
INTRODUCTION

Infertility is the inability of a couple to achieve preg-
nancy after at least one year of unprotected sexual 
intercourse and male infertility accounts for about half 
of the total number of infertility cases [1]. Male infer-
tility is a heterogeneous and multifactorial condition 
with several etiologies including varicocele, antisperm 
antibodies, undescended testis, hypogonadism and a 
whole range of genetic disorders, such as aneuploidies 
and structural chromosomal aberrations and affects 
more than 30 million males worldwide [2]. 

Sperm with normal morphology and motility is es-
sential for normal male fertility [3]. Microtubules and 

microfilaments play pivotal roles in maintenance of 
these sperm qualities during different phases of sperm 
production and maturation [4,5]. In dividing germ cells, 
bipolar spindle, a complex and dynamic microtubule as-
sembly, is involved in the segregation of chromosomes 
and positioning of the cell-division plane [6]. In sper-
matogenic cells, microtubules are necessary for several 
of processes, including the assembly of flagella in sper-
matids [4,5], and the generation and maintenance of 
motility of mature spermatozoa [5]. 

Spermatozoa are the smallest and most polarized 
cells in the body with a unique structure made up of 
a head not only containing the genetic material, but 
also all the enzymes in the acrosome necessary for the 
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penetration of the oocyte vestments (cumulus and zona 
pellucida) in order to fertilize the egg. On the other 
hand, there is the sperm tail or flagellum comprising 
the mid (connecting piece), principal and end piece [7]. 

Microtubles are the central element of cilia and fla-
gella. Since they play key roles in human reproduction, 
any defects in their structure can lead to infertility. In 
this review, we aimed to discuss the structure of mi-
crotubules and the role they play in male reproduction 
and male infertility. We also provide an overview of 
the known genes associated with microtubular forma-
tion and function, particularly the axoneme and man-
chette on various sperm phenotypes of genetic origin. 

MICROTUBULE COMPOSITION 

Microtubules are composed of  a globular alpha 
(α)- and beta (β)-tubulins, which polymerize using 
guanosine-5’-triphosphate (GTP) to form a single proto-
filament (Fig. 1) [8]. The tubulins are arranged in a 
polarized manner whereby the α-tubulins are exposed 
at the negative (–) and the β-tubulins at the positive 
(+) end. The dynamic properties of the two microtu-
bules ends are different. The (–) end is more stable and 
grows slowly whereas the (+) end can polymerize (grow) 
and depolymerize (shrink) rapidly, thus rendering 
microtubules highly dynamic structures [9]. The GTP 

bound to β-tubulin hydrolyzes during polymerization, 
but the GTP attached to α-tubulin neither hydrolyze 
nor exchange and remains as an integral part of the 
αβ heterodimer in the microtubule. The conversion of 
GTP to guanosine 5’-diphosphate in β-tubulins via hy-
drolysis dictates whether the microtubule will grow or 
shorten (Fig. 1) [8]. 

In vivo, αβ-heterodimers require a nucleator such 
as γ-tubulin so that microtubules can start grow and 
orientate properly at the poles. γ-tubulins are found in 
complexes known as γ-tubulin ring complexes (γTuRC) 
that function as a nucleation sites. The γTuRC chemi-
cally mimic the (+) end of a microtubule and thus al-
low microtubules to bind [9].

Microtubules and actins are the main building blocks 
of the cytoskeleton along with intermediate filaments. 
These hollow tubes are nucleated from the center of 
an interphase cell and form bipolar mitotic spindles 
during cell division. They support the shape of the cell, 
organize the intracellular structures, and aid in intra-
cellular transport [10,11]. 

In the developing spermatid, the centrosome is the 
only distinct microtubule organizing center (MTOC) 
that consists of two L-shaped centrioles, a parent and 
a daughter centriole, surrounded by the peri-centriolar 
matrix (in developing spermatozoa the other important 
MTOC are the basal bodies which are concerned with 
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Fig. 1. The structure and dynamics of mi-
crotubule: Microtubules are composed 
of α- and β-tubulin heterodimers that 
polymerizes using guanosine-5’-triphos-
phate (GTP) to form a single proto-fila-
ment. The tubulins are arranged in a po-
larized manner whereby the α-tubulins 
are exposed at the negative (–) and the 
β-tubulins at the positive (+) end. The 
(–) end is more stable, whereas the (+) 
end can polymerize (grow) and depoly-
merize (shrink) rapidly, thus rendering 
microtubules highly dynamic structures. 
GDP: guanosine 5’-diphosphate.
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cilia formation). In dividing cells, the centrosome di-
vides once per each cell cycle [12], and become the basal 
bodies of the cilia and flagella in motile cells like sper-
matozoa. 

MANCHETTE AND FLAGELLAR 
STRUCTURE AND FUNCTION 

The manchette is a transient horizontal structure 
surrounding the elongating spermatid head and is 
present only during spermatid elongation [13]. This 
temporary structure is responsible for sperm tail for-
mation and head shaping during spermatogenesis [14] 
and then disappears in mature sperm [15]. The presence 
of the manchette can first be noticed at the beginning 
of the elongation phase of spermiogenesis and disas-
sembles prior to the mid-piece of sperm tail formation 
[9]. 

