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Abstract

The manchette is a transient skirt-like structure consisting of microtubules (MTs) and filamentous actin (F-actin)
surrounding the elongating sperm head during spermiogenesis. It is pivotal in sperm head shaping controlled

by the acrosome-acroplaxome-manchette complex, acrosome formation, and flagellar assembly by microtubular-
based protein delivery. Defects in the manchette frequently lead to teratozoospermia concomitant with oligozoo-
spermia and asthenozoospermia, but the pathogenic mechanism underlying manchette function and its role in male
infertility remain poorly understood. In this review, we systematically described the assembly and disassembly

of the manchette, intra-manchette transport (IMT) and its regulatory model, the function and mechanism of man-
chette and IMT in regulating sperm head shaping and flagellar assembly during spermatogenesis; summarized

the research progress of manchette-related genes related to male infertility; and listed the manchette-related proteins
in knockout mouse models and clinical cases, which provide the theoretical basis for an in-depth understand-

ing of the molecular mechanism of manchette involved in spermatogenesis and male fertility for understanding

the potentially developing treatments for infertility and reproductive disorders.

Plain English Summary

The manchette regulates sperm head formation by mediating LINC complex-dependent transport during nuclear
condensation, facilitating assembly of the AAM structure to stabilize the sperm head skeleton, and driving zipper-
like movement to compress and maintain the nucleus after chromatin condensation. The manchette primarily
regulates the assembly of flagellar accessory structures by exerting its storage and transportation functions. Intra-
manchette transport (IMT) facilitates protein and vesicle transport, essential for nuclear condensation and sperm tail
assembly, with defects leading to male infertility. Key proteins like KIF3A, HOOK1, and SPAG6 are involved in man-
chette function, with mutations causing abnormal sperm morphology and infertility. Mutations in manchette-related
genes (e.g., CFAP43, CFAP65) are linked to severe asthenozoospermia and multiple morphological abnormalities

of the sperm flagellum (MMAF).
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Background The manchette is a crucial transport platform of vesi-

Spermatogenesis, a complex cellular differentiation pro-
cess, comprises three principal stages: mitosis of the sper-
matogonia, two meiotic divisions of the spermatocytes,
and sperm metamorphosis, culminating in the transfor-
mation of diploid spermatogonia into haploid elongated
spermatozoa [1]. Among these stages, sperm meta-
morphosis is the latest and most evident morphologi-
cal transformation, transforming round spermatids into
elongated spermatids. This process encompasses four
principal phases: acrosome ontogeny, tail development,
sperm head emergence, and cytoplasmic condensation
[2, 3]. Intriguingly, a temporary microtubule structure
called manchette plays an essential role in the nuclear
condensation and flagellar assembly which are the most
significant transformations during spermiogenesis.

cles and proteins via intra-manchette transport (IMT),
ensuring the correct formation of the sperm head,
acrosome, and sperm tail during spermiogenesis. As a
specialized component of the cytoskeleton in sperma-
tids, the manchette not only connects to the nucleus
through the linker of the nucleoskeleton and cytoskel-
eton (LINC) complex for nucleoplasmic transport, but
also interacts with the acroframosome (AFS) and the
acroplaxome to form the acroframosome-acroplaxome-
manchette (AAM) axis for sperm head shaping. The IMT
system orchestrates bidirectional cargo trafficking dur-
ing spermiogenesis: (i) Anterograde transport mediates
Golgi-derived vesicle sorting and acrosomal cap forma-
tion during the early phase; (ii) Retrograde coordination
with IFT becomes critical during late spermiogenesis,
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ensuring sperm tail elongation [4]. Three main types of
IMT pathways are known: short-distance microfilament-
based transport; long-distance microtubule-based bidi-
rectional transport using motor complexes of kinesin-2
for anterograde (forward) movement and cytoplasmic
dynein-2 for retrograde (backward) movement; and
nucleoplasmic transport via LINC complexes facilitating
the movement of proteins and other molecules between
the nucleus and the cytoplasm.

Emerging studies utilizing gene-edited mouse mod-
els (knockout/mutation) have established a causal link
between functional defects in manchette- or IMT-asso-
ciated genes and phenotypic manifestations of tera-
tozoospermia and male infertility. Concurrently, the
integration of next-generation sequencing (NGS) tech-
nologies into clinical diagnostics has uncovered a grow-
ing repertoire of novel genes essential for manchette
biogenesis and regulation dynamics, thereby identifying
these loci as pathogenic contributors to idiopathic male
infertility in humans.

Given the important roles of the manchette and IMT
in spermatogenesis and male fertility, this review system-
atically introduces the formation and functions of the
manchette and IMT in spermatogenesis and summaries
mouse models and clinical case studies of manchette-
related proteins and genes. This work aims to refine the
molecular framework underlying manchette/IMT biol-
ogy and serves as a foundation for exploring therapeutic
strategies in human male infertility.

Methods

A comprehensive literature search was conducted using
electronic databases, including PubMed and Google
Scholar, to identify relevant English literature published
up to June 2024. Search terms included combinations of
keywords such as ‘manchette; ‘intra-manchette trans-
port, ‘spermatogenesis, ‘sperm head shaping, ‘flagellar
assembly, and ‘male infertility! Additional articles were
identified through a manual screening of the reference
lists from the retrieved papers. A total of 2900 records
were generated, of which 341 were duplicates. In total,
2035 studies were excluded because titles/abstracts were
not relevant to the review. The remaining 524 records
were assessed for full-text review, and 283 records were
further excluded. Overall, 254 articles were included
in this final review. While we endeavored to conduct a

(See figure on next page.)
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comprehensive literature search, certain limitations in
the retrieval process should be acknowledged, including
potential omissions due to database bias, keyword varia-
tions across fields, and incomplete inclusion of non-Eng-
lish studies.

Assembly and disassembly of manchette

and the intra-manchette transport

Assembly and disassembly of manchette

In mammals, spermatogenesis occurs in the seminifer-
ous tubules of the testes. The epithelium of the seminif-
erous tubules undergoes a repetitive series of changes
known as the cycle of the seminiferous epithelium. In
the mouse, the cycle of the seminiferous epithelium can
be subdivided into 12 stages, and spermiogenesis can
be subdivided into 16 steps [5]. During spermiogenesis,
the sperm manchette first appears in step 8 spermatids
in mouse whereas in step 2 in humans. The disassem-
bly of the manchette occurs around steps 13—14 when
the nucleus completes morphogenesis [6]. The period of
manchette formation and depolymerization suggests that
the manchette is a temporary structure during sperm
morphogenesis, playing a key role in the important stages
of sperm head shaping, acrosome formation, and flagellar
assembly; and also suggests that its dynamic regulatory
mechanism is closely related to manchette-related pro-
teins. Abnormalities in the manchette are closely linked
to a failure in shaping the sperm head, which conse-
quently affects male fertility.

The manchette is primarily composed of three com-
ponents: a perinuclear ring, an MT mantle with one
end attached to the ring, and dense plaques located at
the far end of the mantle [7] (Fig. 1C). The MT mantle
is the main part of the manchette and is mainly com-
posed of microtubules (MTs) and microfilaments. During
manchette assembly, short MTs accumulate around the
nucleus and connect to the perinuclear ring consisting
of keratin 9 and §-tubulin through their plus-ends; then
they rapidly form a skirt-like structure containing up
to 1,000 MTs parallel to the nucleus and surround only
parts of the lower region of the sperm head, from the end
of the acrosome to the flagellum (Table 1). Moreover,
the skirt-like structure contains two types of MTs: those
that lie in close apposition to the nuclear membrane
and are physically attached, at multiple points, to the
nuclear membrane via the LINC complexes, involving in

Fig. 1 Pattern diagram of the manchette structure with its associated transport function and connectivity function structures. A An F-actin
cytoskeletal pathway involving the myosin Va/Rab27a/b complex for short-distance transport. B An MT cytoskeletal pathway involving

the kinesin/dynein for long-distance transport and MT ultrastructural pattern diagram. C An enlarged pattern diagram of the dense plaques
at the end of the manchette. D A diagram of two special linkers of the nucleoskeleton and cytoskeleton (LINC) complexes. E A model diagram

of nucleoplasmic transport and its LINC complex structure
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Table 1 The characteristics and major functions of manchettes
Structure Cytoskeleton Constituent proteins Major functions Reference
Perinuclear ring  Microtubule  keratin 9; &-tubulin; perunuclear ring protein (62 As a noncentrosomal microtubule organizing [6]
KDa), etc. center (MTOC) of manchette assembly; to form
the manchette-perinuclear ring tight junction
for sperm head shaping; to form perinuclear
ring-nuclear linker complexes for zipper-like
movement of the manchette
MT mantle Microtubule; o, B-, &- and €- tubulins; B-actin; vimentin; To transport protein and vesicle via the intra- [6-9]
Microfilament acetylated, tyrosinated, glutamylated alpha-tubulin,  manchette transport (IMT) pathway;
and an alpha-3/7 tubulin isoform, etc. with the acroframosome and acroplaxome
to form the AAM axis; with the perinuclear
ring to form the manchette-perinuclear ring
tight junction; with LINC complexes to form
manchette-nucleus linkage for nucleocytoplas-
mic transport
Dense plaques  No data CEP170; KIF2A, etc. Involved in manchette MT depolymerization [71

nucleus shaping, and those that are more radial and will
ultimately project into the cytoplasmic lobes, playing an
important role in flagellar assembly protein transport.
Similarly, MTs are interconnected via linkers to form a
net-like structure.

