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Abstract

Background: Cilia are specialized microtubule-based organelles that extend from the

cell surface and are classified into non-motile and motile types. The assembly and

function of cilia are regulated by a complex molecular network that enables motile

cilia to generate fluid flow across epithelial surfaces through coordinated beating.

These motile cilia are found in the respiratory, nervous, and reproductive systems. In

males, motile cilia are found in the efferent ducts and facilitate the transport of sperm

from the testis to the epididymis. In females, they are mainly found in the oviducts,

where they help to transport, nourish and fertilize eggs, and are also present in the

endometrial epithelium.

Material-Methods: This review compares the common factors that affect motile cilia

in both male and female reproductive tracts, discusses the origin and development

of multiciliated cell and cilia within the efferent ducts and oviducts, and enumer-

ates the infertility or related reproductive diseases that may arise due to motile cilia

defects.

Results-Discussion: In males, motile cilia in the efferent ducts create turbulence

through their beating, which keeps semen suspended and prevents ductal obstruc-

tion. In females, motile cilia are distributed on the epithelia of the oviducts and the

endometrium. Specifically, motile cilia in the infundibulum of the oviduct aid in captur-

ing oocytes, while cilia in the isthmus region have been found to bind to sperm heads,

facilitating the formation of the sperm reservoir. Several common factors, such asmiR-

34b/c andmiR-449, TAp73, Gemc1, and estrogen, etc., have been shown to play crucial

regulatory roles in motile cilia within the efferent ducts and oviducts, thereby further

influencing fertility outcomes.

Conclusions:Pathogenicmutations that disrupt ciliary function can impair ciliogenesis

or alter the structure of sperm flagella, potentially resulting in infertility. Consequently,

motile cilia in both the male and female reproductive tracts are crucial for fertil-

ity. There are still numerous unresolved mysteries surrounding these cilia that merit
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further investigation by researchers, as they hold great significance for the clinical

diagnosis and treatment of infertility and related reproductive disorders.
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1 INTRODUCTION

Cilia, microtubule-based organelles protruding from the cell surface,

arise by centriole migration and form axonemal structures with either

a ‘9+2’ or ‘9+0’ microtubule arrangement, depending on the presence

or the absence of the central doublet1 (Figure 1A). Primary cilia are

observed in most cells with a sensory and signaling function,2 whereas

motile cilia are generally found in multiciliated cells (MCCs) in the

epithelium of the respiratory, nervous, and reproductive systems.3,4

These MCCs are adorned with an array of tens to hundreds of centri-

oles positioned on their apical surfaces, facilitating the outgrowth of an

equivalent multitude of motile cilia.5 These motile cilia are indispens-

able for fostering fluid movement within the lumen and facilitating the

efficient transport of contents. Of note, multiciliogenesis involves mul-

tiple stages, including cell-cycle exit, centriole expansion andmigration,

and basal body docking.6 This complex sequence of events is governed

by intricate regulatory networks that ensure the precise coordination

andexecutionof each step. In addition, cilia assembly is orchestratedby

a bidirectional transport mechanism known as intraflagellar transport

(IFT).7,8

In male mammals, spermatozoa are produced by the seminiferous

tubules and collected in the rete testis. The efferent ducts (EDs) collec-

tively serve as a vital conduit for the transport of spermatozoa, whose

epithelium consists of MCCs and non-ciliated cells.9 The motile cilia

in the MCCs beat vigorously to create a turbulent flow that keeps the

sperm in suspension.10 Meanwhile, the non-ciliated cells mainly reab-

sorb components of the seminal fluid to produce highly concentrated

semen. This harmonious collaboration ensures smooth transport of

sperm to the epididymis, providing an optimal environment for sperm

transfer.11 In mice, the rete testis bifurcates laterally into 2–5 straight

EDs, which subsequently develop into highly tortuous forms and even-

tually anastomose to form a single duct that connects to the caput

of the epididymis.12,13 At embryonic day 15.5 (E15.5), connections

are established between the testicular cords and the mesonephric

tubules (MTs), and theseMTsundergo remodeling to formcoiledEDsat

birth.14,15 The development of the MTs in mice, along with the expres-

sion patterns of steroid receptors during this process, such as the

androgen receptor (AR) and the estrogen receptor (ESR1), has been

thoroughly studied and proven to be crucial for the formation of the

testes and EDs.16,17 A previous study found that ciliated cells in the

EDs of mice begin to differentiate around the fifth day after birth.13

However, the definitive timing of ciliogenesis and the identity of the

progenitor cells that give rise toMCCs in theEDs require further inves-

tigation. Additionally, the female oviduct, a delicate conduit connecting

the ovary to the uterus, is segmented into four functional parts: the

infundibulum, ampulla, isthmus, and uterotubal junction, each of which

plays a vital role in the transport, nutrition, and fertilization of gametes,

highlighting its central role in reproduction.18–20 The oviductal epithe-

lium is also composed of ciliated and non-ciliated secretory cells, the

latter acting as progenitor cells capable of self-renewal and differen-

tiation into ciliated cells.21 Moreover, motile cilia are also present in

the human endometrial epithelium, highlighting their broad functional

importance in reproductive processes.22

In particular, recent studies have highlighted the critical role of

motile cilia in male fertility, with some male patients diagnosed

with primary ciliary dyskinesia (PCD) presenting with obstructive

ozoospermia-associated infertility but normal sperm structure.23–25

Infertility in female patients with PCD has also been observed, further

emphasizing the cross-sexual importance of motile cilia.26 This review

summarizes recent studies on motile cilia, highlighting their indispens-

able functions within the reproductive system. It provides insight into

the causes of male and female infertility and highlights areas that

require further investigation, thereby enhancing our understanding of

motile cilia and promoting progress in reproductivemedicine research.

