associate with protamine 1. In detail, during mammalian spermiogenesis, protamine
1 is highly phosphorylated to be deposited into SPT chromatin and almost completely
dephosphorylated during sperm maturation [85,86]. Therefore, in elongating spermatids
(eSPT), this phosphorylation is required for the temporal association of P1 protamine with
LBR [87]. Known somatic lamina–chromatin interface regulators, such as lamina-associated
protein LAP2ß and lamin B1, change their distribution in the SPT nucleus, concomitantly
with chromosome positioning and their stabilization in specific nucleus areas [16,28,29].
Conversely, in humans, the absence of the lamina–chromatin interface in most SPT may
determine the detachment of the chromatin from the nuclear lamina in order to increase
its accessibility for histone–protamine exchange [84]. However, a differential expression
of LBR has been demonstrated between rodents and humans, since human SPT lose a
significant signal for this receptor. In addition, both BAF and its paralogue, BAF-like
(BAF-L), have been observed in human SPZ. While BAF homodimers have been involved
in the induction of chromatin condensation [88], BAF–BAF-L heterodimers could promote
massive histone–protamine exchanges through a more open chromatin [84].

Several doubts still exist about the molecular mechanisms necessary to allow a physical
and a functional interaction among the LINC complex, nuclear lamina, and chromatin,
requiring more efforts to address the research in such a direction.

Beyond being a traditional component of the cytoskeleton and making contacts with
the LINC complex, actin constantly shuttles between the cytoplasm and the nucleus.
This dual localization is required for maximal transcription; in fact, in the nucleus, actin
regulates the activity of specific transcription factors, participates in several chromatin
remodeling complexes, and associates with all three RNA polymerases [89]. Intriguingly,
nuclear filamentous actin (F-actin) has been found after fertilization in zygote, inside the
large and decondensed pronuclei [90]. It is required for fully functional pronuclei; in fact,
its perturbation causes the mis-regulation of genes related to genome integrity, generating
an abnormal development of mouse embryos [90].

Other non-mutually-exclusive mechanisms of nuclear mechanotransduction, beyond
LINC complex regulation, have been proposed to date. One of them concerns nuclear
pore stretching. Accordingly, mechanical stimuli are able to induce physical changes of
NPCs, and, therefore, mechanoactivate the NPC permeability, independently of the LINC
complex [91]. In addition, mechanical forces can modulate the phosphorylation state
of NE proteins through a molecular mechanism yet to be elucidated. Lamin A/C is an
example of a protein whose phosphorylation modulates nuclear stiffness in response to
mechanical stimulation [92]. Chromatin organization is also responsive to extracellular
and cytoskeletal mechanical cues, thus controlling gene expression [60]. Perinuclear actin
filaments, through the LINC complex, drive lamin A/C hyperacetylation, chromatin
decondensation, and gene expression activation [93]. An alternative mechanism of gene
expression regulation induced by mechanotransduction consists in the nuclear import of
histone–lysine N-methyltransferase EZH2 and histone deacetylase (HDAC) that stimulates
gene silencing through methylation patterns and gene transcription by increasing histone
acetylation, respectively [94,95].

Morphogenetic movements and cell fate decisions during embryogenesis are deeply
influenced by mechanotransduction. Physical compression of Drosophila embryos at the
cellular blastoderm stage significantly increases the expression of the transcription factor
Twist in all cells, and not only on the ventral side of the embryo, suggesting a direct link
between mechanotransduction, gene expression, and embryo development [96].
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3. Actin Functions in Sperm Head and Tail

The major cytoskeletal proteins localized in the sperm head include actin, tubulin, and
spectrin that not only are implicated in the correct sperm head shaping, but also participate
in capacitation and acrosome reaction (AR) [97–99].

Actin is the most abundant cytoskeletal protein in the sperm head; its involvement
in the head structural modifications during capacitation and acrosomal exocytosis is well
reported. Indeed, during capacitation, a prominent polymerization of G-actin monomers
to form F-actin filament occurs in the sperm head to prevent spontaneous AR. Later, when
the correct time-point for AR happens, a rapid F-actin depolymerization occurs [98,100].
While F-actin formation increases during capacitation, conversely, its depolymerization
is enhanced during AR by intracellular Ca2+ concentration. According to these findings,
the inhibition of F-actin depolymerization by phalloidin treatment associates with the loss
of AR [101,102]. In details, the increase of F-actin during capacitation is dependent on the
activation of Phospholipase D (PLD) and Ca2+/calmodulin-dependent protein kinase II
(CaMKII), which modulate the increase of Phosphatidylinositol 4,5-bisphosphate (PIP2) in
the sperm head [103,104]. This intricate pathway involves more players such as gelsolin
and cofilin that act as negative factors on actin polymerization. Indeed, during capacitation,
the binding of gelsolin to PIP2 in the sperm head promotes its tyr-438 phosphorylation
by the Src kinase PKA dependent pathway, which induces an inactive form of gelsolin
favoring F-actin formation [103]. Subsequently, during AR, gelsolin accumulates its active
form in the sperm head to induce two parallel events: (i) F-actin depolymerization in
sperm head and (ii) gelsolin reduction in sperm flagellum to allow F-actin formation,
indispensable for motility increase. As gelsolin, the activation of cofilin, promotes its
head accumulation, F-actin depolymerization and AR begin [105]. In addition, several
actin-interacting proteins co-localize with F-actin in the sperm head, in particular spectrin
and nectin-2. The first was detected in the apical and equatorial acrosomal region with
an interesting re-localization on equatorial segment during the AR, suggesting a key role
in the structural stabilization of this region during acrosomal biochemical changes, while
nectin-2 is a crucial factor involved in sperm nuclear shaping [106,107].