It is worth noting that a nucleator is required to initi-
ate manchette MT formation. The origin of manchette
MTs remains under debate. Two specific nucleation sites
have been postulated: the perinuclear ring and the cen-
trosome. However, their roles and mechanisms as non-
centrosomal microtubule organizing centers (MTOCs:)
have not been elucidated. Three predominant hypotheses
have been proposed to explain this process [6]. Firstly,
the perinuclear ring might function as MTOC. This is
supported by the initial appearance of MTs in the post-
acrosomal region of mouse spermatids, which aligns
with periodic densities in the perinuclear ring. However,
but its MTOC identity is marked by &-tubulin rather
than the well-known y-tubulin, indicating a specialized
nucleation mechanism. Secondly, centrosomes could
function as MTOC. Evidences include their universal
MTOC marker y-tubulin and an in vitro model where
exogenous taxol and GTP nucleate manchette MTs with
spermatid centrosomes. Thirdly, the perinuclear ring
and the centrosome jointly fulfill MTOC. The manchette
MTs are nucleated from the centrosomes with the plus-
end extending toward the developing perinuclear ring
and the perinuclear ring can capture the MTs near the
centrosomes to rapidly form parallel MT arrays. Addi-
tionally, the perinuclear ring may capture MTs formed
at other noncentrosomal nucleation sites and stabilize
them near the perinuclear ring, such as the Golgi appa-
ratus and existing MTs. Although the exact mechanism
of manchette formation is not clear, the perinuclear ring’s
ability to connect and stabilize forming MTs and its

correct formation are crucial for the organization of the
manchette.

Therefore, it can be deduced that the manchette is a
specialized microtubular structure whose formation and
stabilization depend on the properties of microtubules
and microtubule-associated modulation. The structure
and polarity of MTs and microfilaments contribute to the
unique cytoskeletal structure and function of the man-
chette. The MT of manchette is a hollow tube (22-25
nm in diameter) composed of 13 microtubulin proto-
filaments formed by head-to-tail heterodimers of a- and
B-tubulin. Interestingly, y-tubulin, altough not a part
of the MT polymer, forms the y-tubulin ring complex
(y-TuRC) which serves as a template for MT nucleation
[10]. Unlike axonemal MTs, manchette MTs are oriented
with their plus-ends toward the acrosome and minus-
ends away. The plus-ends display faster growth rates,
slower dissociation and kinesin-dependent transport,
while minus-ends grow more slowly, dissociate rapidly,
anchor to MTOCs, and require dynein [7, 11]. Moreo-
ver, most MT plus-ends are highly dynamic, regulated
by microtubule plus-end-tracking proteins (+ TIPs),
whereas minus-ends are mostly stable, only controlled by
y-TuRC [12, 13], Patronin [14], and CAMSAPs. It should
be mentioned that CAMSAPs are a family of proteins
that bind and stabilize noncentrosomal MTs post-nucle-
ation that are released from y-TuRC. Specifically, CAM-
SAP1 localizes at manchette MT minus-ends. Its loss
disrupts dense plaque protein (CEP170, KIF2A) localiza-
tion, impairing structural integrity and MT depolymeri-
zation [7] (Fig. 1C).

Manchette disassembly is primarily mediated by
microtubule-severing proteins (MTSPs), a group of
ATPases associated with diverse cellular activities
(AAA + ATPase) superfamily members belonging to the
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meiotic clade. These enzymes, which include katanins
(KATNB1, KATNA1, KATNAL2), fidgetins, and spastin
(SPAST), regulate microtubule dynamics through con-
served microtubule-severing activity [15, 16]. Microtu-
bule severing occurs at the minus-end of the manchette
(near the sperm tail), mediated by the katanin complex
specifically localized at this site. Katanin comprises a cat-
alytic subunit (p60) and a regulatory subunit (p80), where
p80 stabilizes p60 and regulates microtubule dynam-
ics. Mutations in p80 cause delayed manchette elimina-
tion, sperm head/tail malformations, and mitochondrial
sheath defects, leading to complete sperm immobility,
short/absent tails, and structural abnormalities. Addi-
tionally, the WD40-repeat protein 62 (WDR62) facilitates
katanin p80 recruitment to the manchette. Mutations
in Wdr62 impair manchette clearance, resulting in oli-
goasthenoteratozoospermia (OAT) phenotype [17]. The
katanin isoforms KATNA1l and KATNALI orchestrate
multiple processes in spermatogenesis, including meiotic
spindle dynamics, cytokinesis, mid-body abscission, and
spermatid remodeling events such as Golgi organization,
acrosome formation, and manchette assembly [18]. KAT-
NAL2, functioning either in partnership with KATNB1
or independently, coordinates these processes akin to
other katanin isoforms. Mutations in Katnal2 disrupt
manchette architecture, leading to oligozoospermia and
infertility in mice [19]. Parallel to katanins, SPAST medi-
ates microtubule pruning and manchette dissolution
essential for manchette development and sperm head
shaping. SPAST specifically targets polyglutamylated
microtubules within the manchette, controlling microtu-
bule density and ensuring timely manchette degradation
at spermiogenesis termination. In Spast“°’*® mice, the
manchette was detached from most elongating sperma-
tid nuclei with abnormal manchettes, including ectopic,
abnormally dense, and excessively elongated manchettes
[20]. In addition, Axdndl [21], Rsph6a [22], etc. delayed
manchette clearance in knockout mice, suggesting that
these genes or proteins may be involved in manchette
disassembly.

The intra-manchette transport and the regulatory model

The IMT serves as a central delivery system for spermio-
genesis, orchestrating the targeted trafficking of cargoes
(proteins/vesicles) to execute nuclear condensation and
sperm tail assembly. IMT is functionally classified into
three subtypes according to its structure and transport
mechanisms: 1) an F-actin cytoskeletal pathway medi-
ated by myosin motors (e.g., myosin Va/Rab27a/b) for
short-distance transport, fascinating transverse acro-
some extension and concentration; 2) an MT cytoskeletal
pathway driven by kinesin-2 (anterograde) and cytoplas-
mic dynein-2 (retrograde) for long-distance bidirectional
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transport, essential for sperm head shaping and flagel-
lar assembly and as the mainstay of nuclear deforma-
tion through the circular arrangement of MTs [8, 23]; 3)
Nucleocytoplasmic transport via LINC complexes, bridg-
ing nuclear-cytoskeletal interactions to regulate protein
shuttling and nuclear remodeling [9].

The kinesin-2 family, comprising heterotrimeric (e.g.,
KIF3) and homodimeric (e.g., KIF17) motors, is a domi-
nant microtubule transport system in the manchette. It
orchestrates nucleus and acrosome formation by deliver-
ing mitochondria, Golgi apparatus, and structural pro-
teins via IMT. Concurrently, kinesin-2 also cooperates
with intra-flagellar transport (IFT) machinery to assem-
ble sperm flagella during spermiogenesis [24].

Cytoplasmic dynein, a minus-end-directed microtu-
bule motor, with its cofactor dynactin and cargo adap-
tor forms a complex to aid in bidirectional intracellular
transport. In spermiogenesis, cytoplasmic dynein bridges
the cytoskeleton and nucleoskeleton via LINC proteins
(e.g., SUN3-Nesprinl), transmitting mechanical forces to
deform the spermatid nucleus [25-27]. Notably, dynein’s
role in IMT focuses more on structural remodeling than
bulk cargo transport, contrasting with kinesin’s predomi-
nant vesicle trafficking functions [28].