The manchette creates a platform consisting of 
microtubules and actin filaments between the peri-
nuclear ring and the elongated sperm axoneme [16]. It 
also elongates the spermatid head as it is associated 
with the nuclear shaping [17]. The perinuclear ring and 
centrosome play a part in connecting and stabilizing 
the manchette’s microtubules after they are formed 
[18]. The manchette is composed of microtubules and 
fibrous (F)-actin filaments. The F-actin filaments and 
actin-dependent molecular motor protein, myosin play 
fundamental roles in the transport of vesicles along the 
F-actin and in the shaping the spermatid head. Nuclear 
reconstruction during sperm head formation coincides 
with modulation of the nuclear envelope, which in turn 
is presumed to be critical for transferring cytoskeletal 
forces, and required for directed nuclear shaping [19]. 
The manchette seems to be connected through linker 
of nucleoskeleton and cytoskeleton (LINC) complexes. 
LINC complexes are identified as nuclear envelop-
bridging assemblies connecting the nuclear content to 
the cytoskeleton. These bridges are formed by interac-
tion of two evolutionarily conserved transmembrane 
protein families: the SUN (Sad-1/UNC-84) and KASH 
(Klarsicht/ANC-1/Syne/homology) domain proteins [20]. 
Two LINC complexes, SUN1/Nesprin3 and SUN3/Ne-
sprin1, locate at opposite poles during spermatid elon-
gation [21]. SUN3/Nesprin1 complex links the manch-
ette to the nuclear envelope and SUN1/Nesprin3 may 
be involved in basal body attachment to the nucleus. 
SUN proteins (with testis specific SUN3, 4, and 5) rep-

resent the inner nuclear membrane constituents of 
LINC complexes [19]. Calvi et al [22] found that loss of 
SUN4, a spermatid nuclear membrane protein, leads 
to disorganization of the microtubules and a failure of 
the nucleus to elongate. Moreover, SUN4-deficient mice 
found to have globozoospermia with associated infertil-
ity. 

KASH proteins reside within the outer nuclear 
membrane and connect to the cytoskeleton [23]. These 
proteins, along with the LINC complex, provide physi-
cal force to shape the sperm head by constructing the 
nuclear DNA to form the distal half of the nucleus. 

INTRA-MANCHETTE TRANSPORT 
AND INTRA-FLAGELLAR TRANSPORT 

Intra-manchette transport (IMT) and intra-flagellar 
transport (IFT) are two processes that take place dur-
ing spermiogenesis and are crucial for male fertility. 
Both IMT and IFT are absent in mature sperm [17]. 
IMT transfers structural and functional proteins that 
form the sperm tail via the microtubule tracks and 
motor proteins to the basal body region where they are 
stored. Moreover, IMT is also responsible for nucleo-
cytoplasmic transport. The depletion of dynein-related 
proteins (CLIP-170) leads to abnormal nucleus shape 
[18]. 

IFT is responsible for sperm-protein transportation 
during the development of the flagella [24,25]. During 
IFT, cargos are transported from the sperm cytoplasm 
to the tip of the flagellum and then back to the sperm 
head along the axonemal microtubules. Outward or 
anterograde movement (from the sperm head to the 
tail) is directly connected with microtubule motor ki-
nesin-2 while inward or retrograde movement is linked 
up cytoplasmic dynein-2 (dynein 1b) [18]. Although the 
precise mechanisms by which the specific cargos are 
stored and transported during IMT and IFT are not 
known, microtubules, which are arranged in opposite 
directions in these two processes, along with dynein, 
a candidate motor protein for the LINC complex, play 
crucial roles for spermatid head modelling during sper-
miogenesis [26]. Mutations in genes associated with 
the IMT or IFT microtubule structures are responsible 
sperm head and tail abnormalities because they can 
disrupt protein delivery to the correct assembly site 
during spermiogenesis and thus lead to abnormalities 
in mature sperm (Fig. 2) [27].
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The flagellum starts growing from the basal body 
(i.e., the daughter centriole of the centrosome) while 
this structure migrates towards the cell membrane. 
Afterwards, the centrosome-axoneme complex migrates 
and attaches to the nucleus. Affixed and stabilized by 
the basal body, acting as MTOC, the microtubules and 
thereby the flagellum grow in a directed manner. Fla-
gellar ultrastructure is divided into four main parts: 
the connecting piece, the mid piece, the principal piece, 
and the end piece. The connecting piece consists of 
distal and proximal centrioles. The mid piece contains 
a ring-shaped mitochondrial sheath surrounding the 
axoneme to provide the energy for the movement of 
flagella. Principal piece contains fibrous sheath around 
the axoneme. The last part, end piece, incorporates only 
the axoneme [14].