2 AN OVERVIEW OF CILIOGENESIS

2.1 The fundamental architecture of cilia

Cilia aremicrotubule-based, hair-likeorganelles on the cell surface that

consist mainly of the basal body, transition zone, axoneme, and ciliary

membrane27 (Figure 1A). The core structure of cilia is the axoneme,

which is enveloped by the ciliary membrane.28 Depending on the con-

figuration of the axoneme, cilia can generally be classified as either

primary cilia, with a ‘9+0’ arrangement, ormotile cilia, characterized by

a ‘9+2’microtubule arrangement.1 Nonetheless, a small numberof spe-

cialized cilia, such as nodal cilia, display motility despite having a ‘9+0’
arrangement.29 Primary cilia, which are ubiquitous on the surface of

most cells, serve as sensors and transducers of extracellular signals.2 In

contrast,motile cilia are found specifically in the respiratory tract, brain

ventricles (ependymal cells), and the epithelia of the male and female

reproductive systems, where they exhibit their motility functions.3,4

In post-mitotic MCCs, an extraordinary simultaneous proliferation

of hundreds of centrioles occurs, driven primarily by two distinct path-

ways. Themother–daughter pathway of centriole duplication is similar

to the canonical pathway observed in cycling cells, but is estimated to

contribute only about 10% of the basal body production inMCCs.30 In
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YANG ET AL. 3

F IGURE 1 Multiciliated cell differentiation and the basic structure of cilia. (A) Cilia are composed of the ciliarymembrane, axoneme, basal
body, transition zone, ciliary pocket, and IFT protein particles. The axoneme of themotile cilia is assembled with nine peripheral doublet
microtubules, two central singlet microtubules, inner and outer dynein arm, radial spokes, and nexin-dynein regulatory complex, whereas primary
cilia lack central microtubules and dynein components. (B) Key factors involved in transcriptional regulation of multiciliogenesis andMCC
differentiation. miR-34/449 can inhibit the Notch signaling pathway, thereby promoting the differentiation ofMCC progenitor cells. This inhibition
activates key regulators GEMC1 andMCIDAS, which collaborate with E2F4/5 andDP1 to positively regulate expression of centriole amplification
genes (MYB, CCNO, DEUP1, CDC20B) and activate transcription factors FOJX1 and RFX2/3. GMNN inhibits GEMC1 andMCIDAS expression
duringMCC differentiation, while P73 functions downstream ofMCIDAS/E2F4, regulating FOXJ1, RFX2/3, andmiR-34b/c expression. IFT,
Intraflagellar transport; MCC, multiciliated cell.

contrast, the deuterosome-dependent pathway involves the formation

of deuterosomes—ring-shaped, electron-dense structures that arise

independently of pre-existing mother centrioles and contain proteins

such as DEUP1, CCDC78, and CDC20B, all of which are critical for

rapid and efficient centriole expansion.31,32 However, a recent study

has cast doubt on the necessity of deuterosomes for centriole amplifi-

cation in MCCs, as mice were observed to develop normal MCCs even

in the absence of deuterosomes.33 The apical surface of MCCs char-

acteristically harbors an array of tens to hundreds of motile cilia, the

number ofwhich is closely linked to the number of centrioles.Nonethe-

less, the definitive pathways that meticulously govern the regulation

of centriole abundance in MCCs remain elusive.5 Following centriole

amplification, these centrioles migrate to the cell surface, where they

transform into basal bodies for cilia synthesis and acquire a rotational

orientation that dictates the pattern of planar cilia beating. Securely

anchored by the basal body, the axoneme extends outward from the

cell and, in motile cilia, has an intricate structure comprising nine

peripheral doublet microtubules (DMTs), two central singlet micro-

tubules, inner and outer dynein arms (IDA and ODA), radial spokes

(RS), and the nexin-dynein regulatory complex (N-DRC)34 (Figure 1A).

During axoneme assembly, many proteins need to be transported to

the axoneme tip along microtubules, which rely on IFT.7,8 IFT is a bidi-

rectional mode of transport of protein particles such as kinesin-2 and

dynein-2 from the base to the tip (anterograde) and from the tip back
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to the base (retrograde), which plays a critical role in the assembly

and maintenance of cilia and flagella.35 Defects in IFT components

lead to the development of ciliopathies such as polycystic nephropathy,

skeletal ciliopathies and retinal degeneration. For example, mutation

of the IFT particle protein IFT88 causes defective cilia and polycystic

nephropathy inmice.36

It is noteworthy that the wave-like motion produced by the beating

of the motile cilia is associated with mucus clearance in the respira-

tory tract,37 the circulation of cerebrospinal fluid,38 and the transport

of gametes in the oviduct.39 Specifically, motile cilia are equipped with

dynein arms that use energy from ATP hydrolysis to orchestrate the

axonemalmovement through the sliding of DMTs against each other.40

The mechanism by which cilia obtain energy through ATP regenera-

tion andADPdepletion also relies on adenylate kinase, which catalyzes

the exchange reaction of nucleotide phosphate groups.41,42 A recent

study has identified three distinct adenylate kinases located on the RS

of the DMTs. This physical interaction ensures a constant level of ATP

along the cilium.43 Meanwhile, the central microtubules and RS are

able to regulate the activity of dynein, which is also essential for cilia

motility.44,45

2.2 Pertinent regulatory factors involved in
ciliogenesis

Transcriptional regulation of cilia-related genes is critical for MCC

differentiation and ciliogenesis, and is mediated by numerous tran-

scription factors and complex regulatory networks46,47 (Figure 1B).