The LINC complex is a nuclear envelope protein
bridge assembly that connects the nuclear contents to
the cytoskeleton, consisting of conserved KASH-SUN
protein bridges. The testis-specific Sad1/Unc84 homol-
ogy (SUN) proteins localize to the inner nuclear mem-
brane, including SUNI1, SUN3, SUN4, and SPAG4L.
Klarsicht/Ancl/Synel homology (KASH) proteins local-
ize to the outer nuclear membrane, including Nesprin-1,
Nesprin-2, Nesprin-3, and Nesprin-4. SUN domain
proteins link to the C-terminal of KASH domain pro-
teins to form the bridge. KASH proteins then link to
the cytoskeleton by binding to MT motor proteins [9].
Three specific LINC complexes identified during sperma-
tid elongation are: 1)SUN3-Nesprin-1, interacting with
SUN4 and localized at the manchette-nucleus interface
[29]; 2) SUN1-Nesprin-3, atypically non-nuclear local-
ized at the anterior pole and potentially involved in basal
body-nucleus attachment [26]; 3) SPAG4L/SPAGALp-
Nesprin-2, where SPAG4Lp is a short transcript variant
of SPAG4L [30] (Fig. 1D and E). In summary, the LINC
complex is essential for coupling the manchette to the
nucleus. This linkage is related to the specific polarized
MTs arrangement of the manchette (upper positive and
lower negative). Through this structural integration, the
LINC complex achieves three critical functions: sup-
porting the manchette movement to shape the nucleus;
participating in the transport function of the IMT, and
facilitating nucleoplasmic transport, which transports
proteins in and out of the nucleus.
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Myosin VI, a retrograde (minus-end-directed) motor, is
uniquely associated with actin-rich structures critical for
nuclear shaping—including the acroplaxome, manchette,
and Sertoli cell actin hoops [31]. In contrast, all other
myosins move towards the plus-end of actin (antero-
grade). For example, the actin-based motor protein myo-
sin Va and its receptor, Rab27a/b transport Golgi-derived
proacrosomal vesicles to the acrosome and along the
manchette [32]. Spermatogenesis Associated 6 (SPATA6)
is the component of the sperm head-tail coupling appa-
ratus (HTCA) required for normal assembly of the sperm
head-tail conjunction, involving in myosin-based micro-
filament transport through interaction with myosin sub-
units [33] (Fig. 1A).

Cargo proteins rely on adaptors rather than directly
binding to motor proteins. These cargo adaptors,
recruited primarily through the regulation of small
GTPases of the Ras-related protein (RAB) family [34],
form the structure of the motor-bridge-cargo proteins
or manchette-related complexes for IMT and spermio-
genesis. For example, kinesin-2 motor subunit KIF3A
can bind to either KIF3B or the KIF1-binding protein
(KBP) and is responsible for the meiosis specific nuclear
structural 1 (MNS1) [35], and SMRP1 [36] transport
within the manchette. Homeodomain-interacting protein
kinase HIPK4 phosphorylates RIMBP3 forming KIF3B/
HOOK1/RIMBP3 manchette-related complex [37] and
regulates manchette during spermatogenesis [38]. The
GUK-like domain of LRGUKI1 binds to adaptor pro-
teins HOOK2-RIMBP3 complex, and the LRR domain
of LRGUK1 binds to motor protein KLC3 to form a
multiprotein complex for transporting LRGUKI1 via the
AAM-tail axis, which is required for manchette function
and male fertility [39]. LRGUK-1 is required for multiple
aspects of sperm assembly, including acrosome attach-
ment, sperm head shaping, and the initiation of axoneme
growth to form the core of the sperm tail [40]. KLC3 sub-
sequently plays a role in the plus-end-directed transport
of mitochondria [26]. In contrast to well-investigated
members of the kinesin family, the molecular mecha-
nism of dynein-dynactin complex assembly and the role
of dyneins in MT-based transport mechanisms remain
unclear. It has been shown that the dynein-binding pro-
tein lissencephaly-1 (LIS1) binds dynactin’s p150 subunit
to constrain dynein-dynactin to ensure efficient complex
formation [41]. Besides, DNALII recruits and stabilizes
PACRG and co-localizes with PACRG in the manchette
[42]. PACRG recruits MEIG1 to the manchette to form
the MEIG1/PACRG complex for cargo transport, such as
SPAG16L, to build sperm flagella [43]. Similarly, SPEF2
protein, which is required for cilia motility and forma-
tion of sperm tail structures, is present in the manchette
before the localization to the sperm tail mid-piece. It is a
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link protein that interacts with Cytoplasmic dynein 1 to
transport and attach IFT20 [44] and GOLGA3 [45]. The
IFT20 protein, in turn, binds to HOOK and other IMT
functional proteins (Fig. 1B).

The related cargo-bridging proteins in the manchette
can also act as intermediaries during nucleocytoplasmic
transport. For example, in mice, Kinesin-Like Protein
KIF17 is phosphorylated by protein kinase A, which shut-
tles between the nucleus and cytoplasm for transport-
ing cargo (e.g. Spatial [46]). Besides, Ran, a Ras-related
GTPase, localized in the nucleus of round spermatids in
rat and mouse testis and along the microtubules of the
manchette in elongating spermatids is required for nucle-
oplasmic transport and for regulating the assembly of
microtubules [47]. Similarly, the motor protein kinesin-
like protein KIFC1 participates in nucleoplasmic trans-
port with CLIP170, the nuclear pore protein NUP62, and
the nuclear import factor importin f, involved in normal
disintegration of the manchette, sperm head shaping, and
acrosome biogenesis [6] (Fig. 1E).

Function and mechanism of manchette and IMT

in spermiogenesis

The manchette is an important transient junctional plat-
form during spermiogenesis, playing an integral role in
sperm head formation and flagellar assembly. The trans-
port function of IMT is manifested in two main ways: 1)
upward kinesin-directed manchette-nucleus transport,
and 2) downward kinesin-directed manchette-basal
body transport, for the tail formation with both prograde
and retrograde transportation. The manchette, a spe-
cial cytoskeleton, can also interact with other structures
to regulate sperm head metamorphosis. For example, it
cooperates with the acroframosome and acroplaxome
to form the AAM axis, with the perinuclear ring to form
the manchette-perinuclear ring tight junction, and with
LINC complexes to form manchette-nucleus linkage for
transverse nuclear-cytoplasmic trafficking. However, the
pathways underpinning manchette transport are still
poorly understood.

Manchette regulates sperm head formation

The mouse sperm head transforms from a rounded
nucleus to an elongated, sickle-shaped nucleus dur-
ing spermatogenesis, requiring coordinated assembly
of specific cytoskeletal structures, nuclear transloca-
tion, and chromatin condensation [48]. Proper nuclear
reshaping is a critical step during sperm head forma-
tion. The manchette plays a central role in this process
by: 1) mediating LINC complex-dependent transport
during nuclear condensation [9], 2) facilitating assem-
bly of the AAM structure [8], and 3) driving zipper-like
microtubule sliding to compress the nucleus [25].
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Acroframosome (AFS), a novel cytoskeleton, serves
as the microtubule-based framework of the acrosome.
It directs vesicular and protein trafficking toward the
nucleus. The ambient MTs of the acrosome emanate
from the Golgi apparatus, which acts as MTOC in
spermatids (Fig. 2A). The AFS was speculated to posi-
tion the Golgi apparatus, help cargo transport from
the Trans-Golgi Network (TGN) to the acrosome sac-
cule, interact with the acroplaxome or subacrosomal
chamber, and stabilize the linkages between them. Even
though the AFS has an important role in sperm defor-
mation, whether such a veritable AFS skeleton exists in
mammalian spermatids remains obscure [8].

The acroplaxome is a plate-like structure composed
of numerous microfilaments and associated motile mol-
ecules (e.g. myosin Va, VIla, and VI [49]) anchored to
the spermatid nucleus. The acroplaxome plate is rich
in F-actin and keratin 5 (KRT5) and attended by two
plaques and harbors actin-like proteins as well as several
other proteins, including Ran GTPase, Hook1, dynactin
p150Glued, cenexin-derived ODF2, testis-expressed pro-
filin-3 and profilin-4, testis-expressed Fer tyrosine kinase
(FerT), members of the ubiquitin—proteasome system
and cortactin [50] (Fig. 2A). The acroplaxome not only

anchors the acrosome to the nucleus during the sperma-
tid head shaping but also anchors the proacrosomal sac
to limit its size during acrosome formation [8]. Further-
more, it is also one of the essential cytoskeletons in acro-
some formation.