The functional role of F-actin in sperm flagellum has been clarified by several studies
in which an evident positive correlation between actin polymerization ad sperm motility
has been shown. In fact, during capacitation, SPZ acquire hyperactivated motility (HAM)
fundamental for a successful fertilization [108]. More interestingly, F-actin formation in
sperm flagellum is an essential event for a proper HAM acquisition and is dependent on
positive regulators, such as PIP2, and negative regulators, such as gelsolin and cofilin [109].
Indeed, Finkelstein and colleagues have shown that HAM development requires gelsolin
and cofilin translocation in the sperm head to prevent actin depolymerization in the
flagellum [110]. In addition, PIP2 reduction induces low-actin polymerization that inhibits
sperm motility, confirming a positive involvement of PLD-dependent actin polymerization
in HAM acquisition [109,110].

Actin polymerization seems to follow specialized structures depending on the sperm
flagellum section in which it occurs. Recent studies in mouse SPZ show that F-actin forms
a double helical structure in the midpiece portion that localizes with the radial center of
mitochondria, following the mitochondrial sheath; instead, in the principal piece, F-actin
is located in bundles from axoneme to the plasma membrane [111]. Interestingly, some
actin-interacting proteins, such as spectrin and adducin, participate in flagellum integrity,
elasticity, and the mitochondrial sheath reinforcement required during HAM [111,112]. In
detail, spectrin and adducin co-localize with F-actin in the midpiece, while in the principal
piece, adducin does not overlap with spectrin, suggesting a differential interaction pathway
between these structural proteins dependent on the flagellum region in which it occurs.
In addition, nectin-2 is a crucial factor involved in the recruitment of mitochondria to the
middle piece of the flagellum [106].
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4. A Special Focus: LINC Complex and Sperm Head

The sperm head is principally divided into two main regions: the acrosomal region
and the post-acrosomal region. The nucleus, containing compacted tightly chromatin,
almost completely occupies the head; it is partially covered by the acrosome, a cap-shaped
organelle, originated from the Golgi apparatus and containing enzymes and receptors
useful for oocyte binding and fertilization [4,113–115].

Despite differences in the shape and size of sperm head between species, some ele-
ments such as the apical acrosome, the post-acrosomal region, and the equatorial segment,
are more conserved to support typical sperm head functions such as (i) AR, (ii) capacitation,
and (iii) sperm–oocyte fusion.

Massive sperm head shaping is mainly driven by a cytoskeletal complex called
acrosome–acroplaxome–manchette. Acroplaxome, enriched in keratin and fibrous actin,
surrounds the developing acrosome and anchors it to the NE [20]. The manchette is a
microtubular transient structure that appears at the beginning of the elongation phase;
when the sperm head is fully formed, the manchette dissembles from NE and moves
caudally to the nucleus to participate in the tail formation [116].

In female reproductive tracts, SPZ undergo the capacitation process, consisting of
several biochemical modifications useful to ensure oocyte fertilization [117]. During ca-
pacitation, sperm head continues to change its cytoskeletal structure in order to induce
AR [118].

In this scenario, the localization of a testis-specific isoform of SUN1, named SUN1η, is
very interesting, since it has been found at the anterior pole of the nucleus facing part of the
acrosomal membrane, instead of the INM [56]. There, it forms a not-nuclear LINC complex
with KASH3 that, through plectin, interacts with the acroplaxome [56]. This complex also
appears at the posterior part of the nucleus, excepting the implantation fossa, the site of
the tail connection to the head [15].

Recent studies report SUN3 and SUN4 proteins as indispensable for sperm head
formation. The expression levels of SUN3 during the first wave of spermatogenesis
increase concomitantly to rSPT and elongated SPT (eSPT) accumulation. In particular,
SUN3 localizes to lateral–posterior regions of spermatid nuclei, but not in the implantation
fossa and in the very posterior pole of the nucleus [56]. The SUN3 partner in sperm head
is KASH1, which co-localizes with SUN3 and forms a LINC complex able to facilitate the
connection between the manchette and the ONM, considering its ability to bind to actin,
via its actin-binding domain, or to microtubules, via dynein–dynactin complex [20,56].

