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ABSTRACT 

Infertility is a global health problem that is estimated to touch 9% of couples and the male factor 

alone or in conjunction with the female factor accounts for approximately 50% of cases. 

Spermatogenesis is a highly complex process, and it involves hundreds to thousands of genes that 

contribute to proper sperm formation. Identification of new genes involved in male fertility has 

been on the rise in the recent years due to an increased use of massive parallel sequencing 

technologies, especially of whole-exome sequencing (WES). Identification and functional 

characterization of these genes is important for our fundamental comprehension of 

spermatogenesis as well as for improving medical diagnostic, counselling, and infertility 

treatment. 

This work addresses multiple factors that can affect male fertility and focuses on a particular type 

of asthenoteratozoospermia called the multiple morphological abnormalities of the sperm flagella 

(MMAF) syndrome. Biallelic mutations in the Coiled-coil domain-containing 146 (CCDC146) 

gene were identified in two patients from our cohort of 167 infertile men affected by the MMAF 

syndrome. The primary objective of the thesis was to validate the candidate gene on a mouse 

model, and then to characterize the function of CCDC146 in male fertility. Male Ccdc146 knock-

out (KO) mice were infertile, reproduced the MMAF phenotype and had low sperm concentration 

and showed an absence of sperm motility, confirming the involvement of CCDC146 in the MMAF 

syndrome. Next, we showed that CCDC146 is present in the axoneme of human and mouse 

spermatozoa. Expansion microscopy and biochemistry experiments suggested that CCDC146 

could be located in the lumen of axonemal microtubule doublets and could be a microtubule inner 

protein (MIP). We showed that CCDC146 plays a role(s) during spermiogenesis where its absence 

leads to defects in axoneme assembly, manchette formation, aberrant head-shaping, and duplicated 

centrioles that are often abnormally distant from the nucleus. These defects during spermiogenesis 

are at the origin of the MMAF phenotype, oligoasthenoteratozoospermia, and consequent 

infertility. In somatic cells, CCDC146 was associated with the centrosome throughout the cell 

cycle, and localized to spindle microtubules, the midzone and the midbody during mitosis. Due to 

its multiple microtubule-related localizations and because its absence mostly affected microtubule-

based structures, we hypothesized that CCDC146 could be a microtubule-associated protein 

(MAP). 
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Next, we have shown that an accumulation of rare heterozygous variants in MMAF-associated 

genes important for proper axoneme assembly (Ccdc146, Armc2, Cfap43, and Cfap44) leads to a 

progressive degradation of sperm head morphology and has an impact on sperm motility. These 

results suggested that oligogenic inheritance, the presence of specific gene variants in functionally 

interconnected genes, could explain some cases of idiopathic male infertility. 

Finally, we discussed several aspects of the sperm epigenome, including the impact of non-coding 

RNAs on sperm formation and embryo development, and their potential roles in inter- and 

transgenerational inheritance that could mediate the adaptation of the progeny to the environment.  
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RESUME 

L'infertilité est un problème majeur de santé publique, qui touche environ 9 % de couples. Un 

facteur masculin seul ou associé à un facteur féminin est trouvé dans environ 50 % des cas. La 

spermatogenèse est un processus très complexe qui implique des centaines, voire des milliers de 

gènes qui contribuent au développement des spermatozoïdes. L'identification de nouveaux gènes 

impliqués dans la fertilité masculine a augmenté ces dernières années en raison d'une utilisation 

accrue des technologies de séquençage parallèle massif, en particulier du séquençage de l'exome 

entier (WES). L'identification et la caractérisation fonctionnelle de ces gènes sont importantes pour 

notre compréhension fondamentale de la spermatogenèse ainsi que pour l'amélioration du 

diagnostic médical, du conseil et du traitement de l'infertilité. 

Ce travail aborde plusieurs facteurs impactant la fertilité masculine et se concentre sur un type 

particulier d'asthénotératozoospermie appelé syndrome des anomalies morphologiques multiples 

du flagelle (MMAF). Notre équipe a identifié des mutations bialléliques dans le gène Coiled-coil 

domain-containing 146 (CCDC146) chez deux patients d’une cohorte de 167 hommes infertiles 

atteints du syndrome MMAF. L'objectif principal de ma thèse était de valider l’implication de ce 

gène candidat dans le syndrome MMAF sur un modèle murin, puis de caractériser la fonction de 

la protéine CCDC146 dans la fertilité masculine. Les souris mâles mutées pour Ccdc146 (KO) 

sont infertiles, atteintes par le phénotype MMAF, et l’absence de la protéine provoque une forte 

diminution de la concentration des spermatozoïdes ainsi qu’une absence de motilité, confirmant 

l'implication de CCDC146 dans le syndrome MMAF. Ensuite, nous avons montré que CCDC146 

est présente dans l'axonème des spermatozoïdes humains et murins. Des expériences de 

microscopie d'expansion et de biochimie ont suggéré que CCDC146 pourrait être située dans la 

lumière des doublets de microtubules anoxémiques et pourrait être une protéine interne des 

microtubules (MIP). Nous avons aussi montré que CCDC146 joue un ou plusieurs rôles au cours 

de la spermiogenèse où son absence entraîne des défauts d'assemblage de l’axonème et de la 

manchette, provoque la formation de têtes anormales, ainsi que la présence de centrioles 

surnuméraires qui sont souvent anormalement éloignés du noyau du spermatozoïde. Ces défauts 

de la spermiogenèse sont à l'origine du phénotype MMAF, de l'oligoasthénotératozoospermie et, 

par conséquent de l'infertilité observée. Dans les cellules somatiques, CCDC146 était associée au 

centrosome quel que soit la phase du cycle cellulaire et est localisée dans les microtubules du 
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fuseau mitotique, dans le sillon de division, ainsi que dans le corps central au cours de la mitose. 

En raison de ces multiples localisations liées aux microtubules, et parce que son absence affecte 

principalement les structures à base de microtubules, nous avons émis l'hypothèse que CCDC146 

pourrait être une protéine associée aux microtubules (MAP). 

Ensuite, nous avons montré qu'une accumulation de variants hétérozygotes rares dans des gènes 

associés avec le phénotype MMAF et importants pour l'assemblage des axonèmes (Ccdc146, 

Armc2, Cfap43 et Cfap44), conduit à une dégradation progressive de la morphologie de la tête des 

spermatozoïdes et impacte la motilité des spermatozoïdes. Ces résultats suggèrent que l'hérédité 

oligogénique, la présence de variants spécifiques de gènes fonctionnellement interconnectés, peut 

expliquer certains cas idiopathiques d'infertilité masculine. 

Enfin, nous avons discuté de plusieurs aspects de l'épigénome du sperme, y compris de l'impact 

des ARN non-codants sur la formation des spermatozoïdes et le développement de l'embryon, et 

leurs rôles potentiels dans l'héritage inter- et transgénérationnel, qui pourraient servir de médiateur 

à l'adaptation de la descendance à l’environnement.  
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INTRODUCTION 

CHAPTER 1: THE SPERMATOZOON 

Mammalian spermatozoa are highly specialized germ cells with a unique objective: to fertilize an 

egg. But first, these germ cells must undergo remarkably complex morphological, chemical, and 

functional changes. 

Spermatozoa are formed during the complex process of spermatogenesis that occurs in the testis. 

They gain their typical slender shape and assemble flagella during the last step of spermatogenesis 

called spermiogenesis. Morphologically, spermatozoa can be divided into three main parts: the 

sperm head, the connecting piece, and the flagellum. The sperm head contains a very condensed 

nucleus that carries the haploid genetic material of the male. The connecting piece links the sperm 

head to the tail. Finally, the flagellum works as a propulsive engine, allowing the sperm to move 

through the female genital tract and the protective layers of the egg. In contrast to somatic cells, 

spermatozoa are believed to be transcriptionally and translationally silent. Cytoplasmic organelles 

transform during spermatogenesis: the Golgi apparatus gives rise to the acrosome, centrioles 

become the connection between the sperm head and flagellum, and mitochondria reposition along 

the sperm axoneme and participate in energy production and sperm motility. 

Although sperm morphology is similar among vertebrate species, slight differences can be 

observed. In this work, we will primarily discuss the differences in spermatogenesis of humans 

and mice. For instance, sperm heads are 1.6 times longer and flagella are approximately 2.5 times 

longer in mice than in humans (Figure 1). The mouse head is also larger and has a hooked shape 

whereas the human sperm head has an oval shape (Gu et al. 2019; Inaba 2011). 

Figure 1: Differences in sperm 

morphology and size between 

mouse (A) and human (B) 

spermatozoa. Adapted from 

Coutton et al., 2019. 
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1 THE SPERM HEAD 

1.1 THE NUCLEUS 

The sperm head contains two major structures: the nucleus and the acrosome. The nucleus is the 

largest structure of the sperm head and contains highly condensed chromosomes. The compaction 

is established by the replacement of histones by protamines during spermiogenesis that results in 

the absence of transcription in mature spermatozoa (Steger 1999). 

Nuclear chromatin remodelling occurs during spermiogenesis (Figure 2). The histone-to-

protamine transition is facilitated by the replacement of somatic histones with histone variants and 

by histone post-translational modifications (PTMs). Histones are gradually replaced by transition 

proteins and then by protamines which facilitate high chromatin compaction (T. Wang et al. 2019; 

Moritz and Hammoud 2022). Mature spermatozoa retain only a small percentage of histones in 

their genome, around 1% in mice (Balhorn, Gledhill, and Wyrobek 1977) and 15% in humans 

(Gatewood et al. 1990). 

Figure 2: Histone-to-protamine transition 

during spermiogenesis is highly regulated. 

The replacement of somatic histones by 

transition proteins (TP), and subsequently by 

protamines, is modulated by somatic and 

testis-specific histone variants and histone 

post-translation modifications (PTMs) of 

somatic histones and histone variants. 

Abbreviations: spermatid (Spd). From Wang et 

al. 2019. 
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The nucleus is enclosed in a cytoskeletal capsule called the “perinuclear theca” that fills most of 

the cytoplasmic space of the sperm head. It is apically sandwiched between the acrosome and the 

nuclear envelope, and caudally between the nuclear envelope and the cell plasma membrane 

(postacrosomal segment) (Darszon et al. 2005) (Figure 3). The perinuclear theca is important for 

maintaining the architecture of the sperm nucleus. It is composed of spermatid-specific cytosolic 

and nuclear proteins, including a factor important for oocyte activation, the phospholipase C zeta 

(PLCζ) (Escoffier et al. 2015). A major basic protein called Calicin appears to be an organizing 

center of the structure and interacts with itself and other perinuclear theca components, 

participating in the formation of a bridge between the inner acrosomal membrane (interacting with 

e.g. Spaca1) and the nuclear envelope (e.g. Dpy19l2) (X.-Z. Zhang et al. 2022). 

  

Figure 3: Structure of a human spermatozoon. From Darszon et al., 2005. 
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1.2 THE ACROSOME 

The acrosome is a large and flat granule resembling a cap that covers the anterior part of the 

nucleus (Figure 3) (Zanetti and Mayorga 2009). It is positioned between the plasma membrane 

and the nuclear envelope. The acrosome starts to form after meiosis when germ cells enter the 

round spermatid stage and is completed at the end of spermiogenesis (L.D. Russell et al. 1990). 