Apart from mitochondria located in the mid piece, 
the outer dense fibers and the fibrous sheath, the fla-

gellum contains the microtubular structures the axo-
neme and the manchette, which play important roles 
during part of the formation of sperm head and tail 
[18]. Defects of the microtubules or microtubule-related 
components may cause sperm abnormalities and infer-
tility problems such as teratozoospermia, oligozoosper-
mia, asthenozoospermia and even azoospermia [28]. 

AXONEME STRUCTURE AND  
FUNCTION 

The axoneme is an essential structure for the gener-
ation of sperm motility. This structure originates from 
the distal centriole of the round spermatid centrosome 
and then comes into contact with the nuclear mem-
brane on the opposite pole of the acrosome [9]. Axo-
neme is the inner core structure of cilia and flagella, 
and is set up by microtubules in a typical 9+2 pattern 
with one central pair (CP) and nine peripheral micro-
tubules doublets. Regulation and modulation of cili-
ary movement is controlled by CP, inner dynein arms 
(IDAs), and nexin-dynein regulatory complex, however 
beat generation is controlled by the outer dynein arms 
(ODAs) [29]. The axoneme also possesses radial spokes 
that connect the central and peripheral microtubules 
and are also related to the mechanical movement of 
the flagellum (Fig. 3). Consecutive microtubules are 
linked by nexin, a protein that stabilizes the axoneme 
[14]. Axoneme structures play an essential role in the 
morphology and functioning of the flagellum. Any al-
teration in the axoneme ultrastructure may cause ab-
normalities in the sperm tail and change its morphol-
ogy, causing severe motility disorders [30]. 

MICROTUBULE-ASSOCIATED  
PROTEINS

Four types of microtubule-associated proteins (MAPs) 
interact with tubulin in specific ways to regulate mi-
crotubule dynamics and organization, namely: motor 
proteins, crosslinking proteins, microtubule number 
regulators, and dynamic instability regulators [31].

Motor proteins are adenosine triphosphate (ATP)-
dependent molecular motors that transport cargo along 
the microtubule and deliver the contents to its desig-
nated location within the cell (e.g., kinesins and dynein) 
[32]. Microtubule plus-end-tracking proteins (+TIPs) are 
evolutionarily conserved motor proteins that bind to 

Head, neck and
tail abnormalities

Mutation

Mutation

Cargos

IFT

IMT

Fig. 2. Schematic diagram of the transport pathways of manchette. 
Intra-manchette transport (IMT) transfers structural and functional 
proteins via the microtubule tracks and motor proteins to the basal 
body region where they are stored. During intra-flagellar transport 
(IFT), proteins are transported from the sperm cell body to the tip of 
the flagellum and then back to the sperm head along the axonemal 
microtubules. Outward or anterograde movement (from the sperm 
head to the tail) is directly associated with microtubule motor kine-
sin-2 while inward or retrograde movement is related with dynein 
1b. Abnormalities of IMT or IFT microtubule structure could lead to 
sperm head, neck and tail aberrations because of disruption of the 
protein delivery to the correct assembly site during spermiogenesis.
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microtubule plus (+) ends when polymerization is initi-
ated and play a crucial role in microtubule dynamics. 
Microtubule +TIPs function as microtubule-stabilizing 
factors and can alter plus (+) end dynamics at micro-
tubule-kinetochore binding sites in dividing cells [33]. 
Crosslinking proteins help to stabilize the structure 
of cellular components [34] and microtubule number 
regulators control nucleation mechanism [35], whereas 
dynamic instability regulators control the co-existence 
of microtubular assembly and disassembly [36]. Differ-
ent combinations of these four types of MAPs work 
together to assemble microtubule-based structures in 
various cellular processes [31]. 

ROLE OF MICROTUBULES IN MALE 
FERTILITY

1. �Spermatogenic cell divisions and  
spermiogenesis

Microtubules play important roles in male fertility 
and ensure successful cell division during spermato-
genesis. Fawcett [13] in his pioneering article on mam-
malian spermatozoa has discussed the role of micro-
tubular structures in spermatogenesis. Bertalan et al 
[37] found that the total number of microtubules in 
the mitotic spindle is a critical controlling factor in cell 
division. If the number of microtubules significantly 
changes, this may result in altered cell division with 

subsequent pathological developments. Microtubule 
polymers build the mitotic spindle, and numerous as-
sociated factors unite to create a dynamic steady state 
structure [38]. Mitotic spindles in spermatogonia orient 
perpendicularly to the basement membrane to aid mi-
totic cell division and are rare in adults, suggesting a 
faster rate of mitotic division [39]. 