In laevis epidermis and human airways, microRNAs such as miR-

34/449 can initiate MCC differentiation by inhibiting the Notch/Delta

pathway to facilitate the centriole proliferation and promote MCC

differentiation.48–50 In addition, the Geminin family consists of three

distinct members: Geminin, Mcidas, and Gemc1, each of which occupy

strategic positions within the regulatory network governing MCC dif-

ferentiation. Geminin inhibits the expression of Gemc1 and Mcidas

during MCC differentiation, a function that is consistent with Notch

signaling. Downstream of Notch signaling and Geminin, Gemc1 and

Mcidas work with the E2F4/5 transcription factors and their cofactor

DP1 to positively regulate the expression of genes critical for cen-

triole amplification, such as Ccno and Myb, and to activate the Foxj1

and Rfx2/3 transcription factors associated with ciliogenesis.51–57

p73, a member of the p53 protein family, is expressed in p63+

basal cells, which serve as progenitor cells in the airway epithelium,

suggesting that p73 plays a pivotal role in the early fate deter-

mination of MCCs.58,59 TAp73, an isoform of the TP73 gene, acts

downstream of E2F4/MCIDAS and also regulates the expression of

Foxj1, Rfx2/3, and miR34b/c in the respiratory system, thus serving

as a novel central regulator of multiciliogenesis.60,61 Of note, the

upregulation of miR-449 following TAp73 deletion suggests a com-

plementary regulatory relationship between miR-449 and TAp73 in

promoting multiciliogenesis in the brain.62 Foxj1 is a master transcrip-

tion factor essential forMCCdifferentiation andmotile cilia formation.

It is specifically expressed in tissues containing motile cilia, mak-

ing it a widely recognized marker for MCCs.63–65 Foxj1 deficiency

in mice results in an absence of motile cilia structure and abnormal

basal body anchoring.66–68 In zebrafish and xenopus, ectopic expres-

sion of Foxj1 in epithelial cells is sufficient to activate motile cilia

growth in tissues, further confirming its central regulatory function in

ciliogenesis.69,70

Additionally, the RFX family has also been shown to be a key

cluster of transcription factors regulatingmotile ciliogenesis.71–73 Sim-

ilarly, RFX can regulate the transcription of genes encoding proteins

involved in cilia assembly and function.72,74 In particular, the transcrip-

tion factor RFX can control the expression of IFT-related components

and Bardet–Biedl syndrome proteins, which are essential for the IFT

machinery.75,76 In conclusion, the precise differentiation of MCCs and

the subsequent ciliogenesis process requires the coordinated regula-

tion of a large number of transcription factors and needs to be further

investigated.

3 MOTILE CILIA IN THE MALE EFFERENT
DUCTS

3.1 The transport of sperm in efferent ducts

The EDs serve as vital conduits connecting the rete testis to the epi-

didymis (Figure 2A,B). Of note, small mammals like mice have fused

EDs extending into the epididymal duct, whereas in largemammals like

humans, each ED connects separately to the epididymal duct. This dif-

ference may be related to the folding of the cranial wolffian duct and

requires further investigation.77 In humans, the proximal segment of

the epididymis consists mainly of a network of 6–15 EDs.78,79 Upon

release from the seminiferous tubules, sperm are collected in the rete

testis and transported through the EDs toward the caput epididymis.9

Previous studies have consistently found that the epithelial lining of

the EDs is composed of ciliated and non-ciliated cells. Further research

has shown that the ‘non-ciliated’ cells within the EDs actually con-

tain primary cilia that originate from the microvillus boundary. The

epithelial lining of the human EDs consists of 63%primary ciliated cells

(FoxJ1−/ERα+++), 33% MCCs (FoxJ1+/ERα+/−), and 4% FoxJ1−/ERα−

cells. Notably, immunofluorescence staining further confirmed the

presence of T lymphocytes (CD3+) and macrophages (CD68+ and

CD163+)within theEDs79–81 Figure2B, a distributionof cell types that

has not been well defined in mouse EDs and female oviducts. A recent

study used the single-cell RNA sequencing (scRNA-seq) technology to

identify two distinct populations of epithelial cells within human EDs.

Onepopulationexhibitedamarker geneprofile similar to thatof kidney

and bladder epithelium, while the other had marker genes associated

with innate immunity and inflammation. Additionally, the study distin-

guished ciliated cells as a separate cluster characterized by specific

marker genes including CAPS, CAPSL, CFAP43/WDR96, TPPP3, DNAH5,

DNAH6, DNAH12, DNAH9, and DNAI1/2.82 However, the progenitor

that gives rise to MCCs within EDs, along with the precise develop-

mental timing and differentiation trajectories of MCCs, remain poorly

understood.
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YANG ET AL. 5

F IGURE 2 Schematic diagram of mouse and human reproductive tracts. (A) Diagrammatic representation of themouse testis and oviduct,
along with their luminal epithelium, which consists of multiciliated cells and primary ciliated cells (secretory cells). Genes commonly reported in
bothmale and female mice (miR-34b/c andmiR-449, TAp73, Gemc1, Ccno, Cep164, and Esr1), as well as genes studied exclusively in malemice
(E2F4/E2F5,Mcidas, Dnah5, Arl13b) and in femalemice (Kif19A, Stk36, Celsr1, Camsap3), are shown. Typical phenotypes observed in knockout
mice for some of these genes are also summarized. (B) Diagram of the humanmale reproductive tract, highlighting the epithelium of the EDs. The
lumen epithelium is composed ofMCCs, primary ciliated cells, T cells, andmacrophages, with characteristic markers identified. (C) Illustration of
the human female reproductive tract, showing the epithelial lining of the fallopian tubes and endometrium. The epithelium lining both the fallopian
tube and endometrium is composed ofMCCs and secretory cells, and examples of their characteristic markers are shown. ED, efferent ducts;
MCC, multiciliated cell.