 

Figure 4: Morphological changes occurring during the acrosomal reaction in human spermatozoa (A-D). (A, E) 

Unreacted sperm with an intact acrosome. The acrosome becomes swollen (B, F). (C, H, I) Pores start to appear in 

the plasma membrane and outer acrosomal membrane, leading to the formation of hybrid vesicles (hv) containing 

both membranes and their exocytosis. (D, J) A sperm with a completed acrosomal reaction. The equatorial segment 

remains unaltered. Arrow shows the continuity between the plasma membrane and the inner acrosomal membrane. 

Scale bars = 550 nm (A-D), 100 nm (E-J). Abbreviations: acrosome (a), intra-acrosomal vesicle (av), nucleus (n), 

equatorial segment (es), hybrid vesicle (hv), plasma membrane (pm), outer acrosome membrane (ou), inner acrosome 

membrane (in), nuclear envelope (ne). Adapted from Zanetti and Mayorga 2009. 
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The acrosome contains hydrolytic and proteolytic enzymes. Upon stimulation, the outer membrane 

fuses with the plasma membrane of the sperm head and the acrosome undergoes exocytosis, 

gradually releasing these enzymes during a process called the acrosome reaction (Figure 4) (K.-S. 

Kim, Foster, and Gerton 2001). The exact location where the acrosome reaction occurs within the 

female reproductive tract (at the zona pellucida, in the vicinity of the egg, or before) and the role 

of acrosomal enzymes (penetration of the cumulus oophorus, sperm-egg binding, and sperm entry) 

are still subject to debate and might be species-specific. It is generally accepted that the acrosome 

is important for successful fertilization, and the inner acrosomal membrane participates in sperm-

egg binding and fusion (Yoshinaga and Toshimori 2003; Ikawa et al. 2010; Gupta 2021; 

Wolkowicz et al. 2008). 

To be able to initiate the acrosome reaction, the sperm must first undergo capacitation (Austin 

1952). Capacitation involves changes in the sperm plasma membrane (e.g. membrane fluidity and 

cholesterol movement), intracellular pH, cytoplasmic alkalinization, activation of membrane ion 

channels, and changes in membrane potential (Puga Molina et al. 2018). In the female genital tract 

(or under capacitating conditions in vitro), sperm become hyperactivated that leads to changes in 

their motility patterns. Even-though mammalian ejaculated sperm are motile, hyperactivated 

sperm move with greater amplitude and propulsion by creating an asymmetric beating pattern that 

helps them traverse the viscous environment in the oviduct and penetrate an egg’s zona pellucida 

and the cumulus oophorus (Suarez 2008). An essential part of hyperactivation is the rise in flagellar 

Ca2+ that is predominantly incorporated from the extracellular space through the CatSper channel 

that are present in the plasma membrane of the flagellar principal piece (Ren et al. 2001; Rahban 

and Nef 2020). 
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2 THE SPERM FLAGELLUM 

The sperm flagellum serves as the propulsive engine of the male germ cell. The main structure of 

the flagellum is the axoneme and it spans the entire length of the flagellum (Figure 5) (Dunleavy 

et al. 2019; Linck, Chemes, and Albertini 2016). The axoneme is surrounded by various peri-

axonemal structures (mitochondrial sheath, outer dense fibers, fibrous sheath) that define three 

main parts of the flagellum: the midpiece, the principal piece and the end piece. All peri-axonemal 

structures are only present in spermatozoa but not in cilia. 

 

2.1 THE AXONEME 

The axoneme is a microtubule-based structure. Microtubules (MT) are major components of the 

cytoskeleton and are essential for mitosis, protein trafficking, cell motility, and maintenance of 

cell shape. They are composed of α- and β-tubulin heterodimers that polymerize into long, 

polarized protofilaments which in turn arrange laterally to form hollow tubes of ~25 nm in 

diameter (Goodson and Jonasson 2018). Microtubules are however not completely hollow and can 

contain proteins that are termed microtubule inner proteins (MIP). 

Figure 5: Schematic representations of a mammalian spermatozoon showing inner structural components. Outer 

dense fibers are numbered. Adapted from Dunleavy et al. 2019, electron micrographs were adapted from Linck, 

Chemes, and Albertini 2016. 
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The sperm axoneme is composed of two singlet microtubules in the center, the central pair, that 

are radially surrounded by nine MT doublets termed outer microtubule doublets (the 9+2 

arrangement) (Figure 6). Each outer MT doublet contains an A- and a B-tubule. In mammalian 

cells, a single MT generally contains 13 protofilaments that can be seen in the A-tubule of outer 

MTs whereas the B-tubule is not complete and only contains 10 protofilaments. The central pair 

is also composed of singlet MTs and each contains 13 protofilaments. 

 

2.1.1 The central apparatus 

The central apparatus (CA) is composed of the central pair, two singlet MTs denoted C1 and C2, 

that are each surrounded by a set of proteins termed “asymmetric projections” (Figure 7). In the 

mouse, C1 and C2 are each surrounded by five different projection proteins termed C1a, C1b, C1c, 

C1d, C1e and C2a, C2b, C2c, C2d, C2e. Projections repeat in a periodical manner along the length 

of the axoneme (Leung 2021). 

The central apparatus plays an important role in the generation and regulation of ciliary and 

flagellar movement (Loreng and Smith 2017). All motile cilia and flagella, except for nodal cilia, 

A B 

Figure 6: Schematic illustration of the inner structure of a mammalian spermatozoon. (A) Cross-section of a 

flagellum of the principal piece showing the axoneme and peri-axonemal structures. ODFs are numbered. The central 

pair is surrounded by projections (grey). From Touré et al. 2021. (B) Structure of outer microtubule doublets showing 

13 protofilaments in the A-tubule and 10 protofilaments in the B-tubule. The seam (asterisk) determines the location 

of the B-tubule nucleation. Colored structures represent different microtubule inner proteins (MIPs) bound to the 

microtubule lumen. Adapted from Ma et al., 2019. 
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contain the 9+2 structure whereas immobile primary cilia have a 9+0 configuration (Smith and 

Lefebvre 1997; Samsel et al. 2021; Girardet et al. 2019; Odate et al. 2016). 

The overall architecture of the central apparatus is similar in spermatozoa between pigs (S. scrofa), 

horses (E. caballus) and mice (M. musculus) and resembles the CA in flagella from 

Chlamydomonas and sea urchin sperm. The differences between mammalian species are in their 

MIPs (Leung 2021) that will be discussed in Chapter 3: Microtubules and related structures, 

subchapter 7: Microtubule inner proteins. C1 and C2 are interconnected through a complex 

network called the bridge and through some of the projections (Carbajal-González et al. 2013). 

So far, 66 proteins have been identified as components of the central pair in the Chlamydomonas 

(Adams et al. 1981; L. Zhao et al. 2019). Out of these proteins, 13 have homologues in humans 

and mice, and 10 of them have been linked to male infertility and abnormal sperm morphology: 

CFAP54 (McKenzie et al. 2015), CFAP69 (Dong et al. 2018), CFAP221/ Pcdp1 (L. Lee et al. 

2008), DLEC1 (Okitsu et al. 2020), Hydin (Oura et al. 2019), LRGUK-1 (Y. Liu et al. 2015), 

SPEF2 (Sironen et al. 2011), SPAG6 (Sapiro et al. 2002), SPAG16L (Zhibing Zhang et al. 2006), 

and SPAG17 (Kazarian et al. 2018). The absence of SPEF2, CFAP54, CFAP221, SPAG6 was also 

associated with primary ciliary dyskinesia (PCD) and/ or hydrocephaly. PCD is an autosomal 

recessive genetic condition with symptoms caused by malfunction of motile cilia, often involving 

recurrent respiratory infections (Sironen et al. 2020). Some of these proteins, including SPEF2, 

LRGUK-1, and SPAG17, were also shown to interact with intraflagellar (IFT) and intramanchette 

(IMT) transport-related proteins and their absence was associated with an abnormal manchette and 

aberrant head shape. These aspects will be discussed in more detail in Chapter 2: Spermatogenesis, 

subchapter 7: Axoneme formation. 

Figure 7: Diagram of a central apparatus from a mouse sperm 

axoneme. Microtubule singlet C1 is on the left and C2 on the right. 

Each microtubule contains 13 tubulin protofilaments (numbered). 

Microtubule inner proteins are in pink. The central pair is 

surrounded by projection proteins (C1a-e, C2a-e) and connected 

by a bridge. From Leung et al. 2021. 
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2.1.2 Radial spokes 

Radial spokes, 40 nm-long multiprotein T-shaped structures, provide a link between the central 

pair and outer MT doublets (Figure 8). They protrude from the A-tubule and transiently interact 

with the CA projections through electrostatic interactions (Gui, Ma, et al. 2021). They are 

composed of three parts: the head, the neck, and the stalk. The head faces the central pair and the 

elongated stalk is anchored to the A-tubule of the outer MT doublets (Pigino et al. 2011). The stalk 

extensively interacts with the inner dynein arms (IDAs) that are also present on the outer MT 

doublets. Radial spokes are mechanochemical transducers and contribute to the regulation of 

dynein activity and are thus crucial for sperm and cilia motility (Lin et al. 2014; Xin Zhang et al. 

2021).  

Three types of radial spokes (R1, R2, R3) are present in mammalian axonemes but they were 

mostly studied in unicellular organisms (Chlamydomonas, Tetrahymena) and in sea urchin sperm. 

The Chlamydomonas only has the RS1 and RS2 and a very small RS3 that is not linked to the CP. 

The RS3 also structurally differs from RS1 and RS2 which have similar structures (Lin et al. 2012; 

Z. Chen et al. 2023). Radial spokes repeat in doublets (e.g. Chlamydomonas) or triplets (e.g. 

mammals) in a 96 nm interval along the long axis of the outer doublets. In a recent study, Chen et 

al. showed that mouse and human sperm axonemes contain additional densities, a barrel between 

RS1 and RS2, a RS2-RS3 cross-linker and an RS3 scaffold. These structures are missing from 

A B 

Figure 8: Association of outer microtubule doublets with radial spokes, outer dynein arms (ODA), inner dynein 

arms (IDA), and the nexin-dynein regulatory complex (N-DRC). (A) Radial spokes are anchored to the A-tubule of 

outer MT doublets and interact with IDAs at their stalk. From Ma et al. 2019. (B) Structure of the 96 nm mouse 

axoneme from the principal piece decorated with regulatory structures. Radial spokes 2 and 3 are connected by the 

RS2-RS3 bridge. Abbreviations: outer dense fiber (ODF), microtubule (MT), intermediate chain/light chain of the I1 

dynein (ICLC), radial spoke (RS). From Leung et al. 2021. 
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both human respiratory cilia and unicellular model organisms. They were also asymmetrically 

distributed between doublets and were less prominent in some human doublets compared to the 

mouse (Z. Chen et al. 2023) (Figure 9). 