Spermatogonia, proliferative type A, undergo a series 
of mitotic divisions to reproduce themselves. While one 
of these daughter cells restores of type A spermatogo-
nial stock, the other changes to type B spermatogonia 
in the basal compartment. Then, type B spermatogo-
nia differentiate to form pre-leptotene spermatocytes, 
which are transported across the seminiferous tubule 
barrier [40]. After committing to meiosis, two cellular 
divisions occur where the 4N primary spermatocyte 
divides to form two 2N (N refers to haploid genome) 
secondary spermatocytes. Subsequently, each second-
ary spermatocyte divides to form two N spermatids [41]. 
The segregation of chromosomes involves three types 
of microtubules: kinetochore, astral, and polar. The ki-
netochore microtubules bind to the kinetochore at the 
chromosomal centromere which is critical for proper 
chromosomal segregation [38]. Errors in chromosome 
segregation lead to aneuploidy due to nondisjunction 
in both mitosis and meiosis. Astral microtubules are 
cell membrane interacting microtubules and are not 
connected directly to the chromosome. However, they 

Axoneme
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Fig. 3. Schematic representation of flagel
lum structure. Schematic representation 
of flagellum structure. A cross-section 
of flagellum mid-piece shows plasma 
membrane and mitochondrial sheath 
surrounding the outer dense fibers. The 
axoneme displays the characteristic 9+2 
arrangement of the microtubules with 
nine microtubule doublets around the 
periphery and two singlet microtubules 
in the center. Adjacent microtubule dou-
blet are connected by Nexin.
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participate in spindle positioning and cleavage before 
cytokinesis. Polar microtubules interlace at the mid-
zone of the spindle and aid propelling of the spindle 
pores apart by the motor proteins [9]. 

During spermiogenesis, spermatids differentiate into 
spermatozoa, a process which involves four phases: 
the Golgi phase, the cap phase, formation of the tail, 
and the maturation phase. This process was classi-
cally described by Holstein [42] using ultrastructural 
investigations that confirmed the role of microtubules 
and axonemal structure in spermatid maturation. The 
Golgi stage of spermiogenesis is characterized by the 
formation of the head and axoneme. During this stage, 
sperm head shaping begins with the polarization of 
round spermatid nucleus to the one side of the cell and 
then proceed to deviate from a spherical shape as nu-
clear condensation continue. In addition, the acrosomal 
cap is formed over the anterior surface of the nucleus 
[9]. Normal sperm nuclear morphology relies on sperm 
DNA compaction as well as specialized structures with-
in spermatids that determine the characteristic species-
specific sperm head shape. As discussed earlier, the two 
major structures associated with sperm head shaping, 
known as the acroplaxome and manchette are closely 
related to one another as spermatids proceed through 
the elongation phase [43]. Later in this phase, about 
90% of nuclear histones are removed and spermatozoal 
DNA is packaged first with specific nuclear proteins 
called transition proteins. Then, these transition pro-
teins are replaced with specialized proteins called prot-
amines [9]. As the acrosome begins to form on one pole 
of the nucleus, the two pairs of centrioles move toward 
the opposite pole to initiate axoneme formation. During 
formation of the sperm tail, the basal body (which is 
assembled within the spermatid centrosome) attaches 
with the microtubules. Microtubules present in this 
region are responsible for trafficking vesicles from the 
Golgi apparatus to the acrosome [44]. After the initia-
tion of axoneme formation in early spermiogenesis, sec-
ondary structures necessary for flagella function (outer 
dense fibers, the fibrous sheath and the mitochondrial 
sheath) are assembled during the elongation phase of 
spermiogenesis [45]. Followed by the formation of the 
sperm tail, mature spermatozoa get released from Ser-
toli cells into the lumen of the seminiferous tubule in 
a process called spermiation [9]. During spermiation, 
residual bodies are phagocytized by the Sertoli cells [46]. 
This process involves removal of specialized adhesion 

structures and remodeling of the spermatid head and 
cytoplasm [9].

Several proteins and their interactions have been 
reported to play significant roles during sperm devel-
opment. For example, Hook1 is a protein that binds to 
microtubules and cargoes in Drosophila [47]. This pro-
tein belongs to the family of Hook proteins, consisting 
of Hook1, Hook2, and Hook3 in mammals. Hook 2 has 
been reported to play a role in primary cilia morpho-
genesis while Hook3 has been shown to participate in 
the localization of Golgi complex [48]. A recent study 
described the interaction of Hook1 with another pro-
tein called coiled-coil domain containing protein 181 
(Ccdc181) during localization of the sperm tail and in 
the formation of motile cilia [49]. Hook1 gene deletion 
has been reported to cause disruption of the manch-
ette structure and abnormal head morphology in mice. 
Hook1 gene is suggested as a candidate for decapita-
tion defects and teratozoospermia [50]. The different 
steps of spermatogenesis and microtubule functions are 
summarized in Fig. 4.

2. Sperm motility
The tail is a long flagellum, and the central axoneme 

of this flagellum emerges from a basal body located 
posterior to the nucleus. For sperm motility, sliding 
of outer doublet microtubules in the sperm flagellum 
needs energy generated by ATP hydrolysis [11]. In 
human sperm, ATP is produced by glycolysis in the 
principle piece of the flagellum [51] and also, by the mi-
tochondria present in the mid piece [52]. 