Manchette with the AFS and acroplaxome forms an
AAM cytoskeletal system. The AAM axis anchors the
acrosome to the nucleus forming the axis of head-to-
tail spermiogenesis to stabilize the sperm head skele-
ton. It also generates internal supportive forces to resist
exogenous contractile forces exerted by the Sertoli cell-
derived F-actin-containing ectoplasmic specialization
structures on the sperm nucleus. The exact mechanism
is unknown, but it is hypothesized that the two F-actin-
rich rings, the marginal ring of the acroplaxome and the
perinuclear ring which is the insertion point of the MTs
of the manchette, may be regulated by Tyrosine phos-
phorylation and the Cortactin kinase pathway to remodel
the F-actin network into progressive short diameters that
act as endogenous contractions via a sleeve-like pattern.
Moreover, these two rings also descend along the nucleus
from the two-thirds position, mechanically shaping the
distal half of the sperm head by constricting and main-
taining after chromatin condensation. Simultaneously,
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the manchette progressively ratchets down the nucleus
towards the forming sperm tail via the dynamic ‘unzip-
pering’ and ‘re-zippering’ of microtubule-nuclear and
perinuclear ring-nuclear linker complexes also known as
the zipper-like movement of the manchette [51] (Fig. 2B).
In the mouse, the movement moves toward the sperma-
tid caudal site around steps 13—14 with some possible
molecular motor, such as KIF3A, a subunit of heterotri-
meric kinesin 2, and KIFC1, a minus-end directed micro-
tubule-dependent motor [6]. Moreover, §- and e-tubulin
exhibit manchette localization, with §-tubulin observed
at the perinuclear ring and both - and e-tubulin at man-
chette MTs. 8- and e-tubulin are candidates for linkers to
the LINC complex and &-tubulin may function in stabi-
lizing MTs to the manchette perinuclear ring [52].

e-tubulin TUBE1 [53] can contact the plus-end of
B-tubulin, which may be adjacent to microtubules and
make lateral interactions. TUBE1 is required to form and
maintain axoneme structural integrity in sperm tails and
manchette microtubule migration, length, and timely dis-
assembly during spermiogenesis. The absence of TUBE1
results in nuclear membrane linkers remaining intact and
microtubule pruning is diminished, ultimately leading to
failure in manchette migration and hyper-extension of the
manchette microtubules. TUBEL, an accessory for com-
plex microtubule structures that facilitate regulatory pro-
cesses, is a target of katanin severing. KATNALLI targets
TUBEL by possibly interacting with an N-terminal micro-
tubule interacting and trafficking domain (MIT) of TUBE1
which does not possess an acidic C-terminal tail, the target
of traditional KATNA1-KATNB1 microtubule severing.
In addition, unidentified protein(s) recruit KATNAL1 and
KATNAL2. KATNAL1-KATNB1 complexes principally
remodel microtubules near, or at the perinuclear ring,
whereas KATNAL2-KATNB1 complexes target microtu-
bules interfacing the nuclear membrane within the man-
chette bulk, during manchette disassembly.

Besides, STATHATOS GG, et al. [53] provided a
hypothesis of the mechanism of manchette migra-
tion in the mouse, which occurs in four cycling phases:
Bind, Cut, Migrate + Constrict, and Relink. This model
proposes that the microtubule-nuclear and perinuclear
ring-nuclear linkages are progressively remodeled by
KATNAL2-KATNB1 and KATNAL1-KATNB1 com-
plexes, respectively, in a TUBE1-dependent manner, fol-
lowing the AAM axis constriction process, to enable the
manchette to rachet down the nucleus. In addition, tubu-
lin subunits continue to be incorporated at the plus-ends
of the skirt of the manchette microtubule (Fig. 2C).

Manchette regulates flagellar assembly
The structural integrity of the flagellum plays an impor-
tant role in sperm motility and viability. Sperm flagellar
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assembly can be divided into three aspects: pre-assembly
and transit of sperm tail components; axoneme assem-
bly; and accessory structure assembly [54]. Among them,
the manchette primarily regulates the assembly of fla-
gellar accessory structures by exerting its storage and
transportation functions [6]. Furthermore, the assembly
of the sperm flagellum requires the replacement of axo-
neme components that transform at the flagellar end,
the removal of transformation products from the flagel-
lum, and the transport of membrane components such
as signaling proteins, receptor proteins, and other pro-
teins between the flagellum and the cytosol [48]. It is still
unclear how these substances are delivered to specific
locations but they depend upon IMT and IFT to trans-
port cargo proteins and exchange materials between the
extended sperm flagellum and the cytoplasm via the cili-
ary gate or annulus [55]. The manchette and sperm tail
axoneme, both microtubular-based protein delivery plat-
forms, share structural and functional homology. Nota-
bly, studies of flagellum and IFT have directly informed
mechanistic understanding of manchette transport
dynamics. This functional parallelism, combined with
the IMT-dependent assembly of the head—tail coupling
apparatus (HTCA), suggests coordinated involvement in
the flagellar assembly by transporting proteins from head
to tail [56]. The process consists of three main parts: 1)
manchette storage; 2) IMT-based transportation; 3) IFT-
based precision sorting.

During spermiogenesis, axoneme development pre-
cedes manchette formation. This temporal regulation
is critical because the histone-to-protamine transition
(HTP) and nuclear condensation block access of the tran-
scriptional machinery to gene sequences, while flagel-
lar assembly occurs in a compartment that lacks protein
translational machinery. Therefore, mRNAs required
for the terminal steps of germ cell remodeling are tran-
scribed precociously, stored, and then, at the appropriate
time, selectively translated in the cytoplasm and trans-
ported along cytoskeletal tracks to their ultimate desti-
nation [26] (Fig. 3A). In summary, this continuous and
spatiotemporally restrained nature of spermiogenesis
provides an outstanding model system to identify and
decode cytoskeletal elements and the key protein and
organelle transport mechanisms required to assemble
the sperm. For example, during the flagellar assembly,
Keratins (e.g., SAK57, ODF1, ODF2, and ODF3) [57],
other keratin-associated proteins (KAPs) (e.g., the 26S
proteasome and the Odfl-binding protein SPAG4) [58],
and flagellar accessory structure-associated proteins (e.g.,
the FS protein AKAP4 and the ODF proteins) [26] are
first translated in the cytoplasm and temporarily stored
in the manchette before being sorted to the developing
sperm tail via IMT. Furthermore, signaling proteins are



Gao et al. Cell Communication and Signaling (2025) 23:250

=
w2

o
éb
=

[US)
]
=]
@
2.
w

—1»
&)
o
~
©

|| ||
T T T T T
Pro-acrosomal
vesicle transport

Cytomembrane

Page 10 of 32

Flagellum

B ¢ )y
° \ { %P Active Kinesin @ Cargo
o ° oi%\) p 2“\ ® Inactive Kinesin (@ IFT-A
Acrosome . _ / & x Dynein IFT-B
Marginal ring. ... - / : @fo
Groove .......... 3 Centriole
Perinuclear ring --------- A
manchette microfilament-----
manchette microtubule -~ Outer dense fiber

IMT

Implantation fossa
Centriole

HTCA "\

Cytoplasmic lobe

h Flagellum—

WDR64
. Spag5

Mitochondrial
sheath

Spag 4

Axoneme 26S proteasome

Fig. 3 Schematic diagram of protein transport systems during spermiogenesis. A A timeline to indicate the sequence of the three protein/vesicle
transport pathways. B The multiple parallel cargo transport pathways and the precise location of some proteins in the flagella by IMT and IFT. CThe

formation of flagella and the main steps of IFT

also likely to be snapped to the manchette in an intimate
connection with the elongating and condensing sperma-
tid nucleus [58] (Fig. 3B).

The IFT, driven by kinesin-2 (anterograde) and
dynein-2 (retrograde) motors, is a bidirectional trans-
port machinery critical for flagellar assembly and main-
tenance. IFT complexes (IFT-A and IFT-B) serve as
adaptors to recruit IMT cargo (e.g., tubulin, radial spoke
proteins) and signaling molecules via IFT-B subunits
(e.g., IFT88, IFT172) to the elongating flagellum for axo-
neme development [59, 60]. Cargo proteins are unloaded
and the IFT complex is remodeled to activate retrograde
motor proteins dynein-2 while inactivating prograde
motor proteins [61] (Fig. 3C).