Radial spokes are composed of at least 23 different proteins in the Chlamydomonas (Piperno, 

Huang, and Luck 1977; Piperno et al. 1981; P. Yang et al. 2001) out of which 15 have homologues 

in mammals (Yogo 2022). The absence of Rsph6a and Lrrc23 was associated with male infertility 

in mice but cilia were not affected (Abbasi et al. 2018; Xin Zhang et al. 2021). Rsph6a-deficient 

mice had short and immotile flagella with strong defects in the mitochondrial and fibrous sheaths, 

and an abnormal head morphology. The assembly of the flagellum and manchette removal were 

delayed. Lrrc23-deficient mice seemed to have sperm flagella with normal length, but their 

motility was severely decreased, possibly due to a frequent absence of radial spokes in the 

axoneme. The absence of radial spoke proteins RSPH1 (Kott et al. 2013), RSPH3 (Jeanson et al. 

2015), RSPH4A and RSPH9 (Castleman et al. 2009) was associated with PCD PCD in humans. 

Figure 9: Asymmetric distribution of newly identified radial spoke-associated structures in mouse sperm axonemes. 

Common features of radial spokes are in grey. The barrel (cyan) is absent from microtubule doublets 1 and 9, the 

RS2-RS3 cross-linker (red) is absent in doublets 3 and 8, and the RS3 scaffold is only present in doublets 2 and 3. 

From Chen et al., 2023. 
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2.1.3 The nexin-dynein regulatory complex 

The nexin-dynein regulatory complex (N-DRC) is a thin filament that connects the A-tubule of 

one doublet to the B-tubule of the neighbouring doublet (Heuser et al. 2009) (Figure 8). It is present 

on the doublets every 96 nm (Heuser et al. 2009). The N-DRC is believed to maintain an optimal 

alignment of MT doublets and help regulate their sliding, thus participating in ciliary and flagellar 

motility (Bower et al. 2013). Structurally, the N-DRC in mouse sperm flagella has additional 

densities compared to the N-DRC in human respiratory cilia, and the form of these densities varies 

between MT doublets (Z. Chen et al. 2023) (Figure 10). 

Mutations in Ccdc164/ Drc1 (J. Zhang et al. 2021), Lrrc48/ Drc3 (Ha et al. 2016), Tcte1/ Drc5 

(Castaneda et al. 2017), Drc7 (Morohoshi et al. 2020), Iqcg/ Drc9 (R.-K. Li et al. 2014) were 

associated with male infertility in mice. The absence of CCDC164/ DRC1 in mice led to severe 

flagellar defects, including short and coiled flagella (J. Zhang et al. 2021). This syndrome is termed 

multiple morphological abnormalities of the sperm flagella (MMAF) (Ben Khelifa et al. 2014) and 

will be discussed in Chapter 4: Infertility, subchapter 4.1: Multiple morphological abnormalities 

of the sperm flagella. Mutations in CCDC164/ DRC1 (Morimoto et al. 2019), CCDC65/ DRC2 

(Horani et al. 2013), Lrrc48/ Drc3 (Ha et al. 2016), and Gas8/ GAS8/ DRC4 (Olbrich et al. 2015) 

Figure 10: Asymmetric distribution of newly identified N-DRC features in mouse sperm axonemes. Common 

structure of N-DRCs between microtubule doublets are in grey. Unique features of the N-DRC are colored based on 

structural similarities in between microtubule doublets. From Chen et al., 2023. 
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were also associated with PCD. Moreover, a mutation in another N-DRC component, Fbxl13/ 

Drc6, did not lead to any defects in cilia not flagella (Morohoshi et al. 2020). Some components 

of the N-DRC appear to be more important for the function and/or assembly of either cilia or 

flagella. 

2.1.4 Inner and outer dynein arms 

Dyneins are ATP-dependent microtubule motor proteins. They move along MTs toward the MT 

minus end. Two types of dyneins exist, cytoplasmic and axonemal dynein. They share some 

structural similarities, however their functions are different. 

Cytoplasmic dynein-1 travels along MTs and participates in intracellular transport, delivering 

cargo such as protein, organelles, and mRNA to different locations in most eukaryotic cells, and 

also participates in mitosis (Torisawa and Kimura 2020). Cytoplasmic dynein-2 interacts with the 

intraflagellar transport (IFT) machinery that is required for the assembly of cilia and flagella. The 

dynein-2-IFT complex is involved in retrograde transport, from the tip of the cilium/ flagellum to 

the base (Pazour, Wilkerson, and Witman 1998; Hou and Witman 2015). On the other hand, 

axonemal dyneins are structural components of the axoneme. Their role is to power the beating of 

motile cilia and flagella and propagation the binding along the length of the axoneme (Roberts 

2018). 

Structurally, dyneins are large multisubunit complexes (Figure 11). Dynein subunits are classified 

according to their mass into heavy (∼520 kD), intermediate (∼70 –140 kD), light intermediate 

(∼53–59 kD), and light (∼10–30 kD) chains (Pfister et al. 2006). The light intermediate chains are 

only present in complexes with cytoplasmic dynein. The heavy chains have several important 

roles. At the N-terminal domain, they contain the “tail domain” that contains binding sites for 

adaptor proteins such as the HOOK protein family. The adaptors mediate interactions between 

dynein and their cargo. The tail domain is also associated with the intermediate, light intermediate, 

and light chains. At the C-terminal, the heavy chain contains six AAA ATPase domains that 

constitute the “motor domain” of the complex. The stalk is composed of two antiparallel coiled-

coil domains and a MT-binding domain in between them (Braschi et al. 2022; Schiavo et al. 2013). 
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Axonemal dyneins are known as the inner and outer dynein arms (IDAs, ODAs) (Figure 12). IDAs 

and ODAs are permanently attached to the A-tubules of outer MT doublets and transiently interact 

with the B-tubule of the adjacent doublets in an ATP-dependent manner. The interaction is 

mediated by their intermediate chains. In this way, they regulate the sliding of MT doublets relative 

to each other. This coordinated motion of MT sliding along the length of the flagellum creates 

bending that is propagated along the flagellum and is seen as flagellar/ ciliary beating. ODAs 

regulate the frequency of ciliary waveforms whereas IDAs influence the amplitude (Brokaw and 

Kamiya 1987; Kamiya and Yagi 2014). 

Moreover, IDA and ODA differ in composition, function, and periodicity. Most of our 

understanding of IDA and ODA structure and composition comes from studies in the 

Chlamydomonas, and mouse and human structures are not available yet. Mammalian cytoplasmic 

Figure 11: Structure of the cytoplasmic dynein complex with two heavy chains. (A) The core of the complex is the 

heavy chain dimer (dark purple) and its associated subunits. The motor domain contains a stalk (yellow) with a 

microtubule-binding domain (MTBD) and six AAA ATPase domains (red circles), the buttress (orange), and the linker 

region. HCs are associated with light intermediate chains (LICs) (green), intermediate chains (ICs) (cyan), and light 

chains (LCs) (light yellow). (B) Protein domain composition of cytoplasmic dynein. Number of amino acids in human 

and mouse cytoplasmic dynein heavy chain are shown. From Schiavo et al. 2013. 
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dynein is composed of two identical heavy chains and several smaller subunits, whereas axonemal 

dynein consists of non-identical heavy chains. Each ODA contains two (metazoans) or three 

(Chlamydomonas, Tetrahymena) heavy chains (α, β, γ), two intermediate and about ten light 

chains. IDAs are more divergent than ODA. They contain one heterodimer (dynein f) and six 

monomeric (a, b, c, d, e, and g) dyneins. The dynein f isoform contains two heavy chains called α 

et β, 3 intermediate chains and 5 light chains. Monomeric isotypes contain one heavy chain, one 

intermediate, and one light chain (Bui et al. 2008; Goodenough and Heuser 1985; Movassagh et 

al. 2010; Walton, Wu, and Brown 2021) (Figure 12). 

ODAs repeat every 24 nm and are attached to the A-tubule through a docking complex (Nicastro, 

McIntosh, and Baumeister 2005), whereas IDAs repeat with a 96-nm periodicity (Nicastro et al. 

2006). 

In humans, mutations in genes coding for IDA and ODA proteins, including DNAH1 (Ben Khelifa 

et al. 2014), DNAH2 (Hwang et al. 2021), DNAH8 (C. Liu et al. 2020), DNAH10 (Tu et al. 2021), 

and DNAH17 (Yanwei Sha, Wei, Ding, Mei, et al. 2020) were associated with male infertility, 

A B 

Figure 12: Schematic representation of IDA and ODA (A) and a structure of the ODAs (B). (A) Illustration of IDA 

(orange), ODA (yellow, green) and radial spokes (light blue) connected to the A-tubule of outer MT doublets (dark 

blue) in Chlamydomonas flagella. The IDA contain seven different heavy chains in the Chlamydomonas. Dynein f 

forms a heterodimer with two heavy chains (fα, fβ), and others are monomeric (dynein a, b, c, d, e, and g). (B) Structure 

of the ODA axonemal dynein bound to the A-tubule of outer MT doublets from the Chlamydomonas. A single ODA 

contains three dynein heavy chains (α, β, γ) with motor domains on the right and the tail domains connected to the 

MT. Abbreviations: IC/LC of dynein f and the dynein regulatory complex (DRC). (A) from Movassagh et al. 2010 and 

(B) from Walton, Wu, and Brown 2021. 
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absence of sperm motility and MMAF. Mutations in DNAH5 (Hornef et al. 2006) and DNAH11 

(Knowles et al. 2012; Schultz et al. 2020) were shown to cause PCD. 

2.1.5 Molecular rulers 

The aforementioned axonemal components (N-DRC, radial spokes, IDA, ODA) are regularly 

spaced along MT doublets. Binding of proteins to the MT doublets show a periodicity of 8-nm 

multiples (8, 16, 24, 48, and 96 nm) that correspond to the length of a α-β-tubulin heterodimer 

which is 8 nm (Ma et al. 2019). Within each 96 nm axonemal repeat, four ODAs bind with 24 nm 

periodicity, along with one unit of 7 IDAs, radial spokes (RS1, RS2, and the remnants of RS3), 

and one N-DRC (Figure 13). 

Figure 13: Relative position of molecular rulers and axonemal complexes within the 96-nm repeat of the A-tubule. 

The surface of the A-tubule is decorated with several long coiled-coil proteins, particularly the CCDC39/40 complex 

(yellow), an L-shape protein (red) and molecular staples (various colors). CCDC39/40 is believed to be a molecular 

ruler that determines binding sites and periodicities of axonemal complexes. Below are zoomed images showing the 

location of these proteins around radial spokes and the N-DRC. PACRG and FAP20 are MIPs protruding from the 

MT lumen and are responsible for the stability of the doublet. A02-7 stand for numbers of tubulin protofilaments. 

Based on Chlamydomonas axonemes. From Ma et al., 2019. 
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Oda et al. in Chlamydomonas showed the presence of a molecular ruler that determines the 96-nm 

spacing of axonemal components (RSs, IDAs, and N-DRCs) (Oda et al. 2014). This molecular 

ruler corresponds to a 96-nm long coiled-coil complex of CCDC39 and CCDC40, called 

FAP59/FAP172 in Chlamydomonas, that is present between protofilaments A02 and A03 (Figure 

13; yellow). The CCDC39/40 complex is believed to determine the binding sites of these axonemal 

components on the surface of the A-tubule. The absence of either CCDC39 or CCDC40 leads to 

identical phenotypes in humans, including the loss of IDA and disorganization of axonemal 

structures in cilia and flagella, MMAF, PCD, and male subfertility or infertility (Blanchon et al. 