Katanin is a microtubule-severing complex consisting 
of a p60 severing enzyme and a p80 regulatory subunit 
[53]. Katanin p80 plays a crucial role in meiotic spindle 
formation, polarization and depolarization of microtu-
bules and reproduction in male mice [54]. The protein 
p80 is encoded by Katnb1, and the missense mutation 
of this gene causes male infertility in mice character-
ized by oligoasthenoteratozoospermia. Mutation of this 
gene also causes virtual absence of progressive motil-
ity [54]. The expression of katanin p80 (both mRNA 
and protein levels) was evaluated in testis biopsies 
from patients with maturation arrest at the level of 
spermatocyte and spermatogonia and with Sertoli cell 
only syndrome, and compared with samples showing 
normal spermatogenesis [55]. These results suggest that 
KATNB1 plays a role in meiosis, nuclear shaping, and 
flagellum formation of sperm in humans. It was also 
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reported that expression of p80 occurred only in germ 
cells and not in stem cells, Sertoli cells or interstitial 
cells [54]. 

3. Microtubule dynamics in sertoli cells 
In mammals, the blood-testis barrier (BTB) creates 

a unique microenvironment for the development and 
maturation of germ cells in order to maintain and sup-
port spermatogenesis. The BTB is located between Ser-
toli cells and germ cells, as well as between germ cells 
[56]. Sertoli cells are dynamic, metabolic epithelial cells 
that support the seminiferous epithelium. These cells 
contain microtubules that are oriented in linear arrays 
parallel to the long axis of the cell, forming a cage-like 
structure around the nucleus [57]. The shape of Sertoli 
cell changes according to the requirement of the devel-
oping germ cells [9]. 

The Katanin catalytic subunit A1 like 1 (KATNAL1) 
gene is a protein coding gene that is expressed in tes-
ticular tissue and helps control Sertoli cell microtubule 
dynamics [58]. Loss of function mutations of KATNAL1 
results in disruption of Sertoli cell microtubule dynam-
ics and cause to release of immature sperm within the 
testis tubules during sperm maturation [59]. Further-
more, it has been reported that induced-expression of a 
functional KATNAL1 protein raises microtubule sever-

ing, thereby impairs Sertoli cell plasticity required for 
germ cell growth. In the same study, it has also been 
shown that co-localization of with a Sertoli cell-specific 
isoform β-tubulin ‘TUBB3’ in Katnal11H/1H mutant tes-
tes [60]. Localization of TUBB3 showed that microtu-
bule network underwent enormous disruption in the 
mutant testis [59]. Accordingly, a hypothesis was made 
that over-expression of functional KATNAL1 disrupts 
microtubule dynamics, which results in cellular arrest 
during mitosis that eventually leads to cell death [61]. 
However, the proper localization, mechanism of nucle-
ation in Sertoli cell microtubules and its control are 
still not clear. 

A-kinase anchor proteins (AKAPs) are regulators of 
microtubule dynamics and contribute to normal BTB 
function. Akap9 deletion has been reported to lead to 
significant changes in the microtubule organization in 
Sertoli cells and loss of BTB in Akap9 null mice [56]. 

MICROTUBULAR DYSFUNCTIONS 
AND MALE INFERTILITY

1. Primary ciliary dyskinesia
Male infertility caused by impaired sperm motility 

and defects in genes that encode for axonemal com-
plexes can be observed in men with primary ciliary 
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Fig. 4. The function of microtubules dur-
ing spermatogenesis.
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dyskinesia (PCD) [62]. It was first described as a syn-
drome based on the triad of chronic sinusitis, bronchi-
ectasis and situs inversus [63]. Forty years later, in the 
mid-1970s, Afzelius [64] expanded on this syndrome by 
observing that these patients had ‘immotile’ cilia and 
defective ciliary ultrastructure, specifically noting a 
deficiency of dynein arms, decreased mucociliary clear-
ance, and a lack of ciliary motion. Presently, it is well-
known as a heterogeneous and multisystemic disorder 
that is characterized by structural or functional abnor-
malities of the motile cilia [65].

PCD is a rare autosomal recessive disorder with an 
estimated prevalence of 1:10,000 to 1:20,000 in the gen-
eral population [66]. In 1975, Afzelius et al [67] first re-
ported PCD as a genetic disorder involving production, 
assembly, or attachment of dynein arm in spermatozoa 
in two brothers who were not twins. Pedersen and 
Rebbe [68] reported total immobility of spermatozoa 
in a patient with absent dynein arms in the axoneme 
of spermatozoa. Approximately, one half of patients 
presenting with PCD have situs inversus, a condition 
where the major organs appear mirrored to their nor-
mal position, which is called Kartagener syndrome [69]. 
Males with PCD are infertile due to immotile sperm 
and are at an increased risk of having respiratory 
problems such as lung infections caused by paralysis 

of the cilia [70]. Nearly 30 genes are involved in PCD 
pathogenesis in humans [71].