SUN4 is only expressed during spermiogenesis and specifically at the posterior pole
of nucleus of rSPT and eSPT; interestingly, it is an interacting partner of SUN3-KASH1 at
the posterior–lateral region adjacent to NE and in parallel to manchette, suggesting a het-
erotrimeric LINC complex SUN3/SUN4/KASH1 involved in the connection of manchette
to NE [45]. Sun4 knockout mice confirm the crucial role of SUN4 in sperm head forma-
tion, as it shows an aberrant number of rSPT, disrupted sperm elongation, and the loss
of NE integrity, with consequent production of deformed SPZ. In addition, the lack of
SUN4 induces SUN3 mis-localization in the cytoplasm and a disorganized manchette, also
suggesting a function in the correct localization of SUN3 and KASH1 [45]. Figure 2 is a
schematic view of the main LINC complexes in the sperm head.

In humans, SUN4 also constitutes a molecular complex with the testis-specific cy-
toskeletal Septin 12 (SEPT12) and the intermediate filament protein lamin B1, orchestrating
sperm head formation in post-meiotic germ cells, but also tail organization [119].

Beyond actin filaments, microtubules, and intermediate filaments, the cytoskeleton
also includes septins, involved in several physiological functions [120,121]. In particu-
lar, SEPT12 has been implicated in mammalian spermiogenesis; its expression has been
observed around the manchette, the neck region of eSPT, and the annulus of mature
sperm [119,122].
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Figure 2. Schematic representation of principal LINC complex components in mature SPZ. (A) LINC complex
SUN1η/KASH3 at the anterior pole of sperm head is associated with the acrosomal membrane and involved in the
anchoring of acrosomal membrane to NE. (B) LINC complex SUN3/SUN4/KASH1 at the posterior pole of the sperm head
is involved in the connection of manchette to NE. (C) SUN4 and SUN5 at the HTCA level in the implantation fossa are
involved in the head–tail connection.

Intriguing findings concerning a hypothetical role of LINC complex in acrosome
biogenesis during sperm head shaping have been reported. Frohnert et al. have character-
ized a novel testis-specific SPAG4L member, named SPAG4L-2, highly expressed during
spermiogenesis and localized at the apical nuclear region of rSPT facing acrosomic vesicle,
thus suggesting its involvement in acrosome biogenesis [20,123].

During nuclear elongation, SUN5 progressively migrates to the posterior pole of the
nucleus in eSPT to finally reach the implantation fossa [124,125]. This localization allows
the exclusion of an involvement of SUN5 in sperm head formation. Accordingly, Sun5
knockout male mice display no defects in acrosome biogenesis, but malformations in sperm
tails, as further explained.

Acrosome biogenesis also involves components of nuclear lamina. Interestingly, lamin
A/C has been identified as a structural component of acroplaxome, required for acrosome
biogenesis and spermatid head shaping [126]. Protein phosphorylation has been suggested
as the possible regulatory mechanism influencing lamin A/C localization among the
nucleoplasm, the nuclear lamina, and the cytoplasm [127]. In concert with lamin, B1 plays
DPY19L2, a testis-specific INM protein, predominantly produced in SPT. Its disruption
alters the subcellular localization of lamin B1 during spermiogenesis, as well as destabilizes
the interaction between the NE and the acroplaxome during acrosome biogenesis. The
consequence is a sperm nucleus poorly compacted, with a failure to replace histones with
protamins and globozoospermia as a consequence [128,129].

The presence of KASH2 and KASH4 has not been detected at any post-meiotic stages of
sperm development [56]. As previously described, KASH5 is the most divergent. Although
it is a germ cell specific KASH protein, its localization is especially confined to the cytoplasm
and, in complex with SUN1 and SUN2, it mediates telomere attachment to the cytoskeleton
and chromosome movements in SPC [130].
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5. LINC Complex and Sperm Tail

The sperm tail is a cellular structure longitudinally divided into (i) the midpiece,
(ii) the principal piece, and (iii) the end piece. These sections are organized around a
central microtubular structure named axoneme, consisting of a central microtubular section
surrounded by peripheral microtubules and sperm tail accessory structures such as (i)
outer dense fibers (ODF) that develop in the principal and midpiece, and (ii) fibrous
sheaths (FS) that develop along the principal piece and mitochondrial sheaths (MS) that
form a spiral array around the ODFs in the midpiece [131,132]. The tail sustains several
sperm features, in particular sperm motility, a key property to ensure optimal fertilization.
Flagellar movement depends on (i) a correct cytoskeleton assembly, (ii) ATP production
from mitochondria, and (iii) organization of the microtubular components in the axoneme.
In this regard, defects in sperm mitochondrial ultrastructure are associated with decreased
sperm motility, asthenozoospermia, and, therefore, unsuccessful fertilization [133–136].
However, SPZ show a great versatility in ATP production by using both glycolysis and
mitochondrial oxidative phosphorylation in sustaining tail functionality [137].