2012; Antony et al. 2013; D. Chen et al. 2021). 

Several long coiled-coil proteins are present on the external surface of the A-tubule while few are 

bound to the surface of the B-tubule in Chlamydomonas (Ma et al. 2019; Gui, Ma, et al. 2021) 

(Figure 13). Several unidentified coiled-coils were shown to interact with the CCDC39/40 

complex at the A-tubule and were called “molecular staples.” They bind across the CCDC39/40 

complex and laterally interact with neighbouring protofilaments, which suggests that they could 

help maintain the complex in place. A long, L-shaped coiled-coil (red) is present in the cleft 

between protofilaments A02 and A05, then turns perpendicularly and crosses the complex at 

protofilaments A02-3. Authors suggested that it might determine the periodic docking of IDAs to 

protofilaments A03 and A04 (Ma et al. 2019). 

Repeating protein structures are also present in the lumen of MT doublets (Figure 14). Microtubule 

inner proteins (MIPs) are present in both the A- and the B-tubule and form lateral and longitudinal 

interactions with tubulin protofilaments. MIPs with similar periodicities (8, 16, or 48 nm) interact 

together to form interconnected networks. They are believed to help establish and maintain the 

architecture of MT doublets and provide stability to MTs to withstand mechanical stress during 

ciliary/ flagellar beating. MIPs and their function will be discussed in more detail in Chapter 3: 

Microtubules and related structures, subchapter 7: Microtubule inner proteins. 
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Figure 14: Microtubule inner proteins (MIPs) decorate the lumen of Chlamydomonas axonemal MT doublets in 

a periodic manner. (A) Two cross-sections of the 48-nm repeat reveal numerous differentially colored MIPs. (B) 

Longitudinal sections through 3 different sections of the A-tubule show periodically repeating MIPs in the lumen. 

From Ma et al., 2019. 

B 
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2.2 THE MIDPIECE 

The midpiece is characterized by an axoneme surrounded by nine outer dense fibers (ODFs) and 

by helically arranged mitochondria forming the mitochondrial sheath. The ODFs are arranged on 

the outside of the mitochondrial sheath (Figure 15). 

 

2.2.1 The mitochondrial sheath 

Mitochondria are known sources of energy in somatic cells, however sperm metabolism and the 

source of energy for sperm movement has been a matter of debate. Both oxidative phosphorylation 

in mitochondria and glycolysis appear to contribute to sperm motility in mammals. While 

glycolysis appears to be the main source, these observations may be species-dependent (Freitas, 

Vijayaraghavan, and Fardilha 2017; Losano et al. 2018). 

2.2.2 The annulus 

The midpiece and principal piece are separated into distinct membrane domains by a ring-like 

cytoskeletal structure called the annulus (Figure 16) (Shen et al. 2017; Korneev et al. 2021). The 

function and protein composition of the annulus are not fully understood. It is believed to serve as 

a protein diffusion barrier and is important for a correct organization of the midpiece. Its known 

components are members of the septin family (SEPT 1, 2, 4, 6, 7, 12) whose absence was linked 

to abnormal sperm morphology, motility defects and male infertility (Kwitny, Klaus, and 

Hunnicutt 2010; Touré et al. 2021; Shen et al. 2017; Kissel et al. 2005). 

Figure 15: Structure of a mammalian midpiece. Outer 

dense fibers are numbered. Adapted from Linck, 

Chemes, and Albertini 2016.  
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2.3 THE PRINCIPAL PIECE 

In the principal piece, the mitochondrial sheath is no longer present. The axoneme in the principal 

piece is surrounded by seven ODFs that extend from the midpiece. Two ODFs, numbers 3 and 8, 

are replaced by longitudinal columns. The ODFs are surrounded by the fibrous sheath (FS) (Figure 

17). 

2.3.1 Outer dense fibers 

ODFs are keratin-like filaments (Abraham L. Kierszenbaum 2002a). They provide elasticity, 

structural integrity, and shear resistance to the flagellum. They are anchored at the base of the 

flagellum. ODFs have a strong connection to the outer MT doublets and each individual ODF is 

associated with one outer MT doublet in the midpiece and in the principal piece (Olson and 

Sammons 1980; Mari S Lehti and Sironen 2017; Lindemann and Lesich 2016) (Figure 15, Figure 

17). 

A 

B 

Figure 16: Electron microscopy images of a mouse 

sperm midpiece showing helically arranged 

mitochondria and the annulus. Mitochondria are 

absent from the principal piece and the axoneme is 

surrounded by the fibrous sheath. Abbreviations: 

mitochondrion (Mi/ M), axoneme (Ax), annulus 

(An), fibrous sheath (FS). (A) From Shen et al. 2017. 

(B) From Korneev et al. 2021. 

Figure 17: Structure of a mammalian principal 

piece. Outer dense fibers and longitudinal columns 

are numbered. Adapted from Linck, Chemes, and 

Albertini 2016. 
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ODFs contain at least 14 proteins including coiled-coil proteins ODF1, ODF2, ODF3 (also called 

Shippo 1) (Egydio de Carvalho et al. 2002), ODF4 (also called Oppo1) (Nakamura et al. 2002), 

PMFBP1 (also called Stap, first identified as ODF3) (Ohuchi et al. 2001; Petersen et al. 2002), 

SPAG5 (Fitzgerald, Oko, and van der Hoorn 2006), tektin Tekt4 (Iida et al. 2006), TPX-1 

(O’Bryan et al. 2001), VDAC2 and VDAC3 (Hinsch et al. 2004). 

ODF proteins are present at multiple locations in the cell other than the ODFs. ODF1 (also known 

as ODF27) and ODF2 (also known as ODF84) interact, and together with PMFBP1 are present at 

the connecting piece (Schalles et al. 1998; Fuxi Zhu et al. 2018). ODF2 localizes to centrioles and 

basal bodies in somatic cells (Schweizer and Hoyer-Fender 2009; Kashihara et al. 2019). Tektins 

are alpha-helical coiled-coil proteins are associated with axonemal and centriolar microtubules 

(Amos 2008) and Tektin5 is a MIP in cilia of bovine trachea cells (Gui, Farley, et al. 2021). 

Mutations in ODF1 (P. Yang et al. 2001; Hoyer-Fender 2022), ODF2 (Z.-J. Zhu et al. 2022; Ito et 

al. 2019), and PMFBP1 (Yan-Wei Sha, Wang, Xu, et al. 2019; Fuxi Zhu et al. 2018), Tekt2 

(Tanaka et al. 2004) lead to infertility in humans and/ or mice. ODF1, ODF2 and PMFBP1 appear 

to be important for a proper connection of the sperm head and flagellum because their absence 

leads to acephalic spermatozoa, and malformed ODFs and the mitochondrial sheath. The absence 

of ODF2 was associated with MMAF in humans. 

2.3.2 The fibrous sheath 

The FS is formed of two long longitudinal columns connected to ODFs 3 and 8 in the anterior part 

of the principal piece. The columns are interlinked by semicircumferential ribs. The FS columns 

replace the ODFs in the middle and posterior part of the principal piece where they become 

associated with MT doublets 3 and 8. The size of the columns decreases towards the endpiece 

(Fawcett 1975; Eddy, Toshimori, and O’Brien 2003) (Figure 17). 

Along with ODFs, the fibrous sheath (FS) has a structural role in providing stability to the 

flagellum by restraining flagellar bending. It also serves as a platform for glycolytic enzymes and 

signaling molecules that provide a localized source of ATP for sperm motility (Eddy, Toshimori, 

and O’Brien 2003; Miki et al. 2002; Krisfalusi et al. 2006; Nakamura et al. 2002). More than 20 

FS proteins have been detected (Mari S Lehti and Sironen 2017). The major constituents of the FS 

are cAMP-dependent protein kinase (PKA) anchoring proteins (AKAP) AKAP3 and AKAP4. 
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AKAP3 is important for the formation of the FS and incorporates AKAP4 in later stages where it 

is important for the completion of the FS assembly (Brown et al. 2003). Mutations in AKAP3 (C. 

Liu et al. 2022) and AKAP4 (Miki et al. 2002; G. Zhang et al. 2021), as well as in another FS 

component, FSIP2 (Martinez et al. 2018; W. Liu et al. 2019), were associated with male infertility. 

The absence of AKAP3 and FSIP2 caused disruptions of the fibrous sheath and MMAF. 

2.4 THE ENDPIECE 

Finally, the endpiece, also called the terminal piece, is only formed by an axoneme that is enclosed 

by a plasma membrane (Figure 18). At the end of the flagellum, the 9+2 arrangement is lost, and 

axonemal doublets become singlets. This zone is referred to as the singlet region. Both singlet A-

tubules and B-tubules can extend to the tip in humans. The singlets were shown to appear in 

humans and in mice in two different ways: by splitting of the doublets into two singlets or by the 

abrupt termination of the B-tubule (Zabeo, Croft, and Höög 2019; Leung et al. 2021). 

A 

B 

C D 

Figure 18: Cryo-electron tomography of human (A, B) and mouse (C, D) axonemal endpieces showing the singlet 

zones. (A, B) Human endpieces showed high morphological heterogeneity. Abbreviations: microtubule (MT), plasma 

membrane (PM). From Zabeo, Croft, and Höög 2019. (C) Mouse singlet zone with insets showing a plug in the 

microtubule lumen (arrowhead). (D) Splitting of microtubule doublets in mouse sperm show separating an A- (At) and 

a B-tubule (Bt) into two singlets (left, panel i), and a B-tubule ending abruptly while the A-tubule continues to extend 

(right, panel ii). Scale bars: C = 250 nm, D = 25 nm. From Leung et al. 2021. 
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Endpiece MTs were also capped by a plug that was extending ~30 nm into the MT lumen, 

suggesting a possible stabilizing structure that could prevent MTs from depolymerizing. A similar 

plug was also observed in pigs and horses (Leung et al. 2021). 

2.5 THE CONNECTING PIECE 

The connecting piece, also called head-tail coupling apparatus (HTCA) or sperm neck, provides a 

link between the sperm head and the flagellum. It contains a centriole pair composed of a proximal 

(PC) and a distal centriole (DC), and associated structures including the base plate, capitulum, and 

segmented columns also called striated or cross-striated columns. The PC is positioned below the 

nucleus, and the DC is positioned further away from the nucleus and gives rise to the sperm 

flagellum. The general architecture of the HTCA appears to be conserved among mammals even-

though the precise shape and dimensions vary (Leung et al. 2021; Woolley and Fawcett 1973). 