In addition, the HTCA is a centrosome-based struc-
ture consisting of two cylindrical microtubule-based
centrioles and associated components. The proximal
centriole inserts into the nuclear indentation, and the
distal centriole gives rise to the sperm flagellum [62].
The failure of HTCA assembly and sperm tail forma-
tion causes male infertility. The manchette-associated
protein BAG5, expressed in steps 9-16 of spermatids,

is essential for sperm HTCA assembly. BAG5 forms
a complex with HSPA8 to modulate the proteosta-
sis of myosin proteins (myosin Va and myosin VI)
and dynein proteins (DYNLT1, DCTN1, and DNALI)
by protein folding (Fig. 1A) and ablation of BAG5 in
mice disrupts the functional motor proteins (myosin
and dynein proteins) in sperm manchette structure,
which results in some core proteins (e.g., SPATA6
[33]) involved in the assembly of HTCA fail to trans-
port into HTCA, thereby leading to the separation of
the sperm head and tail resulting in acephalic sperma-
tozoa syndrome (ASS), one of the most severe terato-
zoospermia, which refers to sperm in the semen with
intact flagella but without sperm head [62]. Addition-
ally, spermatogenesis and centriole associated 1-like
(SPATCI1L) [63] are also associated with the regula-
tory subunit of protein kinase A (PKA) to stabilize the
sperm head-tail junction. Disruption of Spatcl [ in
mice causes male sterility through head-tail detach-
ment, a structural defect that directly impairs sperm
motility. (Fig. 3B).
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Defects in manchette-related proteins and male
infertility

Factors that perturb spermiogenesis lead to male infer-
tility, which is generally manifested by a decreased
sperm count (azoospermia or oligozoospermia),
impaired sperm motility (asthenozoospermia), or a
high proportion of morphologically abnormal sperm
(teratozoospermia). A genetic defect is the most likely
underlying cause of the pathology in ~15% of infer-
tile men [64]. Despite the identification of numerous
male sterility genes, the majority of genetic causes of
male sterility remain uncharacterized. Mutations in
genes associated with the manchette or IMT can lead
to abnormal spermatogenesis, producing morphologi-
cally abnormal spermatozoa, generally characterized
by the phenotype of asthenoteratozoospermia (ATZ).
Among these, multiple morphological abnormalities
of the sperm flagellum (MMAF) is the most severe.
Proteins associated with MMAF include the AKAP,
CCDC, CFAP, RSPH, TTC, DANI, LRRC, and DNAH
families, among others [65]. Moreover, HOOK and its
associated complexes [66], SPAG [67-70], and CEP
[71-80] families play roles in the assembly and mainte-
nance of the manchette. In addition to cytoskeletal and
motor-related proteins, the SUN [29, 81-83], IFT [84,
85], and SEPT [68, 86—88] families, as well as STK36
[89], PACRG-MEIG] protein complex [42], SPEF2 [45,
90-92], TENTS5C [93], and other proteins also play a
role in IMT. Experimental data have demonstrated that
abnormal expression of all these proteins may contrib-
ute to spermatogenic disorders and members of each
protein family often bind to each other to form spe-
cific protein complexes. Besides, our group collected
the published literature to summarize a table about
KO mouse models affecting the manchette formation
in elongating spermatids and spermiogenic defects of
human spermatids, which is detailed in an additional
file [see Additional file 1/Table 2].

Defects in manchette formation

and depolymerization-related proteins and male infertility
Hook family proteins

Hook family proteins serve as junctions, facilitating
the transport of organelles and other cargo along MTs
via kinesin-mediated processes. Additionally, they are
implicated in centrosome-related cellular functions.
There are three HOOK family members expressed in
human, HOOK1, HOOK2, and HOOK3. HOOK1 is
mainly involved in the assembly and stabilization of MT
arrays during spermatogenesis [239]. HOOK2 mediates
assembly of the dynein—dynactin complex and regulates
mitotic progression and cytokinesis [240]. HOOKS3 is
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mainly localized in the Golgi membrane and determines
the normal paranuclear localization of the Golgi [174].

Abnormalities in Hook family members and their asso-
ciated complexes can lead to spermatogenic disorders
and infertility. For example, Hookl and Rimbp3 KO mice
present an ectopic manchette, abnormal sperm heads,
and detached sperm tails characterized by a deformed
nucleus and a detached acrosome [37]. Notably, its regu-
lator homeodomain-interacting protein kinase 4 (HIPK4)
is essential for spermiogenesis and male fertility in mice.
HIPK4-null mouse exhibit sterility with OAT, and their
male germ cells display disrupted F-actin-scaffolded
acroplaxome during spermatid elongation and abnormal
head morphologies in mature spermatozoa [171].

The HOOK family members may represent one cargo-
specific link between the motors and cargo within the
manchette in addition to acrosome and acroplaxome
vesicle transport. However, the elucidation of the exact
transport mechanisms and cargo/motor complexes dur-
ing IMT of sperm tail proteins requires extensive further
studies.

SPAG family

Sperm associated antigen 6 (SPAG6) was initially identi-
fied in a human testis cDNA expression library, localized
to cytoplasmic vesicles in spermatocytes, the acrosome of
round and elongating spermatids, and manchette. SPAG6
has multiple functions, as a structural component of the
ciliary/flagellar axonemal centrioles and as a regulator of
germ cell development during spermatogenesis. These
functions depend on binding proteins such as Snapin,
COPS5, SPAG16L, TCTE3, TACI, etc. [58]. In Spag6
knockout mice, disrupted central microtubule (MT)
assembly in the axoneme during late spermatogenesis
results in aberrant sperm morphology, including ATZ
and MMAF phenotype [70]. Notably, SPAG16L protein,
normally localized to the cytoplasm of round spermatids
and manchette, fails to target the manchette in Spag6-
deficient mice [218]. Hence, further studies are required
to elucidate the binding interfaces between SPAG6 and
partners (e.g., Snapin, COPS5) and their mechanistic
roles in manchette regulation.

CEP family proteins

CEP family proteins constitute the pericentrosomal
material. Abnormalities in these proteins can disrupt
centrosomes, impairing microtubule formation in the
manchette, ultimately leading to oligoasthenozoospermia
(OA). Key members of this protein family include CEP41,
CEP70, CEP131, TSGA10, CEP128, CEP135, CEP112,
CEP170B, CEP19, CEP164, CEP78, CEP250.
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CEP41, a centrosomal protein predominantly
expressed in the testis, interacts with the testicular sper-
matocyte centrosome replication-associated protein
CEP63 to regulate the stability of the number of spermat-
ocyte centrosomes by controlling CEP63 recruitment.
Its deficiency triggers excessive centrosome duplication
in spermatocytes, disrupting its MTOC functions and
impairing sperm tail formation [130]. Similarly, CEP70
[131] and CEP131 [72] are critical for cilia formation,
centriole replication, and genome stability. CEP70 defi-
ciency causes acrosomal and flagellar defects, leading to
infertility despite residual sperm production. CEP131
deficiency disrupts manchette assembly and IMT, arrest-
ing spermatogenesis at stage 9 and resulting in infertility.

The absence of CEP135 [75] and CEP112 [125] leads
to MMAF and ASS, respectively, in human. CEP135 is a
highly helical centrosomal protein that plays a scaffold-
like role in centriole formation as an essential component
of centrioles and participates in the formation of MT
organization.

TSGA10, CEP128, and CEP78 are critically linked to
male infertility in humans and mice. TSGA10 ensures
proper mitochondrial sheath organization in spermato-
zoa. Its dysfunction correlates with reduced sperm motil-
ity in male patients [229, 230]. CEP128 regulates gene
expression and TGF-B/BMP signaling pathway phospho-
rylation during spermatogenesis [78]. CEP78 is essential
for centriole development of germ cells. Its deficiency
disrupts sperm ultrastructure, causing morphological
abnormalities, low sperm counts, and infertility [79].

The male KO mice of Cep19 [73], Cep164 [76), Cep250
[129], Cep55 [241], and Cetnl [242] were infertile. Cep19
KO mice exhibited spermatozoa with persistent flagel-
lar curvature and severely impaired motility. Cep164 KO
mice showed a marked depletion of late-stage germ cells.

CEP170B, a novel cortical microtubule- and micro-
tubule-negative end-binding protein depending on
Liprin-al/PP2 A, antagonizes the protective effect of
CAMSAPs on the minus ends of MTs with KIF2A and
causes the disassembly of MT minus-ends [128]. There-
fore, we hypothesize that CEP170B is likely to be involved
in the regulation of manchette and play a role in sperm
shaping.