Various defects in the cilia structure are present in 
patients with PCD, including radial spoke abnormali-
ties, outer and/or IDAs defects and the absence of a 
central microtubule [30]. Morphological changes always 
accompany one of these defects [72]. Abnormalities 
of the cilia can be classified as (1) dynein arm abnor-
malities with the most common cilia abnormality [73] 
involving either partial or complete absence of ODA/
IDA [74]; (2) radial spoke abnormalities, including the 
absence of spokes or deviated central microtubules [75]; 
(3) inappropriate directionality of cilia, caused by a 
partial or complete absence of the central microtubules 
or defects in planar cell polarity [74]; and (4) an abnor-
mal number of peripheral microtubules such as, 8+1, 
8+2, 8+3, or 7+2 arrangements of the cross-section (Fig. 
5) [76].

PCD occurs as a result of genetic mutations in genes 
encoding for ciliary proteins [77]. Many structural and 
regulatory proteins are present in the cilia, and hun-
dreds of genes control these proteins. As a result, mu-
tation in any of the genes encoding for these proteins 
may lead to abnormalities in ciliary functions [78]. 

Several studies have focused on identifying genes re-
sponsible for PCD [29,79] using genetic linkage analy-

Radial
spoke

Dynein
arms

Central
pair

Nexin

Normal Defect

Centriole assembly defect Sperm flagella abnormalities

Normal Defect

Abnormal directionality Axonemal bending defect

Primary ciliary Dyskinesis

Fig. 5. Abnormalities of the cilia (1) dy-
nein arms abnormalities involve either 
partial or complete absence of outer 
dynein arm/inner dynein arm, (2) radial 
spokes abnormalities including the ab-
sence of spokes or deviated central mi-
crotubules, (3) inappropriate directional-
ity of cilia, caused by partial or complete 
absence of the central microtubules, 
and (4) abnormal number of peripheral 
microtubules. Atypical arrangements 
for example 8+1, 8+2, 8+3, or 7+2 have 
been observed under the microscope on 
cross-section.
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sis in familial cases and candidate gene approaches, 
and proteomic analyses [80]. The most commonly 
studied genes are the dynein axonemal intermediate 
chain 1 (DNAI1) and dynein axonemal heavy chain 
5 (DN AH5) genes [29,80]. Mutations in these two 
genes result in abnormalities in ciliary structure and 
motor functions [29,80]. DN AI2 is expressed in the 
trachea and testes and its mutations can lead to PCD 
[81]. Mutations in dynein axonemal beta heavy chain 
9 (DNAH9) and dynein axonemal heavy chain type 
11 (DNAH11) were found to be involved in PCD [79]. 
Mazor et al [82] reported a homozygous point mutation 
of dynein axonemal light chain 1 (DNAL1) that re-
duced the axonemal dynein light chain 1 stability and 
damaged its interactions with tubulin and with dynein 
heavy chain, subsequently resulting in PCD. Three ad-
ditional mutations have been identified in DNAAF1, 
DNAAF2, and DNAAF3 all of which play important 
roles in the preassembly of dynein into complexes be-
fore their transport into cilia [83].

Castleman et al [84] reported two novel mutations 
in radial spoke head 9 homolog (RSHP9) and radial 
spoke head 4 homolog A (RSPH4A) encoding ra-
dial spoke head proteins with defects of the central 
microtubular pair related with PCD. These authors 
performed homozygosity mapping and identified the 
location of these genes on the long arm of chromosome 
6. This study also revealed that RSPH9 is important 
in maintaining normal movement of motile ‘9+2’ struc-
ture of flagella. Ultrastructure analysis showed trans-
position defects with the absence of CP and 9+0 or 8+1 
microtubule configuration.

Most genes implicated in PCD were thought to cause 
structural defects in the axoneme through mutations 
inducing CP defects. Recently, an association between 
a homozygous loss-of-function mutation in DNAJB13, 
a heat-shock protein, and PCD has been shown. DNA-
JB13 plays an essential role in preserving the integrity 
of the CP in humans [85]. Gene mutations and their 
consequences for axonemal structure in human and 
functional defects in PCD are summarized in (Table 1).

2. Dysplasia of the fibrous sheath
Dysplasia of the fibrous sheath (DFS) is an autoso-

mal recessive genetic condition and appears in severe 
asthenozoospermic patients, which are characterized by 
dysplastic development of the axonemal and peri-axo-
nemal cytoskeleton [86]. DFS is diagnosed by marked 

hypertrophy and hyperplasia of the fibrous sheath in 
association with deficiency of the annulus, mitochon-
dria, the CP complex (50% of the cases) and/or the dy-
nein arms [86]. The genetic origin of this disorder has 
been reported by numerous researchers [87,88].

The AKAPs, which are the most abundant struc-
tural proteins of the fibrous sheath and engaged in or-
ganizing and assembling the basic structure of protein 
(AKAP3, 4) [89] have been reported to cause DFS on 
its mutation [88]. In humans, two other forms of these 
sperm fibrous sheath proteins, hAKAP82 and its pre-
cursor pro-hAKAP82, were cloned and characterized 
[90]. DFS is prevalent in consanguineous marriages [87] 
and is associated with PCD (in 20% of the cases), trans-
mission of unbalanced gametes [88,91], and increased 
sperm ubiquitination [92].