The implantation fossa, previously defined as the site of tail connection to the head,
is crucial to ensure the force needed for SPZ movement. Fundamental to a proper tail
attachment is the head to tail coupling apparatus (HTCA), an asymmetric structure formed
during spermiogenesis, containing centrioles (proximal and distal), a dense fibrous struc-
ture named capitulum, and the segmented columns [138]. To link HTCA to the sperm head,
several LINC complexes are involved. Among SUN proteins, the contribution of SUN4
and SUN5 in head-to-tail coupling is relevant, even if SUN4’s role appears inessential [57].

However, beyond its localization on the INM, SUN4 is engaged in the positioning
of ODF proteins in the tail, acting as a link molecule between the axonemal microtubules
and ODFs [39]. This evidence still appears to be a matter of debate, since the mechanism
by which a classified INM protein may interact with cytoskeletal components remains to
be explored.

Pasch and co-authors reported in Sun4 knockout mice several SPZ with tails coiled
around the head, suggesting an improper link between the head and the tail [45]. Yang and
co-authors showed that HTCA is not compromised in the absence of SUN4, but it is less
efficient in the stabilization of head/tail interaction. Indeed, HTCA appears more detached
from lateral areas of the nucleus, suggesting a SUN4 role in tightening the head/tail
anchorage [139]. This activity may be helped by a strong cooperation among SUN4, ODF1—
the major component of ODF within the midpiece and the principal piece, SEPT12, and
lamin B1. In detail, SEPT12 has been implicated in tail formation and, in concert with SUN4
and lamin B1, functionally associates at the sperm neck [122].

SUN5 is essential for head-to-tail anchoring. During spermiogenesis, SUN5 localizes
in the NE, but in mature SPZ, it is strongly relocated to HTCA in the implantation fossa,
underlying its crucial function in the head–tail connection [140]. In confirmation of this,
eSPT of Sun5 knockout mice show a destroyed connection between HTCA and the sperm
head, with a consequent release of decapitated flagella in seminiferous tubule lumen
and retention of the sperm head in the tubular epithelium [140]. A similar phonotype
has been found in men with homozygous deletion or variants of Sun5, which produce
decapitated SPZ [84]. In doing so, SUN5 may cooperate with DnaJ heat shock protein
family member B13 (DNAJB13) [125], a structural component of the axoneme, in both SPT
and SPZ. The molecular mechanism suggested predicts that, via DNAKB13 interaction,
SUN5 prevents the separation of head from tail during the release of SPZ into the lumen of
seminiferous tubules.

Figure 2 is a schematic view of the main LINC complexes in SPZ.

6. LINC Complex and Male Infertility

As previously described, the LINC complex shows an intricate and central role in male
germ cell development. To date, more studies have reported how the loss of a proper SUN–
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KASH interaction leads to alterations in SPZ functions, and in this section, we summarized
the latest characterized.

The study of Sun1 knockout male mice evidences a total infertility phenotype due to
the disruption of SUN1–telomere interaction required for telomere movement during chro-
mosome recombination in primary SPC [49,52]. As the SUN1–KASH5 complex regulates
telomere movement, KASH5 alteration is also associated with inefficient telomere attach-
ment to NE, compromising chromosome pairing [50]. Interestingly, Chi and co-authors
show that Sun1 knockout mice are reproductively infertile and molecularly show the lack
of expression for coding and non-coding RNAs needed for spermatogenesis, suggesting a
new role for SUN1 in gene expression regulation [141].

Regarding SUN3, it has been shown that Sun3 knockout male mice are infertile
with a damaged sperm head and tail. In detail, the major abnormalities happen during
spermiogenesis, where SPT nuclei fail to elongate due to the absence of cytoskeletal
force transduction to NE, fundamental for head elongation [142]. As a consequence, the
animals produce a low concentration of SPZ characterized by abnormal acrosome, low
motility, and globozoospermia phenotype. Pasch and coauthors demonstrate that SUN3
also participates in the connection of the manchette to NE by the heterotrimeric LINC
complex SUN3/SUN4/KASH1 [45]. Accordingly, Sun3 knockout mice show a reduction of
SUN4 levels in association to abnormal manchette formation [142]. Spermatogenesis of
Sun4 knockout male mice normally progresses up to meiosis, but in the spermiogenesis
phase, several post-meiotic aspects are compromised, leading to infertility. In detail, SPT
nuclei are round or misshapen with abnormal chromatin remodeling. The manchette is
disorganized and fails in the coupling to NE, essential for head shaping, with consequent
acrosome alteration and globozoospermic SPZ production. Interestingly, in Sun4 knockout
mice, a loss of SUN3 has been observed in SPT [143]. Accordingly, Pasch et al. describe
that Sun4 knockout mice have an increased number of aberrant rSPT in the stages VIII–IX
of the spermatogenic cycle, during which the typical nuclear elongation occurs. Indeed,
sperm head elongation and shaping appear more compromised with consequent aberrant-
shaped SPZ release [45]. Additionally, typical SUN3 distribution within the posterior NE is
altered as it appears to not be located to NE, but relocated to the cytoplasm. Alterations in
SUN4 content correlate to an inefficient sperm head-to-tail linkage; indeed, SPT of Sun4
knockout mice show a detachment of the HTCA from the nuclear membrane, negatively
affecting tail linkage to the nucleus [139]. Given the ability of SUN4 to interact with
SEPT12, it is intriguing to analyze the reproductive phenotype of Sept12 knockout mice
that produce SPZ with morphological defects in the head and the tail, nuclear damage,
and premature chromosomal condensation. Sperm from these animals causes arrested
development of preimplantation embryos. Sept12 mutations also cause teratozoospermia
and oligozoospermia in humans [144,145].