CFAP family proteins

The CFAP family is a group of proteins associated with
the development and functions of cilia and flagella
and plays important roles in cilia and flagellar biogen-
esis, structural assembly, and maintenance of motility.
Defects in the proteins of the CFAP family members
lead to abnormal flagellar assembly and abnormal sper-
matozoa viability or morphology, resulting in severe
asthenozoospermia (AZS) and male infertility. Most of
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them manifest MMAF, such as CFAP43, CFAP44 [133],
CFAP70 [143, 243], CFAP69 [142], CFAP251 [132],
CFAP47 [244], CFAP65 [139], CFAP58 [134], CEAP46,
CFAP61 [138]. It can also manifest as severe oligoas-
thenoteratozoospermia (sOAT), such as CFAP46 and
CFAP61 [138] and oligozoospermia, such as CFAP70
[143, 243], CEAP43 [23], CFAP53 [137], CEAP70 [143,
243], CEAP65 [140], CFADP52 [245], and CFAP58 [134],
which are closely related to manchette to maintain nor-
mal manchette structure in addition to regulating the
transport and assembly of flagellar components.

Defects in IMT related proteins and infertility

Kinesin family proteins

Members of the kinesin family localized in the man-
chette are KIF3A, KIF3B, KIF17b [46], KIF27 [89], and
KIFC5A [195]. They can function in manchette or IMT
with each other or with other proteins to form protein
complexes. KIF3A is a subunit of heterotrimeric kinesin
2, an N-kinesin, MT positive end-directed motor protein
required for sperm tail shaping as well as nucleus shap-
ing in spermatogenesis. The depletion of KIF3A causes
severe impairments in sperm tail formation, manchette
organization, and the shaping of sperm heads [193].
KIF3B gene silent variant leading to sperm morphology
and motility defects and male infertility [194]. KIF17b
colocalizes with Spatial, also known as TBATA, in the
manchette and the principal piece of the sperm tail [46]
and participates in nucleoplasmic transport and sperm
tail formation with PRAMELI [192], involved in nuclear
head shaping.

Dynein and dynamin-related proteins

The mechanisms of dynamin in spermatogenesis have
been poorly studied. Loss of Dynein Regulatory Com-
plex Subunit 1 (DRC1), leads to MMAF and male infer-
tility in humans and mice [164]. The dynein axonemal
heavy chain (DNAH) family genes encode the dynein
axonemal heavy chain, which is involved in cell motil-
ity. Genomic variations of DNAH family members have
been frequently reported in male infertility with multi-
ple morphological abnormalities of the sperm flagella
in humans and mice, including DNAH1 [147], DNAH2
[155], DNAH3 [157], NADH5 [158, 246], NADH6
[159], DNAH7 [160], DNAHS [161], DNAH9 [162, 163],
DNAHI0 [149], DNAH11 [150, 151], DNAHI2 [153],
and DNAH17 [154].

Besides, it is known that some abnormalities of
dynamin-related proteins can lead to spermatogen-
esis disorders, such as CLIP170, ARP1, ARL3, LC8, and
LIS1. CLIP170 is a plus-end tracking protein that medi-
ates the association of dynein/dynactin to microtubule
plus ends, and it also binds to kinetochores in a dynein/
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dynactin-dependent fashion, both via its C-terminal
domain implicated in the control of microtubule dynam-
ics, dynactin localization, and the linking of endosomes
to microtubules [144]. Clip170 KO mice show a highly
irregular arrangement of manchette resulting in sub-
fertility and abnormal sperm heads [145]. ARP1, a pro-
tein of the dynactin complex, localizes the manchette in
addition to the centrosome and Golgi complex to bind
dynein and cargos as a regulated adapter [106]. ADP
ribosylation factor-like 3 (ARL3), a Ras-related small
GTP-binding protein, located in the manchette, binds to
ODA16 and dissociates ODA16 from the IFT complex
[104]. ARL3 and LC8 facilitated the detachment of dyn-
actin from dynein [196]. In vivo RNAi-mediated ARL3
knockdown mice, the sperms had an abnormal head
shape, a lasso-like coiled tail, or decapitation [105]. LIS1,
a protein implicated in brain development, acts in several
processes mediated by the dynein/dynactin pathway by
interacting with dynein and other proteins [144]. Lis1%"
ST mice by gene trap integration are infertile [197, 198].

SEPTs

Septin genes encode well-preserved polymerizing GTP-
binding cytoskeletal proteins. The cellular functions of
SEPTs consist of mitosis, cytoskeletal remodeling, cell
polarity, and vesicle trafficking through interactions with
various types of cytoskeletons. Among them, closely
related to IMT are SEPT14-ACTN4 protein complexes,
SEPT10, and SEPT12. ACTN4, an actin-binding pro-
tein, forms a complex with SEPT14 and co-localizes in
the perinuclear region and manchette of early elongat-
ing spermatids. SEPT14 mutations disrupt ACTN4-actin
dynamics by mislocalizing and fragmenting ACTN4
signals, ultimately causing sperm head defects and tera-
tozoospermia [95]. Androglobin (ADGB), a chimeric
mammalian globin, mediates SEPT10 proteolysis in a
calmodulin-dependent manner for regulating IMT and
flagellar formation processes. In Adgb-null mice, SEPT10
mislocalization disrupts manchette and sperm annulus
assembly, leading to structural and functional defects in
spermiogenesis [216]. CDC42 negatively regulates the
polymerization of testis-specific SEPT12. Mutations
in Sept12 disrupt this regulation, leading to teratozoo-
spermia or oligozoospermia [87]. SEPTIN12 interacts
with NDC1 to form a complex essential for spermatogen-
esis, likely coordinating nuclear-cytoplasmic transport or
acrosome-manchette dynamics [87, 247].

SUN family proteins

The SUN (Sad1/UNC-84) family is defined by a con-
served SUN domain amino acid sequence at the C-ter-
minal end of the peptide chain, a transmembrane
region near the N-terminal end, and a coiled-coil region
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between the transmembrane region and the SUN domain
that mediates interactions with KASH-domain proteins
to form LINC complexes. In humans, five SUN members
have been identified: SUN1, SUN2, SUN3, SUN4 (also
known as SPAG4), and SPAGA4L (also known as SUN5 or
TSARG4). SUN4 and SUNS3 are critical for manchette-
nuclear membrane tethering during spermiogenesis.
Sun4 KO mice exhibit round-headed spermatozoa due to
manchette-nuclear detachment and failed nuclear elon-
gation [248]. Sun3 KO mice display more severe defects,
manchette loss, defective chromatin condensation, disor-
ders of the acrosomal body and flagellar structure, and a
highly disorganized arrangement of the manchette [81],
highlighting SUN3’s role in cytoskeletal-nuclear coordi-
nation. SPAG4L is a new nuclear membrane and endo-
plasmic reticulum protein that plays an important role in
the meiotic process. Mutations in SPAG4L (reported in
33-47% of ASS patients) disrupt sperm head-tail cou-
pling, underscoring its conserved role in spermiogenesis
[83].

IFT family

Mutations in the IFT subunit commonly disrupt flagellar
assembly and function, but emerging evidence highlights
their critical roles in manchette-mediated processes dur-
ing spermatid elongation. For example, IFT172 [178],
IFT140 [175], [FT144 [177], IFT20, and IFT88 [84] are
localized in the manchette and may be involved in sper-
matogenesis by regulating the IMT process. While fur-
ther research is needed to fully elucidate these processes,
existing data corroborate the conclusions above, as out-
lined below. Knockdown of If¢172 significantly reduced
the number of spermatozoa in the epididymal tail, with
morphological defects, reduced viability, abnormal
sperm head morphology, and elongated manchette [178].
IFT20 deletion manifested infertile with significantly
reduced sperm counts and motility, abnormally shaped
elongating spermatid heads, and bulbous round sper-
matids [179]. IFT20 also interacted with other proteins
such as GMAP210 [180], CCDC41 [121], SPATA1 [181],
SPEF2 [45], BLOC-1 [182], and SPAGL7 [69]. IFT140
interacts with IFT88 and IFT144. IFT140 deficiency is
manifested by decreased sperm motility. Mutations in
WDRI9 (encoding IFT144) cause asthenoteratozoo-
spermia, characterized by reduced sperm motility and
abnormal morphology [177]. IFT140 interacts with
IFT88/IFT144 to maintain flagellar structural integrity.
IFT140 is abnormally clustered in the head and neck of
spermatozoa, and IFT88 is abnormally localized in the
neck of the spermatozoa, which may lead to abnormal
expression of other sperm components, especially IFT
components, e.g., SPAG6, resulting in disruption and dis-
organization of MT structure. IFT140 deficiency causes
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infertility with severely reduced sperm count and motil-
ity, abnormal sperm morphology: amorphous heads,
short/bent flagella, swollen tail tips, and flagellar vesicles
in mouse [175]; and causes infertility, characterized by
severe oligozoospermia, AZS, and OAT in humans [176].
IFT88 deletion is manifested as flagellar abnormalities
[84]. Additionally, IFT-associated proteins TTC family
induce asthenoteratospermia in humans and mice, such
as TTC29 [232] and TTC21A [231].