The discovery of cilia in the male reproductive system dates back

approximately 160 years, when Becker proposed the existence of

motile cilia lining the epithelium of the EDs in the male reproductive

tract.83 The ED is anatomically segmented into three distinct regions:

proximal, conical, and distal. Notably, the distal segment, close to the

epididymis, has a higher density of ciliated cells than the proximal

EDs, despite the larger diameter of the proximal tubule. This structure

allows slower fluid flow in the proximal EDs, aiding fluid reabsorption

and increasing spermconcentrationby25-fold. As spermmove into the

narrower distal EDs, the increased number of cilia creates turbulence,

maintaining sperm suspension for proper transport.11,84,85 These cilia

were originally thought to facilitate the transport of sperm to the epi-

didymis by their rhythmic beating motions. However, recent studies

have shown that the motile cilia in the EDs do not exhibit a coordi-

nated wave-like movement. Instead, they maintain sperm suspension

by agitating the luminal raw seminal fluid, thereby preventing sperm

from clogging during the transport. In addition, it appears that per-

itubular smooth muscle contraction, rather than ciliary motion, is the

primary force driving the sperm transport.10,86 Thus, the precise func-

tion of motile cilia within the EDs and the intricate mode of the sperm

transport have been elucidated.

3.2 Male infertility due to ciliary defects in
efferent ducts

Mice with ciliary defects in EDs show sperm agglutination, ductal

occlusion, reduced epididymal sperm count, rete testis expansion,

and male infertility. A previous study showed that the double KO

(dKO) male mice lacking miR-34b/c and miR-449 showed a signifi-

cant decrease in sperm count and male sterility.87 Our recent study

shows that male mice with dKO and double conditional knockout of

miR-34b/c andmiR-449 in multi-ciliated cells (Foxj1-Cre-dcKO) exhibit

reduced cilia number, increased sperm agglutination, and clogging

of the EDs, highlighting the pivotal role of these five microRNAs

in ciliogenesis and male fertility.10 Another study has shown that
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6 YANG ET AL.

miR-34/449 regulates multiciliogenesis in the EDs by modulating cell-

cycle exit. Forcing cell-cycle exit by cyclin-dependent kinase inhibitors

can promote the differentiation of MCCs and partially rescue the

defective multiciliogenesis in the EDs of dKO mice. This finding

advances our understanding of the regulatory pathways and mecha-

nisms of miR-34/449 in ciliogenesis.74

Interestingly, conditional mutation of E2F4 specifically in the

epithelial cells of the EDs using VillinCre, coupled with a heterozy-

gous mutation in E2F5 (E2F4fl/fl/E2F5+/−; VillinCre), leads to loss of

MCCs within the EDs and dilation of the rete testis. In addition,

this genetic alteration down-regulates the expression of aquaporin1

(AQP1), a key water channel protein, thereby inhibiting the resorp-

tion process within the EDs.88 Therefore, it reminds us that both

ciliary motility and the reabsorption capacity of adjacent non-ciliated

cells are crucial for maintaining tubule patency. Knockout of other

known transcription factors such as TAp73, Gemc1, Mcidas, and Ccno

in mice results in reduced cilia number, dilated seminiferous tubules,

sperm blockage in the EDs and ultimately male infertility.62,86 Another

study further demonstrated thatMcidas acts upstreamofCcno to regu-

late basal body biogenesis in the epithelium of the reproductive tract

(EDs and oviducts), consistent with the classical ciliogenesis regula-

tory network.23 CEP164, a key distal appendage protein, orchestrates

ciliogenesis by recruiting small vesicles to basal bodies, which ensure

anchoring of basal bodies to the apical cell surface. Similar pheno-

typic defects are observed in Foxj1-Cre; CEP164fl/fl mice, including

impaired ciliogenesis, rete testis enlargement, and sperm aggregation

within the EDs,89 suggesting that CEP164 is essential for ciliogen-

esis and male fertility. Additionally, the absence of the axonemal

motor protein DNAH5 in mice disrupts the structure of the ODAs in

motile cilia, resulting in dilatation of the rete testis and sperm sta-

sis within the EDs. Similarly, in humans, males with mutated DNAH5

show a severe reduction in sperm count and dilatation of the epididy-

mal head, further confirming the critical role of motile cilia in male

fertility.24

Unlike other models of infertility caused by the complete absence

of cilia, the ductal occlusions in Arl13b cKO male mice are attributed

to shorter motile cilia and impaired fluid reabsorption, because dis-

ruption of ARL13B (VillinCre; Arl13bFlox/Flox) leads to impairments in

cilia architecture, fluid reabsorption, and immune homeostasis, ulti-

mately resulting in fertility issues.81 In addition, estrogens synthesized

by germ cells play a crucial role in the male reproductive system,

with the EDs and epididymis being the primary targets for estrogen

receptors, including ESR1 and ESR2.90,91 Research has also shown the

presence of estrogen receptors in the ciliated cells of the EDs. Signif-

icant abnormalities have been observed in the Esr1 knockout mouse

(Esr1 KO), including reduced ciliary density per cell, disrupted ciliary

arrangement, impaired fluid reabsorption and subsequent fluid accu-

mulation in the rete testis and seminiferous tubules.9,92,93 However, it

is the altered water reabsorption capacity specifically in non-ciliated

cells that is suggested to be the primary driver of fluid accumula-

tion in Esr1 KO mice. Thus, the precise molecular pathway involving

Esr1 and estrogen in the regulation of ciliary function in EDs remains

elusive.