3. �Multiple morphological abnormalities in 
the sperm flagella

Several studies have reported a correlation between 
sperm flagellar abnormalities and increased frequency 
of gonosomal disomies and diploidies in spermatozoa 
[93]. In addition, numerous studies have found an ele-
vated aneuploidy rate in multiple morphological abnor-
malities of the sperm flagella (MMAF), which might 
be associated with the sperm centrosome, the mitotic 
spindle and the flagella [94]. An elevated aneuploidy 
rate suggests that abnormalities of various centrosome-
associated proteins may affect flagellum formation and 
mitotic/meiotic spindle assembly during spermatogen-
esis and lead to numerical chromosomal aberrations in 
spermatozoa [93]. However, these chromosomal aneu-
ploidies have not been observed in all MMAF patients, 
suggesting that these flagellar and spindle defects 
may not directly cause chromosomal aneuploidies in 
all cases [95], thus requiring further investigation to 
specifically analyse the effects of flagellar and spindle 
defects on chromosomal aberrations in spermatozoa. 

Recently, a study has demonstrated a high preg-
nancy rate and low numerical chromosomal aberration 
rate as well as good nuclear sperm quality in MMAF 
patients with DNAH1 mutations [74]. Assisted repro-
ductive technologies have also been used to achieve 
a successful pregnancy in a few PCD cases. Intracy-
toplasmic sperm injection was performed in MMAF 
patients with and without DN AH1 mutations and 
compared with age-matched non-MMAF patients dur-
ing the same period. Despite the significant increased 
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rate of disomy XY and chromosome 18, no significant 
difference in the frequencies of either chromosomes 
13, 21, XX or YY disomies or diploidy in sperm from 
patients with DNAH1 mutation were found compared 
with non-MMAF patients [74]. Thus, findings from this 
study suggests that deep genetic investigation using 
high-throughput sequencing to identify the mutations 
of genes coding for microtubular proteins and their 
impact on male infertility are to be focused upon in 
immediate future. 

4. �Deficiencies of sperm proteins and male 
infertility

Mutations of several genes required for sperm de-
velopment or absence of the respective proteins have 
been reported to be associated with male infertility by 
disrupting microtubular functions during formation 

of sperm head and/or the manchette, and by affecting 
normal sperm motility [54,96,97]. Deficiencies in the 
proteins associated with formation of the sperm head 
(Sept12, SUN, and KASH domain proteins etc.) result in 
disorganized sperm head formation [98]. Centrobin, an 
essential centriole protein for centrosome duplication, 
along with other proteins, such as, ODF1/HSP10, Oaz-
t/Oaz-3, SPATA6 etc. are involved in proper assembly 
and rigid head-tail conjunction of the sperm [99]. Muta-
tion of these genes causes the acephalic spermatozoa 
syndrome, fragile necks, and dramatically increased 
susceptibility to decapitation [97]. A number of pro-
teins, as discussed earlier, is involved in the formation 
of the manchette (Katnb1, Lrguk1, SUN domain pro-
teins, Hook1, Kif3A etc.). Some mutations of these pro-
teins lead to an elongated and knobbed-like manchette 
with disorganized microtubules [15,47,54,100]. Sperm as-

Table 1. Representative mutations of selected genes and their consequences for axonemal structure in human and functional defects in PCD

Gene
Localization  

of protein
Structural  

defect
Functional  

defect
Infertility  

phenotype
Reference

CCDC114 ODA Absence of ciliary ODAs Ciliary dysmotility NI [8,9]
CCDC103 ODA Reduced ODAs Immotile cilia/situs inversus NI [49]
CCDC39 N-DRC MT disorganization and IDA 

defect
Hyperkinetic, stiff cilia OAT [29]

CCDC151 CCDC151 Complete loss of ODA Ciliary dysmotility NI [10]
Ttc25 TTC25 Defect in ODA docking Ciliary dysmotility NI [79]
Gas8 N-DRC (DRC3) Axonemal dysorganization Improper spermatid 

maturaion
NI [29]

RSPH3 Radial spoke head 
proteins

Central complex defect and 
absence of radial spokes

Sperm immotility NI [84]

DNAI1 ODA Short or missing ODA; ODA 
defects

Immotile cilia/situs inversus NI [29,80]

DNAH11 ODA Normal ciliary ultra-structure Abnormal nonflexible 
beating pattern

NI [79]

DNAH5 ODA ODA defect Immotility/residual motility 
in cilia

Asthenozoospermia [29,80]

DNAI2 ODA ODA defect Immotile cilia NI [81]
DNAL1 ODA Absence of ODA Impaired motility NI [82]
DNAAF1 DA assembling Absence of ODA & IDA Immotile cilia NI [83]
DNAAF2 DA assembling Absence of ODA & IDA Immotile cilia Asthenozoospermia [83]
DNAAF3 DA assembling Absence of ODA & IDA, 