Sun5 knockout mice are infertile and produce acephalic SPZ. Indeed, SUN5 appears
to be essential in the anchoring of the sperm tail to the head, which results in complete
detachment in Sun5 knockout eSPT [140]. This phenotype appears in accordance with
several cases of male infertility due to Sun5 gene mutations that induce SUN5 loss or
variant production associated to acephalic SPZ syndrome, a form of teratozoospermia
characterized by headless SPZ in the ejaculate [146–148].

7. Future Perspective

One the most common reproductive disorders is male infertility. The elucidation of
the pathological mechanisms involved is an extremely urgent need.

The integrity of testis as well as the sperm quality may be compromised by genetic
and/or epigenetic defects. In this regard, paternal exposure to a large array of factors,
including endocrine-disrupting chemicals and lifestyle exposures such as stress and diet,
has been suggested as a critical point for embryo development and offspring health out-
comes [149].
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Intriguingly, several intragonadal regulators, beyond hormones, orchestrate a har-
monious progression of germ cells [1]. Here, we have pointed at LINC complex as an
under-studied molecular system potentially involved in the regulation of important sperm
physiological functions, focusing on their components and detailing their localization in
sperm cells. In order to achieve competence in the LINC complex, the characterization of
knockout mouse models for its main components has provided additional evidence of the
biological relevance of such a complex for male fertility.

However, multiple questions still exist in this area, thus stimulating research to
pursue the analysis of NE dynamics during spermatogenesis and in correlation with
sperm quality, in order to identify novel potential players in sperm head shaping and
tail formation. An interesting prospect may be to therapeutically target the described
NE proteins, individually or in their interconnections, to recover a fertile phenotype in
animal models and, in future, develop new reproductive strategies directed at infertile
male patients.
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107. Dvoráková, K.; Moore, H.D.M.; Sěbková, N.; Palecěk, J. Cytoskeleton localization in the sperm head prior to fertilization. Process.
Prior Fertil. Reprod. 2005, 130, 61–69. [CrossRef] [PubMed]

108. Ho, H.C.; Suarez, S.S. Hyperactivation of mammalian spermatozoa: Function and regulation. Reproduction 2001, 122, 519–526.
[CrossRef] [PubMed]

109. Itach, S.B.; Finklestein, M.; Etkovitz, N.; Breitbart, H. Hyper-activated motility in sperm capacitation is mediated by phospholipase
D-dependent actin polymerization. Dev. Biol. 2012, 362, 154–161. [CrossRef]

110. Finkelstein, M.; Etkovitz, N.; Breitbart, H. Role and regulation of sperm gelsolin prior to fertilization. J. Biol. Chem. 2010, 285,
39702–39709. [CrossRef]

111. Gervasi, M.G.; Xu, X.; Carbajal-Gonzalez, B.; Buffone, M.G.; Visconti, P.E.; Krapf, D. The actin cytoskeleton of the mouse sperm
flagellum is organized in a helical structure. J. Cell Sci. 2018, 131, jcs215897. [CrossRef]

112. Miyata, H.; Satouh, Y.; Mashiko, D.; Muto, M.; Nozawa, K.; Shiba, K.; Fujihara, Y.; Isotani, A.; Inaba, K.; Ikawa, M. Sperm
calcineurin inhibition prevents mouse fertility with implications for male contraceptive. Science 2015, 350, 442–445. [CrossRef]
[PubMed]

113. Toshimori, K.; Ito, C. Formation and organization of the mammalian sperm head. Arch. Histol. Cytol. 2003, 66, 383–396. [CrossRef]
[PubMed]

114. Noblanc, A.; Kocer, A.; Drevet, J.R. Recent knowledge concerning mammalian sperm chromatin organization and its potential
weaknesses when facing oxidative challenge. Basic Clin. Androl. 2014, 24, 6. [CrossRef]