3.3 Comparison of sperm flagella and motile cilia

In clinical practice, dysfunction of both the motile cilia in ED and

the sperm flagellum can lead to male infertility. For example, PCD

is a rare genetic disorder caused by cilia motility dysfunction with

pathological symptoms such as recurrent respiratory infections, hydro-

cephalus, and male infertility.94,95 Infertile males often present with

sperm motility disorders, which result from the fact that the sperm

flagellum has an axoneme structure that is reminiscent of that found

in cilia. Both structures have a ‘9+2’ microtubule arrangement in their

axonemes, and mutations in PCD-related genes can alter the struc-

ture of the axoneme, leading to reduced sperm viability and infertility.

However, somemale patients with PCD andmousemodels with defec-

tive cilia suggest that male infertility may be caused by damage to

the motile cilia in the ejaculate and is not related to the structure of

the sperm itself. For example, Dnah5 deficient mice show an impaired

ciliary structure in the EDs, whereas the sperm flagella display a nor-

mal microstructural appearance.24 In contrast, the absence ofDnah10,

a heavy chain component of the endokinetic protein arm, results in

abnormal sperm morphology and subsequent male infertility without

other typical PCD symptoms.96 Additionally,Odad3 has been reported

to be associated with PCD; however, deletion ofOdad3 in mice results

in multiple morphological abnormalities of sperm flagella, while the

EDs exhibit normal ciliogenesis.97 The causes of these phenotypic dif-

ferences may be related to the genes that are expressed specifically

in cilia and flagella. For example, the components of the ODA heavy

chain, DNAH5, DNAH9 and DNAH11, are uniquely expressed in cilia,

whereas DNAH17 and DNAH8 are found exclusively in mature sperm

flagella. Accordingly, individuals carrying DNAH17 mutations show

axonemal defects in sperm flagella without other clinical symptoms of

PCD.98 In conclusion, in clinical practice it is important to recognize

that there is no direct and inevitable relationship between impaired

cilia and reduced sperm motility. The function of the ED cilia should

also be an important factor for clinicians to consider when diagnosing

oligozoospermia and asthenozoospermia.

Differences in their surrounding accessory structures, axoneme

assembly mechanisms, and motility patterns further distinguish their

functions and regulatory mechanisms.27,99 In terms of structure, the

fibrous sheath, outer dense fibers, andmitochondrial sheath, which are

absent in ciliary structures, surround the axoneme of the sperm flagel-

lum and play a crucial role in sperm energy metabolism, viability and

stability of the axoneme structure.100,101 Furthermore, the motile cilia

in EDs have a unique structure at their tips known as the ciliary crown,

a claw-like complex that protrudes from the plasma membrane. This

feature, first observed in oviduct cilia, remains enigmatic in its spe-

cific function within the EDs, but is absent in sperm flagella, further

emphasizing the structural and functional differences between motile

cilia and sperm flagella.9 Notably, a recent study has analyzed the 96-

nm modular repeat of axonemal DMTs in epithelial motile cilia and

sperm flagella using cryo-electronmicroscopy, cryo-electron tomogra-

phy, and proteomics. It shows that sperm flagella have more complex

DMTs and specifically contain over 30 types of proteins. They pro-

pose that sperm-specific proteins are sequentially linked to general
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YANG ET AL. 7

axonemal proteins, which may explain why mutations in these con-

served axonemal proteins have a more pronounced effect on sperm

flagella compared to other motile cilia. In addition, structurally, sperm

flagella have a TRiC chaperone specifically suspended between RS1

and RS2, which plays amechanical regulatory role and assists in micro-

tubule assembly.43 Despite their differences, the structural integrity of

both ED cilia and sperm flagella is critical for efficient sperm transport

and overall male fertility.

4 MOTILE CILIA IN THE FEMALE
REPRODUCTIVE SYSTEM

4.1 Functional significance of motile cilia in the
oviduct

Themouse oviduct (analogous to the fallopian tube in humans) consists

of four parts: infundibulum, ampulla, isthmus, and uterotubal junction,

and the inner mucosa has a columnar epithelium with non-ciliated

secretory and ciliated cells. The specific markers identifying the cell

types are shown in Figure 2C.102,103 Through scRNA-seq analysis of

the human fallopian tubes (FTs), four subpopulations of ciliated cells

were identified, distinguished by high expression of genes associated

with motile cilia, such as FOXJ1, CAPS, CFAP157, CFAP73, CFAP52,

CFAP126, and various dynein components, including DYNLL1, DNAI1,

DNAI2, DNAH11, KIF21A, etc. 102 The motile cilia extending from the

surface of theMCCs are prominently located at the tips of themucosal

folds.18 The infundibulum harbors the highest density of ciliated cells,

comprising approximately 80% of the epithelial cell population.19,20

In human FTs, the initial presence of ciliated cells is documented at

18 weeks of gestation.104 However, in mice, ciliated cells are observed

histologically at P4, characterized by the first appearance of acety-

lated tubulin (ac-TUB), whereas mature cilia are presented at P12.105

Furthermore, as development progresses, secretory cells gradually

differentiate into ciliated cells,21 a phenomenon that has not been

documented inmale EDs.

Of note, the oviduct efficiently transports gametes via three coor-

dinated pathways: smooth muscle contraction, motile cilia beating,

and fluid flow.106 Interestingly, studies have shown that inhibition of

smoothmusclemotility in vitro does not affect the transport of oocytes

and embryos, suggesting that smooth muscle contractions may not

be essential for the gamete transport.107–109 In addition, studies in

patients with Kartagener syndrome have shown that ciliary axoneme

defects impair ciliary motility but paradoxically preserve fertility in

some females, suggesting a dispensable role for FT cilia.110–112 How-

ever, research in infertile patients has shown that FTs have only 20% of

the normal number of cilia and this, combined with a possible reduc-

tion in cilia beating frequency, may contribute to infertility.113–115

Moreover, reduced levels of DNAH5 in cervical fluid have been associ-

ated with ectopic pregnancy and endometriosis, suggesting the wider

impact of cilia dysfunction on reproductive health.39,116 In particular,

our recent landmark study has shown that mouse motile cilia defects

result in the retention of cumulus–oocyte complexes in the ovary, high-

lighting the critical role of infundibular motile cilia in oocyte retrieval.