Abnormal ultrastructure
Immotile cilia NI [83]

DNAH9 DA Dynein arm defect Immotile cilia NI [79]
PIH1D3 ODA+IDA ODA & IDA Defects Sperm immotility Male infertility [80]
DNAJB13 CP CP defects Sperm immotility Asthenozoospermia [85]
SPAG1 SPAG1 Defective ODA and IDA Complete ciliary immotility NI [96]
ZMYND10 ZMYND10 DA loss Immotile sperm Male infertility [86]

PCD: primary ciliary dyskinesia, ODA: outer dynein arm, N-DRC: nexin-dynein regulatory complex, DA: dynein arms, IDA: inner dynein arm, CP: 
central pair, NI: not indicated, OAT: oligoasthenoteratozoospermia.
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sociated antigen-6 (Spag6), Katnb1, Sept12, Lrguk1, tes-
titin, Ift88, and Kif3A are involved in sperm flagellar 
motility and maintenance of the structural integrity 
of mature human sperm. Deficiencies of these proteins 
cause marked motility defects and morphologically ab-
normal and disorganized of flagellar structures, includ-
ing loss of the CP of microtubules and disorganization 
of the outer dense fibers and fibrous sheath (Table 2) 
[15,54,96,100]. 

CONCLUSION AND FUTURE  
PERSPECTIVES 

Microtubules play a crucial role in spermatogenesis, 
as well as in maintenance of sperm morphology and 
motility. Recent research suggests that abnormalities 
in microtubular dynamics are associated with male in-
fertility. Till date, numerous genes have been reported 

to be associated with mitotic/meiotic spindle formation, 
sperm tail formation, and regulation and trafficking of 
vesicles within the spermatozoa. However, the proper 
mechanism of action of each gene and the effects of 
their abnormalities on male infertility are yet to be ex-
plored. 

It is important to understand the detailed molecular 
structure of the microtubules along with their organi-
zation and functions. The genes associated with the ex-
pressions of different proteins vital to the microtubule 
functioning, are also to be extensively analyzed. In-
depth knowledge about the structure and genetic con-
stitution of the microtubules provide a deeper insight 
to the pathophysiology of several ciliopathic disorders 
that affect male fertility and to design targeted thera-
peutic interventions. 

Table 2. Genes and proteins associated with manchette abnormalities in mice, and their functions in sperm morphological alterations

Gene Protein
Mutations associated with sperm  

morphological disorder
Recognized/possible function in 

spermatogenesis
Reference

Katnb1 KATNB1 Motility disorders, elongated and knobbed-like 
manchette

MT severing [54]

Lrguk1 LRGUK1 Short tail, elongated manchette and manchette’s 
MT disorganized

Perinuclear ring movement [1,15]

Sun4 SUN4 Round-headed sperm, coiled tail and disorganized 
manchette

Machette-nucleus connection (part of LINC 
complex)

[21,22]

Sun5 SUN5 Autosomal-recessive acephalic spermatozoa 
syndrome

Machette-nucleus connection (part of LINC 
complex)

[98]

Prss1 PRSS1 
(testitin)

Decreased motility, angulated and curled tails, 
fragile necks, and dramatically increased 
susceptibility to decapitation, acephalic 
spermatozoa syndrome

Directs epididymal sperm cell maturation 
and sperm-fertilizing ability

[2,54]

Oaz-t/Oaz3 OAZ-t/ 
OAZ-3

Acephalic spermatozoa syndrome Rigid connection of sperm tails to heads in 
mouse

[3,97]

Cntrob Centrobin Teratozoospermia, decapitated sperm syndrome Spermatid head shaping and assembly of 
the head-tail coupling apparatus

[4,99]

Odf1 ODF1/
HSPB10

Decapitated sperm head syndrome Essential for tight linkage of sperm head  
to tail

[7,99]

Spata6 SPATA6 Acephalic spermatozoa Assembly of the sperm connecting piece 
and tight head-tail conjunction

[99]

Kash KASH Disoriented sperm head Bridge the inner and outer membranes of 
the nuclear envelope

[23]

Hook1 HOOK1 Short tail, elongated manchette and disorganized 
manchette MT

Microtubule and vesicle binding protein [49, 50]

Ift88 IFT88 Absent axoneme, disorganized tail, elongated 
manchette

Part of IFT complex B [7,6, 27]

Kif3A KIF3A Absent axoneme, disorganized tail, elongated 
manchette and knobbed-like shaped head

IFT motor protein [100]

SUN: Sad-1/UNC-84, OAZ: ornithine decarboxylase antizymes, ODF: outer dense fiber, HSP: HEAT shock protein, KASH: Klarsicht/ANC-1/Syne/ho-
mology, MT: microtubules, LINC: linker of nucleoskeleton and cytoskeleton, IFT: intra-flagellar transport.
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