115. Khawar, M.B.; Gao, H.; Li, W. Mechanism of Acrosome Biogenesis in Mammals. Front. Cell Dev. Biol. 2019, 7, 195. [CrossRef]
[PubMed]

116. Russell, L.D.; Russell, J.A.; MacGregor, G.R.; Meistrich, M.L. Linkage of manchette microtubules to the nuclear envelope and
observations of the role of the manchette in nuclear shaping during spermiogenesis in rodents. Am. J. Anat. 1991, 192, 97–120.
[CrossRef] [PubMed]

117. Puga Molina, L.C.; Luque, G.M.; Balestrini, P.A.; Marín-Briggiler, C.I.; Romarowski, A.; Buffone, M.G. Molecular Basis of Human
Sperm Capacitation. Front. Cell Dev. Biol. 2018, 6, 72. [CrossRef]

118. Hirohashi, N.; Yanagimachi, R. Sperm acrosome reaction: Its site and role in fertilization. Biol. Reprod. 2018, 99, 127–133.
[CrossRef]

119. Lin, Y.H.; Lin, Y.M.; Wang, Y.Y.; Yu, I.S.; Lin, Y.W.; Wang, Y.H.; Wu, C.M.; Pan, H.A.; Chao, S.C.; Yen, P.H.; et al. The expression
level of septin12 is critical for spermiogenesis. Am. J. Pathol. 2009, 174, 1857–1868. [CrossRef]

120. Sirajuddin, M.; Farkasovsky, M.; Hauer, F.; Kuhlmann, D.; Macara, I.G.; Weyand, M.; Stark, H.; Wittinghofer, A. Structural insight
into filament formation by mammalian septins. Nature 2007, 449, 311–315. [CrossRef]

121. Mostowy, S.; Cossart, P. Septins: The fourth component of the cytoskeleton. Nat. Rev. Mol. Cell Biol. 2012, 13, 183–194. [CrossRef]
122. Yeh, C.H.; Kuo, P.L.; Wang, Y.Y.; Wu, Y.Y.; Chen, M.F.; Lin, D.Y.; Lai, T.H.; Chiang, H.S.; Lin, Y.H. SEPT12/SPAG4/LAMINB1

complexes are required for maintaining the integrity of the nuclear envelope in postmeiotic male germ cells. PLoS ONE 2015, 10,
e0120722. [CrossRef] [PubMed]

123. Frohnert, C.; Schweizer, S.; Hoyer-Fender, S. SPAG4L/SPAG4L-2 are testis-specific SUN domain proteins restricted to the apical
nuclear envelope of round spermatids facing the acrosome. Mol. Hum. Reprod. 2011, 17, 207–218. [CrossRef] [PubMed]

124. Yassine, S.; Escoffier, J.; Abi Nahed, R.; Pierre, V.; Karaouzene, T.; Ray, P.F.; Arnoult, C. Dynamics of Sun5 localization during
spermatogenesis in wild type and Dpy19l2 knock-out mice indicates that Sun5 is not involved in acrosome attachment to the
nuclear envelope. PLoS ONE 2015, 10, e0125452. [CrossRef]

125. Shang, Y.; Yan, J.; Tang, W.; Liu, C.; Xiao, S.; Guo, Y.; Yuan, L.; Chen, L.; Jiang, H.; Guo, X.; et al. Mechanistic insights into acephalic
spermatozoa syndrome-associated mutations in the human SUN5 gene. J. Biol. Chem. 2018, 293, 2395–2407. [CrossRef] [PubMed]

126. Shen, J.; Chen, W.; Shao, B.; Qi, Y.; Xia, Z.; Wang, F.; Wang, L.; Guo, X.; Huang, X.; Sha, J. Lamin A/C proteins in the spermatid
acroplaxome are essential in mouse spermiogenesis. Reproduction 2014, 148, 479–487. [CrossRef]

127. Kochin, V.; Shimi, T.; Torvaldson, E.; Adam, S.A.; Goldman, A.; Pack, C.G.; Melo-Cardenas, J.; Imanishi, S.Y.; Goldman, R.D.;
Eriksson, J.E. Interphase phosphorylation of lamin A. J. Cell Sci. 2014, 127, 2683–2696. [CrossRef]