In contrast, the absence of motile cilia in other regions of the oviduct

does not affect sperm or embryo transport, suggesting a non-essential

role for motile cilia in these processes.117 Thus, the paramount impor-

tance of motile cilia in the oviduct epithelium for oocyte capture and

female fertility has beenwidely recognized.

Interestingly, research has shown that in the oviduct of female

mammals, sperm heads can bind to the cilia of isthmic epithelial cells,

resulting in the formation of a sperm reservoir.118 Further studies

confirmed that after capacitation, the increased exposure of phos-

phatidylserine on the heads of spermatozoa facilitates their binding to

ANXA5, which is specifically expressed on the cilia of isthmic epithe-

lial cells.119 This discovery reveals a new mechanism by which sperm

bind to oviductal cilia and form a sperm reservoir. As a result, this

researchhasdeepenedourunderstandingof the cilia functionby show-

ing that, in addition to their role in capturing oocytes, cilia also have the

potential to bind to the heads of spermatozoa.

4.2 Factors influencing the ciliary activity in the
oviduct

Research suggests that a number of factors, including progesterone

(P4), estrogen-17 (E2), angiotensin II, prostaglandins, interleukin-6,

Ca2+, and epidermal growth factor, have been identified as influenc-

ing cilia beating frequency or ciliogenesis in the female FT.120–127 In

contrast to male reproductive physiology, the ratio of ciliated to secre-

tory cells in the FT epithelium fluctuates throughout the menstrual

cycle in response to hormonal changes. The role of steroid hormones

in regulating the function of MCCs in the female reproductive tract

has been extensively reviewed.128 For example, E2 has been shown

to promote the differentiation of epithelial cells into ciliated cells

in vitro and to promote ciliogenesis in rat epithelial cells in vivo by

upregulating the expression of Foxj1.129 In addition, ERα and ERβ have
been reported to be expressed in oviductal epithelial cells, with ERβ
uniquely localized to the ciliary stalk of mouse MCCs.130,131 How-

ever, specific deletion of Esr1 in MCCs has no effect on ciliogenesis

or female fertility (Foxj1Cre/+; Esr1f/f), suggesting that ERα is dispens-

able for oviductal ciliogenesis andmayprimarily play a role in secretory

epithelial cells.132,133 Furthermore, using the FT organoid model, the

negative regulatory role of Notch signaling in tubal ciliogenesis was

demonstrated.134 Building on this, further studies show that E2 pro-

motes MCC differentiation in the tubal epithelium via ERβ activation
and Notch signaling repression, accompanied by Foxj1 upregulation.

Conversely, epidermal growth factor, a key regulator of epithelial

homeostasis and differentiation, inhibits ciliogenesis through activa-

tion of the Notch signaling pathway.127 In cattle, the peak abundance

of ciliated cells in the oviductal ampulla occurs around ovulation, a time

when E2 levels are highest.135,136 Given this temporal correlation, it

is reasonable to speculate that E2 may play a role in stimulating the

transformation of secretory cells into ciliated cells within the oviduct

duringovulation.Moreover, bothprogesteroneand testosterone levels

may also affect ciliarymotility. For example, high levels of testosterone
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8 YANG ET AL.

have been shown to decrease the expression of Foxj1 and subsequently

reduce cilia beating frequency in human FT ciliated cells.120,121,137,138

It has been demonstrated that the TRPV4 channel, located in the

female reproductive tract, can be activated by viscous loading, result-

ing in an elevation of intracellular Ca2+ levels and an increase in

ciliary beating frequency.139 A recent study proposes that under con-

ditions of elevated viscosity in the culture medium, the proportion

of ciliated epithelial cells increases significantly, accompanied by acti-

vation of the TRPV4 expression, which increases intracellular Ca2+

levels, enhances ATP production, and regulates the biophysics of cil-

iary beating and coordination.140 Given that steroid hormones, such

as P4 and E2, exert control over the secretory function of epithe-

lial cells, resulting in the rheological properties of FT fluid.141,142 It is

reasonable to assume that an increase in estrogen levels during ovu-

lation increases the viscosity of the tubal fluid. This, in turn, facilitates

the differentiation of epithelial cells into ciliated cells and simultane-

ously activates the expression of TRPV4, which affects ciliogenesis and

coordination.