The HTCA shows a marked left–right and dorsoventral asymmetry (Figure 19, Figure 20). The 

HTCA and the sperm nucleus are connected at the basal plate, a local electron-dense thickening of 

the nuclear membrane. The caudal pole of the nucleus where the HTCA docks is called the 

implantation fossa. The basal plate is connected to the capitulum through numerous fine bridging 

filaments that are oriented perpendicular to the two surfaces. The capitulum is a thin electron-

dense fibrous structure that lies between two lighter sections. Below the capitulum is a cylindrical 

niche that encloses the proximal centriole (PC). The PC is oriented with its distal end in the 

direction of the flattening of the sperm head. The distal centriole (DC) is oriented perpendicular to 

the PC and is prolonged by the axonemal microtubules. One or both centrioles are lost from mature 

spermatozoa in many species (see below). The presumably empty space where the DC has been, 

is referred to as the vault. The capitulum fuses caudally with the segmented columns (SC) that 

have a banded appearance and follow a conserved pattern of light and dark bands with a conserved 

periodicity. The SCs form nine cross-striated columns that create a chamber englobing the 

centrioles. The SCs gradually separate into nine SCs and fuse with the nine ODFs in the midpiece 

(Fawcett and Phillips 1969; Tapia Contreras and Hoyer-Fender 2021). 
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The structure of the HTCA in mature spermatozoa varies among different species. For a long time, 

it was believed that sperm centrioles and their associated pericentriolar material partially or fully 

disintegrate in a process called centrosome reduction. Centriole disintegration was shown to begin 

during spermiogenesis and it is completed during the transit through the epididymis. Rodents 

(mice, rats, hamsters) lose both centrioles, whereas humans, bulls, pigs, and sheep retain the PC 

while the DC degenerates. The DC leaves an empty vault with remnants of microtubules that 

protrude from the sperm flagellum (Woolley and Fawcett 1973; Manandhar et al. 1999; Fawcett 

and Phillips 1969; Avidor-Reiss et al. 2015).  

While still true for many species, recent work by Fishman et al. in 2018 showed that human and 

bull spermatozoa retain an atypical DC (Figure 20) (Fishman et al. 2018). The atypical DC is 

highly remodelled and shows modifications in the composition and location of centrosomal 

proteins. It is composed of splayed microtubules that extend from the axoneme, surround the vault, 

and form an inverted cone facing the sperm nucleus. On the outside, the atypical DC is surrounded 

by SCs, ODFs and mitochondria. Splayed microtubules of the atypical DC were also observed in 

pigs and horses (Leung et al. 2021). 

Mouse spermatozoa do not have recognizable centrioles. However, some centriolar MTs of the PC 

were shown to remain, suggesting an incomplete degeneration (Figure 20C). A pair of singlet MTs 

was shown to extend beyond the axoneme into the vault. 

Figure 19: Structural elements of a mammalian HTCA. Abbreviations: proximal centriole (pc), microtubules (MTs), 

outer dense fibers (ODFs). From Tapia Contreras and Hoyer-Fender 2021. 
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Figure 20: Comparison of the human and mouse connecting piece. (A) Schematic description of the HTCA 

in human (left) and mouse (right) showing morphological differences, a proximal and an atypical distal 

centriole in humans and the absence of both centrioles in the mouse. From Avidor-Reiss et al. 2019. (B) 

Longitudinal sections of the HTCA in human showing the splayed microtubules of the atypical distal centriole 

that surround the electron light vault (V). Images were taken using electron microscopy with high-pressure 

freezing. Scale bar = 200 nm. Abbreviation: nucleus (N), axoneme (Ax), striated column (S), mitochondrion 

(M). From Fishman et al. 2018. (C) Longitudinal section and 3D reconstructions of mouse sperm HTCA. View 

from the top (iv) and bottom (v). Microtubule doublets (A-tubule in light blue, B-tubulin in dark blue), singlets 

(pink). Images were obtained using cryo-electron tomography. Abbreviations: basal plate (bp), striated column 

(sc), nucleus (nuc), mitochondrion (mito), outer dense fiber (odf). Scale bar = 250 nm. From Leung et al., 

2021. 



  Chapter 2: Spermatogenesis 

Page | 25  

CHAPTER 2: SPERMATOGENESIS 

1 DESCRIPTION OF THE SEMINIFEROUS EPITHELIUM 

Testes are organs in the scrotum whose two major functions are: the production of male hormones 

and the formation of spermatozoa. The testis is filled with a well-organized network of hundreds 

of coiled lobes called seminiferous tubules where spermatogenesis occurs. 

Seminiferous tubules are surrounded by connective tissue that contains nerve fibers and blood and 

lymphatic vessels (Figure 21) (Varuzhanyan and Chan 2020). In the mouse, lymphatic vessels do 

not penetrate the entire organ (Svingen et al. 2012). Major cell types in the connective tissue 

include Leydig cells, fibroblasts, lymphocytes, and macrophages. Leydig cells are important 

hormonal regulators of spermatogenesis. They produce androgens including testosterone, and 

influence the production of growth factors and steroid hormones (Zhou et al. 2019).  

Figure 21: Organization of the testis and the seminiferous epithelium in the mouse. Testis anatomy adapted from 

Varuzhanyan and Chan 2020, right images adapted from 

http://medcell.med.yale.edu/systems_cell_biology/male_reproductive_system_lab.php. 



  Chapter 2: Spermatogenesis 

Page | 26  

Immune cells protect the developing germ cells from microbial infections and from systemic 

immune attacks (L. Zhao et al. 2019). 

The seminiferous tubules are separated from the connective tissue by a basement membrane that 

contains extracellular matrix proteins and peritubular myoid cells. Myoid cells are contractile 

smooth muscle cells found on the periphery of seminiferous tubules. They are involved in the 

transport of spermatozoa in the tubule and in the movement of testicular fluid. One layer of myoid 

cells is present in rodents (mice, rats, hamsters) whereas humans have 5-7 layers (Maekawa, 

Kamimura, and Nagano 1996). 

The epithelium of seminiferous tubules is composed of somatic Sertoli cells and of germ cells at 

different stages of differentiation. Less mature cells are on the periphery and maturing cells arrange 

radially towards the centre of the tubule. The most mature germ cells in the testis are testicular 

spermatozoa that were released into the lumen of seminiferous tubules via a process called 

spermiation. They subsequently travel to the rete testis and through efferent ducts to mature in the 

epididymis. The sperm then move through the vas deferens and are released through the urethra in 

the middle of the penis. 

Sertoli cells are the somatic cells that reside among germ cells within seminiferous tubules. They 

are polarised and irregular cells that span from the basement membrane to the tubule lumen. They 

have highly complex and dynamic structure and function (Figure 22, Figure 23) (Wong and Russell 

1983; França et al. 2016; Vogl, Weis, and Pfeiffer 1995). Their long cytoplasmic processes 

envelop multiple generations of developing germ cells, and nurture and position them throughout 

their differentiation. 

Sertoli cells form many intercellular bridges with adjacent Sertoli cells and germ cells. These tight 

junctions, along with Sertoli’s ectoplasmic specializations, desmosomes, and gap junctions, 

contribute to the formation of the blood-testis barrier which divides the seminiferous epithelium 

into the basal and the adluminal compartments. The basal compartment contains spermatogonia 

and preleptotene spermatocytes, whereas primary and secondary spermatocytes, and round and 

elongated spermatids reside in the adluminal compartment. The function of the blood-testis barrier 

is to create an immunopriviledged environment for the developing germ cells (Mruk and Cheng 

2015). 
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Early spermatids attach to Sertoli cell crypts and become increasingly more embedded inside them 

as they elongate (Figure 23). Sertoli cells form ectoplasmic specializations, testis-specific and 

actin-based tight junctions that form with maturing spermatids. They localize close to the 

developing acrosome at the moment when the cell polarizes, and the acrosome comes in contact 

with the plasma membrane. Sertoli cells orient and transport elongating spermatids within the 

seminiferous epithelium toward the lumen. They exert forces on the sperm nucleus during 

spermatid elongation. During the last stages of spermatid elongation, actin-filament related 

structures called tubulobulbar complex form between Sertoli cells and the maturing spermatids, 

and participate in the removal of excess cytoplasm and disengagement of mature spermatids from 

the epithelium during spermiation (Hess and Vogl 2015; França et al. 2016; Liying Wang et al. 

2022). 

  

(B) 

Figure 22: Sertoli cell morphology. (A) Mouse seminiferous epithelium observed with light microscopy. A large 

Sertoli cell nucleus is positioned adjacent to the basement membrane. The Sertoli cell is in intimate contact with 

developing germ cell: pachytene spermatocytes are adjacent to the Sertoli cell cytoplasm and elongating spermatids 

are located deep inside the crypts of Sertoli cell cytoplasm. Scale bar = 12 µm. (B) 3D model of a rat Sertoli cell 

forming crypts where elongating spermatids are embedded. From V. Wong and Russell 1983. (C) Immunofluorescence 

microscopy of an isolated Sertoli cell showing tubulin (green) and F-actin (red). Actin stains intercellular bridges 

and ectoplasmic specializations. Numerous junctions are associated with elongating spermatid heads. Scale bar = 10 

µm. From França et al. 2016, based on Vogl et al., 1995. 
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2 STAGES OF SPERMATOGENESIS 

Spermatogenesis is a highly complex and well-coordinated process. It occurs in a continuous 

manner throughout the reproductive lifetime and leads to the production of millions of 

spermatozoa per day. This process is regulated through the interplay of hormones and tight 

interactions between germ cells and supporting somatic cells (Griswold 2016). 

Spermatogenesis occurs in three phases: the multiplication phase, meiosis, and spermiogenesis 

(Figure 24). It is estimated to last approximately 74 days in humans (Heller and Clermont 1964) 

and 34.5 days in mice (Oakberg 1956b).  

Figure 23: Schematic drawing of Sertoli cell interactions with germ cells and key functions of Sertoli cells. (1) 

Sertoli cells provide micronutrients across junctional complexes, (2) phagocyte waste and leftover cytoplasm of 

elongated spermatids, (3) maintain the blood-testis barrier through intercellular bridges that sequesters most of 

autoimmunogenic germ cells to the adluminal compartment, (4) adhere to and communicate with germ cells, (5) 

inhibit immune reactions by secreting immunoregulatory factors to regulate the immune response and maintain 

immune privilege, (6) initiate and respond to endocrine signaling pathways, (7) initiate and regulate the cycle of 

the seminiferous epithelium (see chapter 2: Spermatogenesis, subchapter 2.3.1), (8) maintain stem cell 

homeostasis. From França et al. 2016, based on Hess and Vogl 2015. 
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The multiplication phase includes multiple divisions and differentiation of spermatogonial stem 

cells that give rise to primary spermatocytes committed to meiosis. Diploid spermatocytes undergo 

two meiotic divisions, with no intervening DNA synthesis, and produce haploid round spermatids. 

During spermiogenesis, round spermatids undergo important cytological and morphological 

changes including chromatin condensation, nuclear shaping, and the formation of the acrosome 

and the sperm tail, leading to the formation of testicular spermatozoa that are released into the 

lumen of seminiferous tubules. 

2.1 THE MULTIPLICATION PHASE 

Spermatogonia are located on the periphery of the seminiferous epithelium and adhere to the 

basement membrane. Stem cells are very rare cells and represent only 0.03% of all male germ cells 

in the mouse (Tagelenbosch and de Rooij 1993). More spermatogonial subtypes are present in 

mice than in humans (Boitani et al. 2016). The different populations in both species can be 

distinguished based on their size and morphology, molecular markers and specific gene expression 

profiles (von Kopylow and Spiess 2017; T. Zhang et al. 2014; Boitani et al. 2016). 