STK family

Serine/threonine kinases domain-containing proteins
play important functions in sperm flagella and male fer-
tility. However, the roles of these proteins in human
reproduction remain poorly understood, and it has not
been reported whether their variants are associated with
human AZS [225].

STK33 is an MMAF-associated gene. Patients homozy-
gous for STK33 variants exhibit reduced sperm motility,
high-frequency flagellar morphological defects, and com-
plete disorganization of flagellar ultrastructures [225].
Mechanistically, STK33 regulates the phosphorylation
of fibrous sheath (FS) components AKAP3 and AKAP4
(A-kinase anchoring protein 3/4), which are essential for
FS assembly during spermiogenesis [226]. In Akap3 [97]
or Akap4 [101] null mice, sperm lack a fully assembled
ES, causing male sterility.

The Fused (Fu) protein, encoded by the Stk36 gene, is
a novel manchette-related protein to regulate spermatid
head shaping, tail morphogenesis, and peri-axonemal
structure formation. It interacts with ODF1 and KIF27,
and its loss in male germ cells results in infertility, char-
acterized by reduced sperm count, abnormal sperm head
shaping, decapitation, motility defects, and structural
abnormalities in the acrosome, manchette, and sperm tail
accessory structures [89].

PACRG-MEIGT1

MEIG1/PACRG/DNALI1 complex is located in the man-
chette and involved in cargo transport, such as SPAG16L,
to build sperm flagella [43]. DNALI1, an axonemal com-
ponent, is a newly identified causative gene for AZS in
both humans and mice. DNALI1 loss led to the asymmet-
rical development of sperm fibrous sheath and severely
disrupted the transport and assembly of the FS proteins,
especially AKAP3 and AKAP4, during flagellogenesis
[98]. MEIG1 mutation diminishes the ability of MEIG1
to stabilize PACRG, such as W50 A, K57E, F66 A, and
Y68 A [249]. Among them, homozygous mutated Y68
examined were completely infertile, and sperm count was
dramatically reduced [207]. MEIGL1 also determines the
manchette localization of IFT20 and IFT88 [84].
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LRRC family

The Leucine-rich repeat protein (LRRC) family includes
four members reported to cause MMAF phenotypes:
Lrrc6 [204], Lrrc46 [65], Lrrc50 [65], Lrrc8a [206].
Genetic defects of LRRC6 have been associated with pri-
mary ciliary dyskinesia (PCD) and asthenozoospermia
due to abnormal ultrastructure of ciliated axonemes in
humans and mice. LRRC46 is specifically expressed in the
testes of adult mice and is essential for sperm flagellum
biogenesis. The knockout of Lrrc46 in mice resulted in
typical MMAF phenotypes, including sperm with short,
coiled, and irregular flagella, reduced total sperm counts,
impaired sperm motility, and led to completely infertile.
The deletion of Lrrc50 causes dynein arm defects, immo-
tile cilia, and male infertility. LRRC8A-dependent VRAC
activity is essential for male germ cell development and
fertility. Human patients with a rare LRRC8A hypomor-
phic mutation are possibly linked to Sertoli cell-only syn-
drome (SCOS), a male sterility disorder characterized by
the loss of germ cells. Whether it plays a role in MT for-
mation and MT transport remains to be investigated.

Besides, there are other members reported to cause
infertility: Lrrc23 [199], Lrrc48 [200], and Lrrc56 [202,
203]. LRRC23, a radial spoke RS3 head component, is
essential for RS head assembly and flagellar motility
in mammalian spermatozoa. It interacts with RSPHY,
another radial spoke protein. Lrrc23 variants disrupt its
localization to the sperm tail, resulting in asthenozoo-
spermia and infertility in mice. The nexin-dynein regu-
latory complex (N-DRC) is a large protein complex in
the sperm flagellum that connects adjacent doublets of
microtubules. LRRC48 is a component of the N-DRC,
and its variant causes asthenozoospermia and male
infertility. LRRC56, a protein associated with intraflagel-
lar transport, interacts with IFT88. Its mutations cause
mucociliary clearance and laterality defects in Trypano-
soma brucei. Its role in mammals remains speculative,
but it may play a role in dynein transport during cilia
assembly and involve the manchette-mediated flagellar
assembly system.

Moreover, the testis-specific genes LRRC4C [201] and
LRRC69 [205] have been identified as novel candidate
risk factors for male infertility. However, their functional
roles in spermatogenesis and mechanistic contributions
to germ cell development remain uncharacterized. Given
that other LRRC family members (e.g., LRRC6, LRRC46)
are known to maintain axonemal ultrastructure and
dynein complex function to ensure fertility, it is plausi-
ble that LRRC4C and LRRC69 may function through
analogous mechanisms in late-stage spermiogenesis;
however, this hypothesis awaits validation via gain- or



Gao et al. Cell Communication and Signaling (2025) 23:250

loss-of-function experiments. Therefore, further stud-
ies are needed to define, such as the molecular interplay
between LRRC4C/LRRC69 and key spermatogenic path-
ways; their potential roles in microtubule dynamics or
manchette-flagellum coordination.

CCDC family proteins

Members of the coiled-coil domain-containing (CCDC)
protein family possess the conserved coiled-coil motif
that is responsible for molecular recognition and protein
refolding. Recently, several Ccdc genes have been found
to play important roles in sperm functions and male
fertility. Among them, the Ccdc genes associated with
MMAF include the Ccdc34 [117], Ccdc38 [250], Ccdc39
[92, 119], Ccdc40 [120], Cedc65 [123], Cedcl03 [108],
Ccdc146 [110], Ccdc183 [114], and Ccdci89 [115].

the testis-specific protein CCDC38 interacts with
CCDC42 [118] and CCDC146 [250], localizing on the
manchette and sperm tail during spermiogenesis. Inac-
tivation of CCDC38 in male mice results in a distorted
manchette, multiple morphological abnormalities of the
flagella of spermatozoa, and eventually male infertility. It
also interacts with IFT88 and ODF2 to transport ODF2.
CCDC42 localizes to the manchette, HTCA, and tail
and interacts with ODF1 and ODF2 in the formation of
the male germ cell cytoskeleton [122]. CCDC146 is pre-
dominantly expressed in the testes, and the knockout of
this gene resulted in flagellum and manchette organiza-
tion defects, finally leading to MM AEF-like phenotype and
complete infertility in male mice. It also interacts with
IFT88 and IFT20. Besides, CCDC181 seems to interact
with HOOKI1 and directly with MTs localizing to the
microtubular manchette of elongating spermatids and
playing a role in mediating ciliary motility [66].

Ccdc87, a testis-specific gene, is predominantly
expressed in pachytene spermatocytes and spermatids
and is involved in the maintenance of sperm morphol-
ogy and the regulation of initial sperm motility. CCDC87
protein is important for the formation of a normal sperm
head. Deletion of this protein led to morphological defor-
mations in sperm, displayed defective acrosome and
nucleus formation, and resulted in subfertility in Ccdc87
knockout mice [124].

CCDC178 is predominantly expressed in the tes-
tis, interacts with IFT88 and KIF3A, participates in
the assembly of manchette, and plays a critical role in
regulating sperm head shaping and flagellum biogen-
esis during spermiogenesis. CCDC178 knockout led
to defects in IMT and the disruption of the apical ecto-
plasmic specialization resulting in complete male infer-
tility with an oligoasthenospermia-like phenotype [111].
Besides, CFAP53 also interacts with KIF3A and IFT88 to
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participate in both IMT and IFT during sperm flagellum
biogenesis [137]. This suggests that there may be some
connection between CCDC178 and CFPA53.

CCDC189 is a radial-spoke-associated protein involved
in sperm flagellum formation through its interactions
with CABCOCOL1 and intra-flagellar transport proteins.
Ccdc189-deficient mice carried coiled, curved, or short
flagella, which are typical MMAF phenotypes, resulting
in OAT and male infertility [115, 116].