Genetic factors also influence the ciliary activity. The kinesin pro-

teinKif19A regulates ciliary length, and its absence leads to excessively

long cilia, obstruction of fluid flow, and infertility in femalemice.143 The

serine-threonine kinase Stk36 (Fused or Fu) is essential for the regula-

tion of central microtubules of the axoneme, and its deletion results in

random ciliary orientation and impaired motility.144 In addition, dele-

tion of the planar cell polarity gene Celsr1 also results in abnormal

ciliary motility orientation and female infertility. While it is hypoth-

esized that the primary underlying cause of this infertility is due to

the disrupted reproductive tract development, the direct link to ciliary

polarity abnormalities remains elusive.145 Further studies have shown

that CAMSAP3, a microtubule regulator located at the base of the

cilium, plays a crucial role in regulating intracellular cilia orientation

and microtubule assembly associated with basal bodies, while Celsr1

is mainly responsible for regulating cilia orientation between cells.146

Furthermore, using the oviduct organoid model, the researchers have

discovered that CDC42 coordinates the transformation of secretory

cells into MCCs independently of the well-known Notch pathway

and that the CDC42-AKT signaling pathway plays a key role in

this transformation, uncovering a novel pathway underlying oviduct

multiciliogenesis.147

4.3 Motile cilia in human endometrial epithelium

In female mammals, the endometrium is the inner layer of the uterus,

including the luminal epithelium and the glandular epithelium. Notably,

the luminal epithelial cellswithin the layers are also composedof secre-

tory and ciliated cells, and the distinctive markers for these two cell

types have been demonstrated148–150 (Figure 2C). In the endometrium

of patients with recurrent miscarriages, ciliary abnormalities (such as

shortening and fusion) have been observed in MCCs in addition to

microvillar abnormalities in secretory epithelial cells. This suggests

a possible link between motile cilia in the endometrium and preg-

nancy outcome.151 However, the role of motile endometrial cilia is

still poorly understood. Research has shown that E2 is the primary

driver of ciliogenesis in endometrial epithelial cells.152 This process

may involve the downregulation of Notch signaling or the upregulation

of Gemc1 expression, both of which could contribute to the develop-

ment ofmotile cilia in the endometrium.150 We can therefore conclude

that E2 and its receptors (ERα and ERβ) play a pivotal role in the

regulation of ciliary function in both the male and female reproduc-

tive systems. In addition, a recent study shows that the expression

of endometrial ciliogenesis-related genes declines after the age of 35

years, demonstrating that increasing age is responsible for a progres-

sive dysregulation of the endometrial ciliary function.153 Interestingly,

a recent study has come to the opposite conclusion, confirming that

older women have an increased abundance of MCCs and increased

expression of cilia genes compared to younger women. This phe-

nomenonmay be related to cell-cycle regulation andmaybe influenced

by cellular ageing.154 These findings suggest that ageing, together with

possible hormonal imbalances, has a direct influence on the develop-

ment of MCCs in human endometrial cells. Therefore, it remains an

open question whether ageing causes functional changes in ciliated

endometrial epithelial cells and whether these changes subsequently

contribute to implantation failure. Despite the relative paucity of stud-

ies on endometrial cilia compared to those in the FT and ED, recent

investigations have highlighted their indispensable role in the endome-

trial function, which is intricately linked to hormonal fluctuations

throughout the menstrual cycle. In particular, the use of endometrial

organoid models has emerged as a robust in vitro platform that pro-

vides unique insights into the functional mechanisms of endometrial

ciliated cells. 150,155

5 COMPARISON OF THE ROLE AND
REGULATION OF MOTILE CILIA IN THE MALE AND
FEMALE REPRODUCTIVE SYSTEMS

5.1 The progenitor cells of multiciliated cells

Extensive research has been conducted on the progenitor cells and

cell fate determination of MCCs in the respiratory tract and brain.

Specifically, radial glial cells have been identified as the precursors of

ependymal cells in the mouse brain, as evidenced by cell fate trac-

ing experiments.156 In the large airways, basal cells expressing p63

(also known as TP63) serve as pluripotent progenitors that differen-

tiate into club cells and ciliated cells. These differentiated club cells

retain their stem-like properties in the bronchioles, enabling them to

further differentiate into ciliated cells.157,158 A study has shown that

during development and injury repair, primary cilia appear transiently

on these basal cells. Subsequently, these basal cells specifically differ-

entiate into MCCs, suggesting a potential role for primary cilia in the

MCCdevelopment.159 Similarly, basal cells in the epididymis have been

shown to have the ability to self-renew and develop into organoids in

vitro, suggesting their potential as resident stem cells.160,161 Studies

have revealed that knocking out the primary cilia component ARL13B

in these cells leads to impaired Hedgehog signaling and reduced
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YANG ET AL. 9

expression of basal cell markers such as KRT5, KRT14, and p63, which

affects basal cell stemness and results in failure to properly regener-

ate of the epididymal epithelium in vivo.162 This further suggests a role

for primary cilia signaling in maintaining basal cell stemness. However,

scRNA-seq data and immunofluorescence staining results indicate the

absence of a KRT5-expressing basal cell population in human EDs.82

Pseudotime trajectory analysis reveals THY1+/PAX8+ early secre-

tory cells in human FTs differentiate into mature secretory cells and

subsequently into ciliated cells.163 Additionally, another study using

RNA velocity analysis has shown that mature secretory cells origi-

nate from LGR5+ or PGR+ progenitors and that bothmature secretory

cells and epithelial–mesenchymal transition cells have the potential

to become ciliated cells, supporting the notion of multipotent dif-

ferentiation of FT epithelial cells.102 However, the differentiation

fate of epithelial stem cells in EDs and the genes and signaling

pathways that control their differentiation remain elusive. Increased

attention to this puzzle should be a priority for future research

efforts.