Spermatogonial stem cells (AS) regularly divide and either self-renew by mitosis to maintain a 

stem cell population or begin the differentiation pathway to eventually produce spermatozoa 

(Figure 24). In mice, a division of the AS can give rise to two AS or to a pair of spermatogonia 

(Apaired) that stay interconnected by an intracytoplasmic bridge. Intercellular bridges result from 

incomplete cytokinesis and allow “cytoplasmic sharing” of signalling molecules. Intercellular 

bridges are formed in all subsequent divisions and persist between cells from the same generation 

(Niedenberger et al. 2018; Greenbaum et al. 2011). These cells divide by mitosis to produce a long 

chain of 8 or 16 spermatogonia (Aaligned). One AS will produce 16 Aaligned spermatogonia. The AS, 

Apaired, and Aaligned represent a pool of “undifferentiated spermatogonia”. 

The Aaligned spermatogonia can differentiate into A1 spermatogonia that represent the 

“differentiating spermatogonia.” They subsequently divided by mitosis several times to produce 

type B spermatogonia (A1 -> A2 -> A3 -> A4 -> Intermediate spermatogonia -> B).  

In humans and monkeys, there are three distinct populations of spermatogonia: dark type A (Adark), 

pale type A (Apale), and type B. Type A spermatogonia are believed to be the counterpart of mouse 

undifferentiated spermatogonia. Adark and some of the Apale spermatogonia appear to be the stem 
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cell population at different stages of the cell cycle. They undergo 1-2 amplifying divisions before 

they differentiate into type B spermatogonia, which represent the “differentiated spermatogonia”.  

Type B spermatogonia in both species are committed to enter meiosis. They divide to produce 

primary spermatocytes that undergo DNA duplication and enter meiosis (Fayomi and Orwig 2018; 

Boitani et al. 2016). 

2.2 MEIOSIS OR MATURATION PHASE 

The meiosis phase is also known as the maturation phase. Meiosis I is “reductive” and is 

characterized by the separation of homologous chromosome pairs. It begins with an extended 

prophase I that can be divided into 5 phases: leptotene, zygotene, pachytene, diplotene, and 

diakinesis. Chromatin begins to condense (leptotene), homologous chromosomes start to 

Figure 24: Schematic illustration of mouse spermatogenesis. One A1 spermatogonium can give rise to up to 128 

spermatozoa. Abbreviations: blood-testis barrier (BTB). From Varuzhanyan and Chan 2020. 
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physically pair along their length and a synapsis forms (zygotene). Homologous chromosomes 

remain connected due to a proteinaceous structure called the “synaptonemal complex” (Figure 25). 

The synapsis enables recombination between non-sister chromatids of homologous chromosomes 

that occurs during the pachytene stage. The synaptonemal complex begins to disassemble during 

the diplotene stage and is completely lost in diakinesis. Homologous chromosomes only remain 

connected at chiasmata, locations where recombination occurred. These connections remain until 

metaphase I to ensure that homologs remain paired. The meiotic spindle begins to form during 

diakinesis, primary spermatocytes divide and give rise to secondary spermatocytes that can enter 

meiosis II. Meiosis II is “equational” and leads to the separation of sister chromatids to produce 

haploid spermatids (Cohen, Pollack, and Pollard 2006; Handel and Schimenti 2010; Jan et al. 2012; 

Bolcun-Filas and Handel 2018). 

Figure 25: Schematic illustration of the assembly and dissociation of the synaptonemal complex in prophase I of 

meiosis I. The DNA has been duplicated during pre-meiotic S-phase and each chromosome consists of two sister 

chromatids. A conserved scaffold called the axial element assembles between sister chromatids, organizes chromatin 

into linear arrays of loops and recruits the recombination machinery (leptotene). Axial elements of homologous 

chromosomes pair to form the lateral elements of the synaptonemal complex (zygotene). Autosomal homologous 

chromosomes have fully synapsed (pachytene), and the recombination machinery allows the formation of crossovers. 

Chiasmata constitute DNA links between the homologues where DNA recombined. The synaptonemal complex 

disassembles and axial elements separate (diplotene). The disassembly is immediately followed by DNA condensation 

and first meiotic division. From Burgoyne, Mahadevaiah, and Turner 2007. 
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2.3 SPERMIOGENESIS 

Spermiogenesis is the differentiation phase of spermatogenesis, and no cell division occurs in this 

phase. Round spermatids undergo complex cytodifferentiation including an elongation and 

flattening of the sperm head, chromatin condensation due to the histone-protamine exchange, and 

the assembly of the flagellum. 

2.3.1 The cycle of the seminiferous epithelium and stages of spermiogenesis 

The organization of the seminiferous epithelium slightly varies between humans and mice. Here, 

we will focus on the description in the mouse that will serve for the comprehension of the thesis.  

The seminiferous epithelium is well-organized in time and space and undergoes a repetitious series 

of changes. Cross-sections of seminiferous tubules revealed that germ cells at specific stages of 

development are always found together. These groupings are called “cellular associations” 

(Oakberg 1956a). This is because the kinetic of spermatogenesis is very precise and spermatogenic 

stem cells divide in regular intervals (Clermont 1972). The number of cellular associations is 

limited but contains all the stages of spermatogenesis. One “cycle of the seminiferous epithelium” 

represents one cycle of spermatogenesis, from spermatogonia to testicular spermatozoa, that 

occurs over time in a given point of the tubule (Leblond and Clermont 1952). In the mouse, one 

cycle lasts 8.6 days and spermatogenesis requires 4 cycles to complete, therefore the length of 

spermatogenesis was estimated at 34.5 days (Oakberg 1956b) (Figure 26) (Sugimoto, Nabeshima, 

and Yoshida 2012). 

In the mouse, Oakberg identified 12 distinct cellular associations that are referred to as stages. The 

12 stages correspond to one cycle of the seminiferous epithelium (Oakberg 1956a). Based on 

morphological changes, however, spermiogenesis can be divided into 16 steps. Stages are denoted 

by Roman numerals (I-XII) while steps use Arabic numerals (1-16). The completion of 

spermatogenesis is longer than the 12 stages. The first 12 steps of spermatid development follow 

the 12 stages of spermiogenesis and then step 13 continues into stage I. Spermiogenesis is 

completed at step 16 and stage VIII of the following cycle. Hence, stages I-VIII contain two 

generations of spermatids in different stages of differentiation (Figure 27). 



  Chapter 2: Spermatogenesis 

Page | 33  

  

The stages and steps of spermiogenesis can be primarily distinguished based on the spreading of 

the spermatid acrosome and based on the types of cells (cellular associations) that are present, their 

localization and orientation within the tubule (Oakberg 1956a; L.D. Russell et al. 1990; Ahmed 

and de Rooij 2009; Meistrich and Hess 2013). A useful binary decisional tree to distinguish 

different stages was published by Meistrich & Hess (Meistrich and Hess 2013) and Nakata et al. 

described the different stages using fluorescence microscopy as well as histochemistry (Nakata et 

al. 2015). 

Based on the development of the acrosome, we can distinguish: the initiation or Golgi phase (steps 

1-3), cap phase (steps 4-7), acrosomal phase (steps 8-12), and maturation phase (steps 13-16). 

Figure 26: Schematic representation of the cycle of the seminiferous epithelium in the mouse. Abbreviations: 

spermatogonia (A1–A4, Intermediate (In), type B), primary spermatocytes (preleptotene (PL), leptotene (L), 

zygotene (Z), early pachytene (EP), late pachytene (LP), diplotene (D)), meiotic divisions and secondary 

spermatocytes (M), round spermatids (RT) and elongated spermatids (ET). From Sugimoto, Nabeshima, and Yoshida 

2012. 
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2.3.2 The initiation or Golgi phase 

The initiation/ Golgi phase (steps 1-3, stages I-III) is characterized by the formation of the 

acrosomal vesicle (Figure 28). Newly formed step 1 spermatids are round, 30-40% smaller than 

secondary spermatocytes, and their nucleus is less condensed and positioned in the center of the 

cell. The Golgi apparatus is positioned close to the nucleus. Small proacrosomal vesicles derived 

from the trans-Golgi compartment and from the endocytic pathway accumulate near the nuclear 

membrane. These vesicles contain “granules” composed of acrosomal proteins. The proacrosomal 

vesicles fuse together and their granular contents accumulates (step 2). A single, large acrosomal 

vesicle forms, comes in contact with the nucleus and becomes embedded into an indentation in the 

nuclear envelope (step 3). The acrosomal vesicle remains rounded. 

Correct orientation of the Golgi apparatus towards the developing acrosome is essential for 

acrosome formation and requires an intact microtubule network (Elkis et al. 2015; Moreno, 

Palomino, and Schatten 2006). Vesicle transport from the Golgi to the acrosome is mediated along 

microtubule and F-actin tracks (A.L. Kierszenbaum, Rivkin, and Tres 2003). 

In step 1 spermatids, a pair of centrioles migrates to the periphery of the cell and an axoneme 

begins to form from the distal centriole. 

Figure 27: Spermatogenesis stages in mouse development. The distribution of 16 steps of spermiogenesis during 12 

stages of spermatogenesis. From Meistrich and Hess 2013. 
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2.3.3 The cap phase 

During the cap phase (steps 4-7, stages IV-VII), the acrosomal vesicle continues to incorporate 

more proacrosomal vesicles and begins to flatten over the nucleus (Figure 29). The acrosomal 

granule within the vesicle moves toward the nucleus and contacts the inner acrosomal membrane 

in the center of the acrosome (step 4). The vesicle flattens (step 5) and gradually begins to spread 

over the nucleus to form a cap. It covers 1/3rd of the nucleus (step 6), then spreads further to cover 

up to 1/2 of the nucleus (step 7). 

The developing acrosome is anchored to the nucleus through a cytoskeletal attachment plate called 

the acroplaxome. It is believed to secure the acrosome in place during spermatid elongation and 

facilitate its spreading over the nucleus. Proacrosomal vesicles adhere to the acroplaxome during 

acrosome biogenesis. The acroplaxome is particularly composed of F-actin and keratin 5. Keratin 

5 is present in the inner acrosomal membrane and interacts with intermediate filaments in the 

nuclear envelope. The structure is present in mouse, rat, and human spermatids (Abraham L. 

Kierszenbaum, Rivkin, and Tres 2003; Abraham L. Kierszenbaum and Tres 2004). The 

acroplaxome also participates in the docking of the acrosomal granule in the center of the acrosome 

which is important for the symmetrical development of the acrosome (Zakrzewski et al. 2020). 

In step 5 spermatids, the centriole pair with an attached axoneme migrate from the periphery to 

the caudal nuclear pole and begin to assemble the connecting piece. 

Step 3 

Figure 28: The initiation/ Golgi phase in mouse spermatids showing the formation of the proacrosomal vesicle and 

its attachment to the nuclear envelope. In step 1 spermatid, the yellow arrow shows pro-acrosomal vesicles 

containing pro-acrosomal granules, and their adherence location, the acroplaxome, is shown by orange arrows. 