http://doi.org/10.1242/jcs.108.6.2525
http://www.ncbi.nlm.nih.gov/pubmed/7673366
http://doi.org/10.1002/(SICI)1097-0169(200005)46:1&lt;43::AID-CM5&gt;3.0.CO;2-1
http://doi.org/10.1016/j.ydbio.2013.06.014
http://doi.org/10.1016/j.ydbio.2016.05.008
http://doi.org/10.1007/s00441-015-2229-1
http://doi.org/10.1128/MCB.20.8.2865-2873.2000
http://www.ncbi.nlm.nih.gov/pubmed/10733589
http://doi.org/10.1530/rep.1.00549
http://www.ncbi.nlm.nih.gov/pubmed/15985632
http://doi.org/10.1530/rep.0.1220519
http://www.ncbi.nlm.nih.gov/pubmed/11570958
http://doi.org/10.1016/j.ydbio.2011.12.002
http://doi.org/10.1074/jbc.M110.170951
http://doi.org/10.1242/jcs.215897
http://doi.org/10.1126/science.aad0836
http://www.ncbi.nlm.nih.gov/pubmed/26429887
http://doi.org/10.1679/aohc.66.383
http://www.ncbi.nlm.nih.gov/pubmed/15018141
http://doi.org/10.1186/2051-4190-24-6
http://doi.org/10.3389/fcell.2019.00195
http://www.ncbi.nlm.nih.gov/pubmed/31620437
http://doi.org/10.1002/aja.1001920202
http://www.ncbi.nlm.nih.gov/pubmed/1759685
http://doi.org/10.3389/fcell.2018.00072
http://doi.org/10.1093/biolre/ioy045
http://doi.org/10.2353/ajpath.2009.080955
http://doi.org/10.1038/nature06052
http://doi.org/10.1038/nrm3284
http://doi.org/10.1371/journal.pone.0120722
http://www.ncbi.nlm.nih.gov/pubmed/25775403
http://doi.org/10.1093/molehr/gaq099
http://www.ncbi.nlm.nih.gov/pubmed/21159740
http://doi.org/10.1371/journal.pone.0118698
http://doi.org/10.1074/jbc.RA117.000861
http://www.ncbi.nlm.nih.gov/pubmed/29298896
http://doi.org/10.1530/REP-14-0012
http://doi.org/10.1242/jcs.141820


Genes 2021, 12, 658 16 of 16

128. Pierre, V.; Martinez, G.; Coutton, C.; Delaroche, J.; Yassine, S.; Novella, C.; Pernet-Gallay, K.; Hennebicq, S.; Ray, P.F.; Arnoult, C.
Absence of Dpy19l2, a new inner nuclear membrane protein, causes globozoospermia in mice by preventing the anchoring of the
acrosome to the nucleus. Development 2012, 139, 2955–2965. [CrossRef] [PubMed]

129. Yassine, S.; Escoffier, J.; Martinez, G.; Coutton, C.; Karaouzène, T.; Zouari, R.; Ravanat, J.L.; Metzler-Guillemain, C.; Lee,
H.G.; Fissore, R.; et al. Dpy19l2-deficient globozoospermic sperm display altered genome packaging and DNA damage that
compromises the initiation of embryo development. Mol. Hum. Reprod. 2015, 21, 169–185. [CrossRef]

130. Morimoto, A.; Shibuya, H.; Zhu, X.; Kim, J.; Ishiguro, K.; Han, M.; Watanabe, Y. A conserved KASH domain protein associates
with telomeres, SUN1, and dynactin during mammalian meiosis. J. Cell Biol. 2012, 198, 165–172. [CrossRef] [PubMed]

131. 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]

132. Lindemann, C.B.; Lesich, K.A. Functional anatomy of the mammalian sperm flagellum. Cytoskeleton 2016, 73, 652–669. [CrossRef]
[PubMed]

133. Ishijima, S.; Iwamoto, T.; Nozawa, S.; Matsushita, K. Motor Apparatus in Human Spermatozoa that Lack Central Pair Microtubules.
Mol. Reprod. Dev. 2002, 63, 459–463. [CrossRef]

134. Eddy, E.M. The Spermatozoon. Knobil and Neill’s Physiology of Reproduction; Neill, J.D., Ed.; Academic Press: Cambridge, MA, USA,
2006; Volume 1, pp. 3–54.

135. Pelliccione, F.; Micillo, A.; Cordeschi, G.; D’Angeli, A.; Necozione, S.; Gandini, L.; Lenzi, A.; Francavilla, F.; Francavilla, S. Altered
ultrastructure of mitochondrial membranes is strongly associated with unexplained asthenozoospermia. Fertil. Steril. 2011, 95,
641–646. [CrossRef]

136. 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] [PubMed]

137. Tourmente, M.; Villar-Moya, P.; Rial, E.; Roldan, E.R.S. Differences in ATP Generation via Glycolysis and Oxidative Phosphoryla-
tion and Relationships with Sperm Motility in Mouse Species. J. Biol. Chem. 2015, 290, 20613–20626. [CrossRef]