5.2 Shared genes influencing ciliogenesis across
male and female reproductive systems

Ciliogenesis in both sexes relies on hormonal signals, a delicate balance

of local environmental factors and some common regulatory path-

ways to maintain the optimal ciliary function (Table 1). In particular,

some genes can directly regulate the ciliary function in both male

and female reproductive tracts. For example, simultaneous deletion

of miR-34b/c and miR-449 also results in a large absence of cilia in

the oviductal epithelium, which could potentially impede oocyte cap-

ture or transport and thus lead to female infertility.87,117 In TAp73

KO female mice, reduced cilia coverage, reduced levels of Dnali1,

Foxj1, and Rfx2, and mislocalized basal bodies are observed, along with

potential defects in the oocyte development that may contribute to

female infertility.62 However, in contrast to Foxj1-Cre;CEP164fl/fl male

mice, females of this genotype are fertile despite significant loss of

cilia in the oviduct epithelium, suggesting that residual cilia are suf-

ficient to maintain the physiological function of the oviduct.164 In

addition, Gemc1−/− female mice also exhibited sterility and complete

loss of cilia, likely due to impaired differentiation of MCCs. Inter-

estingly, these mutant females also have smaller ovaries and fewer

degenerated antral follicles, suggesting that female sterility in this

context results from a complex interplay of factors.52 One study

has reported that Ccno−/− female mice are also infertile, character-

ized by a lack of cilia per cell. However, the underlying mechanism

responsible for this infertility phenotype remains elusive.165 In addi-

tion, a marked reduction in motile cilia and basal bodies within the

infundibulum has been observed in female patients with Ccno muta-

tions, leading to failure of oocyte pickup and female infertility.23 Taken

together, key regulatory genes for ciliogenesis and MCC differentia-

tion also affect ciliogenesis in theoviducts andEDs, thereby influencing

fertility.

5.3 The functions of motile cilia in the
reproductive tract in relation to human fertility

The current concept suggests that the function of motile cilia in the

reproductive system is critical for bothmale and female fertility. Specif-

ically, in the female oviduct, motile cilia direct unidirectional fluid

flow, ensuring efficient capture of the egg and its transport to the

ampulla.34,139 In the male ED, motile cilia employ irregular whipping

motions to exert centripetal forces, creating turbulence that main-

tains sperm suspension and prevents occlusion.10 However, given that

deletion of certain key ciliary genes in females does not produce the

profound infertility phenotype observed in males, it is reasonable to

conclude that only ciliary dysfunction specifically in the infundibular

region of the FT contributes to female infertility. And themotile cilia in

the EDs are more necessary than those in the oviduct for maintaining

normal fertility.

In clinical practice, multiple cases of infertility have been linked

to ciliopathies. Infertility is a common feature of PCD, affecting 71

out of 119 female patients and 167 out of 192 male patients.26

Although sperm flagellar abnormalities may contribute to reduced fer-

tility in male PCD patients, one study found that PCD males with

loss-of-function DNAH5 mutations had caput epididymal dilatation

and obstructive azoospermia (or oligozoospermia), but their spermhad

normal ultrastructure andmotility, suggesting that impaired cilia in the

EDs are a direct cause of infertility.24 However, the specific mecha-

nisms underlying infertility in PCD patients remain poorly understood.

In men, possible mechanisms include obstruction of the EDs due to

damagedmotile cilia or impaired spermmotility. In women, it has been

speculated that abnormal ciliary motility in the FTs and endometrium

may impair oocyte and early embryo transport, interfering with fer-

tilization and embryo implantation.26 Furthermore, in addition to

infertility directly caused by ciliary dysfunction, several gynecological

diseases in women are closely related to FT cilia, such as salpingitis,

endometriosis and polycystic ovary syndrome.39,166 After Neisseria

gonorrhoeae infects the FTs, it triggers an inflammatory response,

inducing an increase in tumor necrosis factor alpha levels, which in turn

leads to reduced ciliary activity and the death of MCCs.167 In the peri-

toneal fluid of patients with endometriosis, a macromolecular ovum

capture inhibitor forms a membrane on the surface of cilia, thereby

inhibiting ciliary activity. In addition, components of the proinflamma-

tory peritoneal fluid may also have a direct effect on ciliary motility.168

Patients with polycystic ovary syndrome are known to have high levels

of testosterone.169 Under high testosterone exposure, the expression

of FOXJ1 in human FT epithelial cells is inhibited,137 suggesting that

these patients may have an increased risk of infertility due to high

testosterone levels. It is worth noting that DNAH5 levels are reduced

in cervical fluid from patients with ectopic pregnancy, suggesting pos-

sible ciliary abnormalities. Therefore, the level of DNAH5 is promising

as an effective basis for early diagnosis of ectopic pregnancy.116 On the

other hand, it has been reported that various drugs are known to alter

the beat frequency of respiratory cilia.170 Therefore, when administer-

ing drugs, particular attention should be paid to the potential impact
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on the function of cilia in the reproductive tract, which may lead to

fertility-related side effects.

6 CONCLUSIONS AND PERSPECTIVES

Recent studies of motile cilia in the reproductive system, coupled with

the use of knockoutmodels for cilia-associated proteins, have unequiv-

ocally illuminated their pivotal role in the transportation of gametes.

Despite differences in ciliary beating patterns and ciliary functions

between ED and oviductal cilia, they share some key regulatory factors

suchasmiR-34/449,Gemc1andCcno. The functionsofmotile cilia in the

human reproductive tract have recently been reviewed.173 We further

summarize the common regulatory factors affecting cilia in both male

and female reproductive tracts, with a focus on the origin and develop-

ment of MCC and cilia in the ED and oviducts. We also cite the recent

article to discuss the molecular structural differences between cilia

and sperm flagella, providing a reference for further in-depth research

on cilia functions and infertility treatment in clinical practice. Nev-

ertheless, many questions remain unanswered, particularly regarding

the ancestral origins and developmental trajectories of ciliated cells

in EDs, the precise timing of ciliogenesis, and whether additional,

undiscovered cell populations reside in these reproductive tracts.

Future endeavors ought to harness sophisticated techniques such as

organoid modeling, scRNA-seq, and spatial transcriptome profiling.

These advanced methods have great potential to elucidate diverse cell

types, intricate cell–cell communication and dynamic developmental

trajectories, thereby improving our understanding of the MCC devel-

opment and ciliogenesis within the reproductive system. It may also

provide new insights into the causes of obstructive oligospermia and

facilitate genetic counseling and prenatal diagnosis.
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