Abbreviations: nucleus (Nu), cis-Golgi (cG), acrosome (Ac). Scale bar = 1 µm. Step 1-2 are from Pleuger et al. 2020 

and step 3 is from Elkis et al. 2015. 
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2.3.4 The acrosomal phase 

The acrosomal phase (step 8-12, stages VIII-XII) is characterized by the elongation and shaping 

of the nucleus (Figure 30). Until this moment, the nucleus was positioned in the center of the cell. 

In step 8, the nucleus with the acrosome make contact with the cell plasma membrane and the 

spermatid reorients with the acrosome facing the basement membrane of the seminiferous tubule. 

The Golgi apparatus, that was previously positioned close to the developing acrosome, has moved 

to the caudal pole of the cell. The acrosome spreads and covers 1/3rd of the nucleus. The manchette, 

a transient microtubule-based structure forms in step 8 spermatids. It is anchored in the perinuclear 

ring and surrounds the posterior 2/3rds of the nucleus. The role of the manchette in spermatid 

elongation and head-shaping, and in protein trafficking will be discussed below and in Chapter 8: 

Nuclear remodelling and intramanchette transport. The nucleus slightly loses its round symmetry 

and begins to elongate. 

During the following steps (step 9-15), the nucleus continues to elongate and flatten, and slowly 

takes on the slender, hooked form with a dominant apex of a mature spermatozoon (Figure 30). 

The acrosome spreads over the rounded dorsal surface of the elongating spermatid. The manchette 

descends the nucleus in a zipper-like manner (step 8-13) and is surrounded on both sides by 

flattened cisterns of the endoplasmic reticulum. 

Figure 29: The cap phase showing a growth of the proacrosomal vesicle and its spreading over the spermatid 

nucleus. Nucleus (Nu). Scale bar = 1 µm in steps 4 & 6, = 5 µm in step 7-8. Images of step 4, 6 spermatids are from 

Pleuger et al. 2020 and step 7 from Shang et al. 2017. 

Step ~7 
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The histone-to-protamine exchange is believed to start at step 10, the histones disappear by step 

12, and transition proteins are replaced by protamines by step 15 (Rathke et al. 2014).  

The annulus begins to form as an accumulation of dense material that encircles the junction 

between the distal centriole and the axoneme. The exact timing of annulus formation is not clear, 

however it is usually first described at the moment when the PC has already docked to the nucleus 

(~ step 5-9) (Dooher and Bennett 1973; Fawcett, Eddy, and Phillips 1970). An annulus protein 

septin SEPT4, that is present at the annulus in mature spermatozoa, appears at the neck region at 

step 9 spermatids (Guan, Kinoshita, and Yuan 2009). 

2.3.5 The maturation phase 

During the maturation phase (step 12 or 13-16, stages XII-VIII), nuclear condensation takes place 

in a gradual manner (step 12-14), the manchette disassembles (step 13-14), and the nucleus of the 

elongated spermatid reaches the appearance of a mature spermatozoon (step 14-15) (Figure 30, 

Figure 31). The annulus migrates caudally (step 15), and mitochondria, scattered in the cytoplasm, 

arrange in a helical manner along the axoneme to form the sperm midpiece (step 15) (Figure 31, 

Figure 32). 

Figure 30: The acrosomal phase in the mouse. Green arrows show the position of the manchette. Scale bar = 1 μm. 

The step 8 spermatid has already assembled a manchette. Nuclear condensation in the ~11 step spermatid has begun 

and continues from the tip of the head towards the flagellum. Step 8 and 11 spermatids are from Crapster et al. 2020 

and other images were adapted from Pleuger et al. 2020. 
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Formation of the mitochondrial sheath is not fully understood. Mitochondria need to be transported 

from the cytoplasm to the spermatid flagellum and then restructured and arranged into a left-

handed helix around the ODFs (Figure 31, Figure 32) (Otani et al. 1988; Ho and Wey 2007). The 

relocation of mitochondria might be mediated along manchette MTs via the plus-end-directed 

motor KLC3 (Pleuger et al. 2020; Dunleavy et al. 2019). The kinesin light chain 3 (KLC3) is 

highly expressed during this phase of spermiogenesis and has been shown to interact with ODFs 

and with mitochondria either directly or via an adapter. Similar to dynein, conventional kinesin is 

a homodimer and consists of two heavy chains and two light chains. Each heavy chain contains a 

motor domain and a MT-binding domain at the head, a coiled-coil stalk, and a cargo-binding 

domain at the C-terminal tail. The light chain interacts with the heavy chains near the C-terminus 

(Woehlke and Schliwa 2000). At the cell periphery, mitochondria are associated with dynein and 

kinesin (Figure 31, step 11). KLC3 is thought to disrupt their interaction with kinesin that could 

lead to a dynein-mediated movement of mitochondria towards the flagellum (step 14). At the 

midpiece, KLC3 associated with mitochondria could mediate their interaction with ODFs (Ying 

Zhang et al. 2012). Consistent with the hypothesis that mitochondrial migration is mediated along 

Figure 31: A proposed model for spermatid elongation and the assembly of the mitochondrial sheath. See text for 

explanation. Adapted from Pleuger et al. 2020. 
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manchette MTs is the fact that defects in the manchette are also associated with a disorganized 

mitochondrial sheath (Dunleavy et al. 2019; Pleuger et al. 2020). In mice, F-actin forms a double 

helix in the midpiece that accompanies mitochondria (Gervasi et al. 2018). The local arrangement 

of mitochondria into the helix might be mediated by myosin, an actin motor protein, along actin 

tracks. Myosin was shown to interact with mitochondria in somatic and male germ cells in non-

mammalian species (Y.-R. Li and Yang 2016). 

Finally, at the end of the maturation phase, mature elongated spermatids can be released into the 

lumen of seminiferous tubules via spermiation (step 16). 

The descriptions were based on mouse histological observations of Oakberg and Fawcett, electron 

microscopy by Dooher & Bennett and excellent electron microscopy pictures and a comprehensive 

review by Russel et al. (Oakberg 1956a; Fawcett, Eddy, and Phillips 1970; Fawcett and Phillips 

1969; Dooher and Bennett 1973; L.D. Russell et al. 1990). 

Figure 32: Assembly of the mitochondrial sheath during step 15 in mouse spermiogenesis. The assembly can be 

divided into 4 stages. At stage 1 (A), spherical mitochondria are regularly attached around the ODFs of the midpiece 

and form four dextral longitudinal arrays. At stage 2 (B-D), mitochondria laterally elongate along the ODFs. 

Mitochondrial pairs from opposing arrays connect and form a ring-like structure. (C) Arrows show the attachment 

point of elongating mitochondria to the ODFs. Some mitochondria were lost during sample preparation, leaving 

empty gaps. At stage 3 (E), mitochondria continue to elongate and slide past each other at the contact points, forming 

a double helical structure. At stage 4 (F), mitochondria become rod-shaped and join end-to-end. Scale bar = 1 µm. 

From Ho and Wey 2007. 
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3 THE FIRST WAVE OF SPERMATOGENESIS 

The first round of spermatogenesis is termed the “first wave” and leads to the formation of the first 

generation of spermatozoa from spermatogonia. In the mouse, it starts early after birth (Figure 33) 

(Ibtisham et al. 2017). By postnatal day 6, the seminiferous epithelium only contains two types of 

cells: Sertoli cells and primitive type A spermatogonia. Type A and B spermatogonia are present 

on postnatal day 8, preleptotene spermatocytes appear on day 8, leptotene spermatocytes on day 

10, and zygotene spermatocytes are first observed on day 12. Primary spermatocytes differentiate 

into early pachytene stage by day 14 and reach the late pachytene stage on day 18. The onset of 

spermiogenesis and the appearance of round spermatids occurs on days 20-21. Spermatid 

elongation continues until postnatal days 30-35 when testicular spermatozoa can be observed 

(Bellve et al. 1977). This study was done on CD-1 mice. Others, based on B6C3F1/J mice, mention 

the appearance of round spermatids already at day 18 and elongated spermatids at day 30 (Janca, 

Jost, and Evenson 1986). 

 

  

Figure 33: Developmental timeline of male germ cells in the mouse. Successful fertilization leads to the formation 

of a zygote that develops into a blastocyst containing embryonic stem cells (ESC) in the inner cell mass. Primordial 

germ cells (PGCs) appear shortly before gastrulation, migrate to the fetal gonad where they differentiate into 

prospermatogonia/ gonocytes and become arrested in seminiferous tubules until after birth. Gonocytes undergo 

spermatogenesis and give rise to spermatozoa at puberty. From Ibtisham et al. 2017. 
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4 DEVELOPMENT OF THE CONNECTING PIECE 

Development of the connecting piece, flagellum assembly and head-shaping are interlinked 

processes that will be described below. Overall, the description of the developing connecting piece 

is primarily based on the observations of Fawcett and Phillips in spermatids of various rodent 

species, including the mouse (Fawcett and Phillips 1969). The authors made similar observations 

between the different species and the above text should also apply to the development of mouse 

spermatids. 

4.1 CENTRIOLE DEVELOPMENT 

Until the round spermatid stage, germ cells have somatic-like centrioles composed of a mother 

(distal) and a daughter (proximal) centriole surrounded by pericentriolar material. The structure 

and function of centrioles is also discussed in Chapter 3: Microtubules and associated structures, 

subchapter 6: Microtubule-based structures. Centrioles in these germ cells participate in mitotic 

and meiotic cell division (Avidor-Reiss and Fishman 2019). A recent study showed for the first 

time, that the mother centriole can also form primary cilia in mouse meiotic cells, in late leptotene 

to zygotene spermatocytes. A group of interconnected spermatocytes were shown to share a single 

primary cilium. The authors hypothesized that spermatocytes within one group share signalling 

and sensory information from the environment. Primary cilia were not observed in later stages of 

meiosis (López-Jiménez et al. 2022). 

In early spermatids (step 1), the centriole pair transforms into a basal body. The centriole pair 

migrates from the Golgi region to the periphery of the cell where the distal centriole (DC) orients 

perpendicularly to the cell membrane, docks, and a simple (9+2) axoneme starts to assemble from 

the DC. The exact mechanism driving the attachment of the DC to the plasma membrane in 

spermatids is unknown. Since the flagellum is a modified motile cilium, this process might be 

similar to ciliogenesis. Mammalian spermatids are believed to use the extracellular pathway of 

ciliogenesis where the distal centriole docks directly to the plasma membrane, instead of a ciliary 

vesicle in the cytoplasm (intracellular pathway) (Figure 34) (Avidor-Reiss, Ha, and Basiri 2017; 

Sorokin 1962; Labat-de-Hoz et al. 2021a). The distal (mother), but not the proximal (daughter) 

centriole, has distal and subdistal appendages that are essential for cilia formation and function. 

More details about centriole structure can be found in Chapter 3: Microtubules and related 
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structures, subchapter 6: Microtubule-based structures. Distal appendages are important for 

anchoring ciliary vesicles in the intracellular pathway (N. A. Hall and Hehnly 2021), docking to 

the plasma membrane (Tanos et al. 2013), and they are also the assembly points for the recruitment 

of IFT trains (Deane et al. 2001), while subdistal appendages anchor microtubules and position 

centrioles and cilia within the cell (Delgehyr, Sillibourne, and Bornens 2005; Mazo et al. 2016; 

Tateishi et al. 2013). 