138. Wu, B.; Gao, H.; Liu, C.; Li, W. The coupling apparatus of the sperm head and tail. Biol. Reprod. 2020, 102, 988–998. [CrossRef]
139. Yang, K.; Adham, I.M.; Meinhardt, A.; Hoyer-Fender, S. Ultra-structure of the sperm head-to-tail linkage complex in the absence

of the spermatid-specific LINC component SPAG4. Histochem. Cell Biol. 2018, 150, 49–59. [CrossRef] [PubMed]
140. Shang, Y.; Zhu, F.; Wang, L.; Ouyang, Y.C.; Dong, M.Z.; Liu, C.; Zhao, H.; Cui, X.; Ma, D.; Zhang, Z.; et al. Essential role for SUN5

in anchoring sperm head to the tail. eLife 2017, 6, e28199. [CrossRef]
141. Chi, Y.H.; Cheng, L.I.; Myers, T.; Ward, J.M.; Williams, E.; Su, Q.; Faucette, L.; Wang, J.Y.; Jeang, K.T. Requirement for Sun1 in the

expression of meiotic reproductive genes and piRNA. Development 2009, 136, 965–973. [CrossRef]
142. Gao, Q.; Khan, R.; Yu, C.; Alsheimer, M.; Jiang, X.; Ma, H.; Shi, Q. The testis-specific LINC component SUN3 is essential for sperm

head shaping during mouse spermiogenesis. J. Biol. Chem. 2020, 295, 6289–6298. [CrossRef]
143. Calvi, A.; Shi Wei Wong, A.; Wright, G.; Sook Miin Wong, E.; Han Loo, T.; Stewart, C.L.; Burke, B. SUN4 is essential for nuclear

remodeling during mammalian spermiogenesis. Dev. Biol. 2015, 407, 321–330. [CrossRef]
144. 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]
145. Kuo, P.L. SEPTIN12 Genetic Variants Confer Susceptibility to Teratozoospermia. PLoS ONE 2012, 7, e34011.
146. Zhu, F.; Wang, F.; Yang, X.; Zhang, J.; Wu, H.; Zhang, Z.; Zhang, Z.; He, X.; Zhou, P.; Wei, Z.; et al. Biallelic SUN5 Mutations Cause

Autosomal-Recessive Acephalic Spermatozoa Syndrome. Am. J. Hum. Genet. 2016, 99, 942–949. [CrossRef] [PubMed]
147. Elkhatib, R.A.; Paci, M.; Longepied, G.; Saias-Magnan, J.; Courbière, B.; Guichaoua, M.R.; Lévy, N.; Metzler-Guillemain, C.;

Mitchell, M.J. Homozygous deletion of SUN5 in three men with decapitated spermatozoa. Hum. Mol. Genet. 2017, 26, 3167–3171.
[CrossRef] [PubMed]

148. Fang, J.; Zhang, J.; Zhu, F.; Yang, X.; Cui, Y.; Liu, J. Patients with acephalic spermatozoa syndrome linked to SUN5 mutations
have a favorable pregnancy outcome from ICSI. Hum. Reprod. 2018, 33, 372–377. [CrossRef]

149. Cescon, M.; Chianese, R.; Tavares, R.S. Environmental Impact on Male (In)Fertility via Epigenetic Route. J. Clin. Med. 2020, 9,
2520. [CrossRef] [PubMed]

http://doi.org/10.1242/dev.077982
http://www.ncbi.nlm.nih.gov/pubmed/22764053
http://doi.org/10.1093/molehr/gau099
http://doi.org/10.1083/jcb.201204085
http://www.ncbi.nlm.nih.gov/pubmed/22826121
http://doi.org/10.1093/biolre/iox096
http://doi.org/10.1002/cm.21338
http://www.ncbi.nlm.nih.gov/pubmed/27712041
http://doi.org/10.1002/mrd.10197
http://doi.org/10.1016/j.fertnstert.2010.07.1086
http://doi.org/10.1111/j.1365-2605.2011.01218.x
http://www.ncbi.nlm.nih.gov/pubmed/21950496
http://doi.org/10.1074/jbc.M115.664813
http://doi.org/10.1093/biolre/ioaa016
http://doi.org/10.1007/s00418-018-1668-7
http://www.ncbi.nlm.nih.gov/pubmed/29663073
http://doi.org/10.7554/eLife.28199
http://doi.org/10.1242/dev.029868
http://doi.org/10.1074/jbc.RA119.012375
http://doi.org/10.1016/j.ydbio.2015.09.010
http://doi.org/10.1002/humu.22028
http://doi.org/10.1016/j.ajhg.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27640305
http://doi.org/10.1093/hmg/ddx200
http://www.ncbi.nlm.nih.gov/pubmed/28541472
http://doi.org/10.1093/humrep/dex382
http://doi.org/10.3390/jcm9082520
http://www.ncbi.nlm.nih.gov/pubmed/32764255

	Introduction 
	The Role of the LINC Complex in Mechanotransduction 
	Actin Functions in Sperm Head and Tail 
	A Special Focus: LINC Complex and Sperm Head 
	LINC Complex and Sperm Tail 
	LINC Complex and Male Infertility 
	Future Perspective 
	References