Other proteins

Spef2 gene KO mouse resulted in IMT disorders, leading
to sperm head and tail malformations, decreased sperm
counts, and MMATF [90, 91]

Terminal Nucleotidyl Transferase 5C (TENT5C), a
non-classical RNA polyadenyl polymerase family, is local-
ized in the manchette. TENT5C knockout mice show a
normal manchette structure but increased numbers of
anucleate and morphologically abnormal manchette and
reduced fertilization capacity, leading to infertility [93].

Profilins (PFNs) are key regulatory proteins for actin
polymerization in cells and are encoded in humans and
mice by four Pfn genes. The testes-specific PFN3 and
PFN4 are localized in the acroplaxome-manchette com-
plex of developing spermatozoa. The deficient mice of
PEN3 and PFN4 are subfertile, displaying type II globo-
zoospermia with sperm displaying severe impairment in
manchette formation leading to an amorphous sperm
head shape, reduced sperm motility resulting from flagel-
lum deformities, the dysregulation of the autophagic flux
impairing acrosome biogenesis, and cytoplasm removal
defect [211, 212].

SPEM1 is one of the spermiogenesis-essential pro-
teins encoded by a testis-specific gene exclusively
expressed in the developing spermatids and localized
in the manchette. Inactivation of Spem1I in mice results
in deformed spermatozoa characterized by"head-bent-
back"abnormalities. SPEM1 interacts with UBQLN1
and RANBP17 and transports them in the manchette
which then respectively plays a role in the regulation
of protein ubiquitination during spermiogenesis [220]
and has a role in sex chromosome inactivation during
the meiotic phase of spermatogenesis and IMT during
spermiogenesis [221].

IQCN regulates MT nucleation during manchette
assembly via calmodulin and related calmodulin-bind-
ing proteins, which resulted in head deformity with
aberrant oocyte activation factor PLC{ [185]. Defi-
ciency in IQCN led to the loss of its interaction with
CDC42, resulting in impaired manchette-related func-
tions and sperm flagellar assembly, causing male infer-
tility in humans and mice [186].
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N-arginine dibasic (NRD) convertase is a novel met-
alloendopeptidase that selectively cleaves at the N ter-
minus of arginine residues in paired basic amino acids
[251]. The enzyme localizes within the cytoplasm of
spermatids and associates with MTs of the manchette
and axoneme to establish MT structure and maintain
its function [208].

The lysine demethylase Kdm3a (KDM3A) is required
for male fertility, sex determination, and metabolic
homeostasis through its nuclear role in chromatin
remodeling. Mutations in KDM3A can lead to azoo-
spermia or oligospermia [189].

Family with sequence similarity 46, member C
(FAM46C) is a highly conserved non-canonical RNA
polyadenylation polymerase to fasten the sperm head
and flagellum in spermatids. It is abundantly expressed in
human and mouse testes and localized to the manchette.
Gene knockout of FAM46C in mice resulted in male ste-
rility, characterized by the production of headless sper-
matozoa in the testes [165].

Golgi-associated PDZ and coiled-coil motif-contain-
ing protein (GOPC) is a Golgi protein that plays a role
in vesicular transport and intracellular protein trafficking
and degradation. Mice deficient in GOPC protein have
globozoospermia and are infertile due to abnormalities
in the acrosome, disordered structure of the manchette
and acroplaxome, and abnormal localization of the man-
chette and perinuclear ring [169].

Radial spokes, which are regularly spaced along cilia,
sperm, and flagella axonemes, consist of a thin'stalk’and
a bulbous’head’that form a signal transduction scaffold
between the central pair of microtubules and dynein.
Mutations in radial spoke head (RSPH) component pro-
teins cause primary ciliary dyskinesia, a disease arising
from dysmotility of motile cilia and sperm, including
RSPH1 [213], RSPH3 [214], RSPH6A [22], RSPH4A, and
RSPHO [215].

SSP411 might belong to a testis-specific thioredoxin
family and is predominantly localized to round and elon-
gated spermatids, with maximal expression at stages
VII-XII [224]. The manchette is aberrant in Ssp411°5?8
spermatids. Ssp41172PE males are sterile. These males
have smaller testes, reduced sperm counts, decreased
sperm motility, deformed spermatozoa, and abnormal
sperm heads [223].

AXDND1 is exclusively expressed in the round and
elongating spermatids in humans and mice as a novel
testis-enrich gene essential for spermiogenesis and male
fertility probably by regulating the manchette dynam-
ics, spermatid head shaping, sperm flagellum assembly.
Axdndl knockout males are sterile with reduced testis
size caused by increased germ cell apoptosis and slough-
ing, exhibiting phenotypes consistent with OAT [252].
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Actin like 7 A (ACTL7A), a member of a highly con-
served actin-related proteins (ARPs) family, interacts
with various cytoskeletal proteins and is an indispensable
protein for subacrosomal-associated F-actin formation,
acrosomal anchoring, and male fertility. In Actl7a-KO
mice, the deletion of ACTL7A damaged the formation
of the AAM complex by inhibition of autophagy via
PI3 K/AKT/mTOR signaling pathway activation which
resulted in the accumulation of PDZ and LIM domain
1 (PDLIM1), leading to abnormalities in the shap-
ing of sperm heads, resulting in small head sperm [94].
Actl7b deficiency leads to mislocalization of LC8 type
dynein light chains and severe spermatid defects, such as
detached acrosomes, disrupted membranes, and flagella
malformations finally resulting in spermatogenic arrest
and infertility in Aczl7b KO male mice [253].

Many others may cause defects in spermatogenesis that
have not been published, such as CEP83, and those under
investigation by our group, such as OFD1.

Conclusions

Sperm malformation is one of the main reasons for
male infertility. The major process of spermiogenesis is
sperm head shaping and flagellar assembly in which the
manchette is a crucial structure. Firstly, the manchette
provides a platform for protein and vesicle transport of
sperm head shaping and flagellar assembly, and for the
assembly of mitochondria into the mid-piece of sperm.
Secondly, the manchette interacts with the cytoskel-
eton and centrosome forming manchette-perinuclear
ring linkage, manchette-nuclear linkage, and AAM axis
to balance morphology of the sperm head. Finally, the
manchette orchestrates IMT and IFT, coupling head-to-
tail cargo delivery into an integrated system essential for
sperm morphogenesis. Real-time tracking of IMT-medi-
ated cargo movement in this system offers a powerful
approach to decode the potential regulation mechanisms
of spermiogenesis.

Interfering with the assembly and disassembly of the
manchette and the normal regulation of IMT may result
in a range of spermatogenic disorders, but the precise
mechanisms remain to be elucidated. The specificity of
the short-term presence of manchette during sperm for-
mation precludes the possibility of accurately identifying
the manchette-associated proteins through cryo-electron
microscopy or sequencing, among other techniques. As
biological techniques continue to evolve, an increasing
number of proteins associated with manchette function
will be validated. Currently, over 100 manchette-associ-
ated proteins have been identified through the knockout
animal models obtained by CRISPR-Cas9 technology,
genotypic phenotyping, and interactions with proteins by
coimmunoprecipitation (Co-IP) experiments and mass
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spectrometry or proteome profile. However, the specific
mechanisms of interaction for these proteins remain
unclear.

Furthermore, the functions of manchette MTs are
heterogeneous and are primarily distinguished by post-
translational modifications (PTM) of MT proteins. These
modifications include the acetylation and detyrosina-
tion of a-tubulin C-terminus and the Glutamylation or
polyglutamylation of a- and B-tubulin C-terminus. Nev-
ertheless, further evaluation is required to map the het-
erogeneity of sperm-collared MTs [254].

Further research is required to gain a deeper under-
standing of the mechanisms underlying manchette
assembly and disassembly, especially the regulatory
mechanisms of the MTOC in greater detail. It is also
essential to study the dynamic changes of the MT or
other cytoskeleton, examine the interactions between
MTs and motor proteins or other related proteins, and
elucidate the specific molecular and transport mecha-
nisms of motor proteins that transport cargoes via bridge
proteins. To gain a deeper understanding of how muta-
tions impact the structure and function of the manchette,
leading to male infertility. This will also provide a cru-
cial theoretical foundation for the clinical diagnosis and
treatment of male infertility resulting from spermato-
genic disorders, as well as the development of novel con-
traceptive targets for men in the future.
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PTM Post-translational modifications
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