Following the anchoring to the plasma membrane, possibly via distal appendages, the axoneme 

develops in a compartment separated from the rest of the cytoplasm by a specialized gatekeeping 

Figure 34: Model of mammalian ciliogenesis. (A) During the intracellular route of primary ciliogenesis, small 

vesicles fuse to form a large ciliary vesicle at distal appendages of the mother centriole. An axoneme begins to form 

intracellularly and deforms the ciliary vesicle to create an inner membrane (shaft) and an outer membrane (sheath). 

The growing cilium becomes exposed in the plasma membrane. The sheath forms the ciliary pocket and the shaft gives 

rise to the ciliary membrane. (B) In mammalian spermatids, the axoneme fully forms within a compartmentalized 

cilium. A part of the axoneme that will become the midpiece becomes exposed to the cytoplasm as the annulus and the 

transition zone migrate along the axoneme. Proteins involved in this process are indicated. (A) from Avidor-Reiss, 

Ha, and Basiri 2017, (B) from Labat-de-Hoz et al. 2021a. 

A 

B 
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complex called the “transition zone” (Avidor-Reiss, Ha, and Basiri 2017). In cilia, the transition 

zone forms a membrane diffusion barrier that selectively regulates the movement of proteins 

between the cytoplasm and the ciliary compartment (Takao et al. 2017; Nachury 2018; Park and 

Leroux 2022). In male germ cells, the transition zone is synonymous with the annulus (Kwitny, 

Klaus, and Hunnicutt 2010; Avidor-Reiss, Ha, and Basiri 2017). 

First morphological changes in centrioles start to occur when the centriole pair is still at the 

periphery of the cell (Figure 35). A thin density starts to appear parallel to the long edge of the 

proximal centriole, and this site will become the future anchoring point of the centriole pair to the 

nucleus. One of the striated columns begins to form between the end of the proximal and parallel 

to the distal centriole. Later, in step 5 spermatids, the centriole pair with the membrane-bound 

axoneme starts to migrate toward the nucleus, invaginates the cell and the PC anchors to the caudal 

pole of the nucleus, forming the implantation fossa. The nuclear envelop locally indents and 

thickens to form the basal plate. 

As the spermatid continues to differentiate, the proximal centriole starts to progressively increase 

in length to form the centriolar adjunct (Figure 36). This structure disappears abruptly and 

completely in late stages of spermiogenesis. The adjunct has a similar structure to centrioles as it 

is composed of nine triplets of microtubules, however MTs are closer together and the walls of the 

B- and C-tubules do not fuse with the walls of the following subunits. The tip of the adjunct is 

Figure 35: Migration and maturation of the 

centriole pair. A flagellum has formed from the 

distal centriole at the periphery of the cell and the 

centriole pair hasn’t migrated to the nucleus yet 

(left, right top). The centriole begins its 

transformation into the HTCA at the cell periphery 

(right, top). The centriole pair has migrated and 

became anchored to the nucleus (right, bottom). 

Arrows show an accumulation of a thin density that 

will likely participate in the centriole-nucleus 

connection (right). The images on the right are 

from chinchilla spermatids. The image on the left is 

from Fawcett, Eddy, and Phillips 1970 and images 

on the right are from Fawcett and Phillips 1969. 
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capped with fibrous material and was suggested to form a MT aster in mouse spermatids 

(Manandhar et al. 1998; 1999). The role of the adjunct is unknown. A MT array appears to emanate 

from the centriolar adjunct during spermatid elongation, suggesting its possible involvement in 

manchette nucleation (Manandhar et al. 1998; M S Lehti and Sironen 2016). Another study 

suggested that, based on its position relative to the nucleus, it might regulate the flattening direction 

of the spermatid head (Kojima 1994). In humans, only a fraction of mature spermatozoa retains 

the centriolar adjunct and its presence is more prevalent in men with idiopathic infertility than in 

fertile men (Garanina et al. 2019). 

During nuclear condensation, both centrioles begin to organize material that is necessary for the 

formation of a mature HTCA (Figure 37). Dense material starts to accumulate between MT triplets 

in the wall of the proximal centriole. The material extends outward in different directions to form 

the future capitulum and striated columns. As the spermatid reaches maturity, a large amount of 

material accumulates beneath the capitulum. The proximal centriole becomes completely 

embedded in this material until the centriolar structure becomes hardly identifiable. Moreover, a 

mass of granular material also accumulates next to the distal centriole throughout HTCA 

formation. The origin of the material accumulating in centrioles is unknown. The distal centriole 

also undergoes profound morphological changes during chromatin condensation. Dense material 

begins to accumulate between the triplets of the distal centriole and gradually increases the spaces 

between them. The walls of the distal centrioles are no longer parallel but bow outward and the 

B C A 

Figure 36: The centriolar adjunct forms from the proximal centriole in an elongating spermatid. A cross-section 

of the proximal centriole (B) and the adjunct (C) shows differences in the shape of microtubule triplets. (A) Material 

accumulates at the end of the centriolar adjunct. Microtubules appear to emanate from the adjunct. (A) from the 

mouse, (B) from a Chinese hamster spermatid and (C) from a chinchilla spermatid. (A) from Manandhar et al. 1998, 

(B) and (C) from Fawcett and Phillips 1969. 
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centriole widens. The matrix gradually extends from the distal centriole and forms the distal 

portions of the striated columns. Moreover, the central MT pair extends through the cavity of the 

distal centriole and contacts the wall of the proximal centriole. Due to the separation of the 

microtubule triplets, the distal centriole loses its structural identity and becomes unrecognizable in 

mature mouse spermatids (Figure 20). 

 

4.2 ANNULUS DEVELOPMENT 

The annulus migrates from the centriole region to the junction between the midpiece and the 

principal piece (step 15). During this process, a part of the axoneme is exposed to the spermatid 

cytoplasm. Spherical mitochondria, that were previously distributed in the cytoplasm, start to 

alight around the axoneme, and progressively change their shape during mitochondrial compaction 

to form a tight helical conformation, as was discussed previously in Chapter 2: Spermatogenesis, 

subchapter 2.3.5 The maturation phase (Figure 39, Figure 32). 

Proximal centriole Distal centriole 

Figure 37: Accumulation of dense material between microtubule triplets of the proximal and distal centrioles. 

Images of the proximal centriole show the direction of the incoming material, that will give rise to the capitulum 

and striated columns. Images of the proximal centriole are from chinchilla spermatids, the distal centriole from a 

Chinese hamster. From Fawcett and Phillips 1969. 
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4.3 DEVELOPMENT OF PERI-AXONEMAL STRUCTURES 

Peri-axonemal accessory elements develop during the latest stages of spermiogenesis (Figure 39). 

The outer dense fibers (ODFs) assemble as very thin filaments along outer MT doublets in the 

whole flagellum. As they continue to grow in thickness, they separate from MT doublets into 

independent fibers. Their growth follows a base-to-tip gradient and therefore the diameter of the 

fibers gradually narrows towards the tip of the flagellum. The striated columns and ODFs fuse in 

mature spermatids. 

 
Outer MT doublet 

ODF ODF ODF 

CP Axoneme 

Figure 39: Successive stages in the 

development of outer dense fibers. From a 

Chinese hamster spermatid. Abbreviations: 

central pair (CP), outer dense fibers (ODF), 

microtubule (MT). Adapted from Fawcett and 

Phillips 1969. 

Figure 38: Junctional region between the 

midpiece and the principal piece during the 

last stages of spermatid elongation in 

chinchilla. The annulus has migrated from the 

HTCA region to the junction with the principal 

piece. Mitochondria are starting to assemble 

along the axoneme (step 15), and cytoplasm has 

been reduced by Sertoli cells in a more mature 

spermatid (step 16). From Fawcett, Eddy, and 

Phillips 1970. 

B A 
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5 THE LINC COMPLEX 

To maintain a correct spermatid development, the acrosome, the manchette and the HTCA need 

to be tightly associated with the remodelling nucleus. This connection is believed to be mediated 

by the LInker of Nucleoskeleton and Cytoskeleton (LINC) complex that is present in the nuclear 

envelope. It contains two protein families: SUN (Sad1/UNc84 homology domain-containing) and 

KASH (Klarsicht/Anc1/Syne1 homology domain-containing) proteins. SUN proteins localize to 

the inner nuclear membrane (INM), whereas KASH proteins are present in the outer nuclear 

membrane (ONM), thus forming a complex that spans across the nuclear envelope and connect the 

nuclear cytoskeleton with cytoplasmic structures (Figure 40). 

 

Humans and mice have five SUN proteins (SUN1-5) and five KASH proteins (KASH1-4 also 

called nesprin1-4 or Syne-1-4, and KASH5). SUN3, 4 and 5 are only expressed in the testis. 

Various combinations of interacting SUN and KASH proteins exist and are associated with 

different structures and functions (Kmonickova et al. 2020; Pereira et al. 2019; Manfrevola et al. 

Figure 40: The complexes mediating the connection of the acrosome and the manchette to the nucleus. The LINC 

complex is also present between the HTCA and the nucleus (not shown), see the next chapter. Abbreviations: inner 

nuclear membrane (INN), outer nuclear membrane (ONM), perinuclear space (PNS), head-tail coupling apparatus 

(HTCA). See the text for more details. Adapted from Kmonickova et al. 2020. 
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2021). The LINC complex plays a role during meiotic prophase I in spermatocytes, where a 

complex of SUN1/2 and KASH5 participate in chromosome pairing and meiotic progression (Ding 

et al. 2007; Horn et al. 2013). A complex between SUN1η, an isoform of SUN1, and 

KASH3/Nesprin3 was proposed to form a link between the acroplaxome and the acrosomal 

membrane. SUN1η does not localize to the INM, instead it is associated with the acrosomal 

membrane, recruits KASH3/Nesprin3, that in turn interacts with plectin that is a components of 

the acroplaxome (Figure 40, Figure 41) (Morgan et al. 2011; Göb et al. 2010; Kmonickova et al. 

2020).  

Another important protein for the anchoring of the acrosome to the nucleus is DPY19L2 (Figure 

40). It is a transmembrane protein specifically expressed in spermatids. DPY19L2 localizes to the 

INM facing the acrosomal vesicle and anchors the acroplaxome to the dense nuclear lamina (Pierre 

et al. 2012). Both the nuclear lamina and the junction between the nuclear envelope and the 

acroplaxome are destabilized in the absence of DPY19L2 which leads to the detachment of the 

acrosome during spermiogenesis. The manchette fails to correctly attach to the nucleus and 

spermatozoa have round heads. The absence of DPY19L2 was therefore associated with male 

infertility in humans and mice and is responsible for the majority of cases of globozoospermia in 

humans, a case of round-headed spermatozoa (Yassine, Escoffier, Martinez, et al. 2015; F. Zhu et 

al. 2013). DPY19L2 was proposed to cooperate with the LINC complex in acrosome anchoring, 

however this hypothesis was not scientifically proven (Beurois et al. 2020). 

The protein complexes that maintain the connection between the manchette and the nuclear 

envelope are poorly known and might be also mediated by the LINC complex. SUN3 in the INM 

is believed to interact with KASH1/ Nesprin1 in the ONM. Their localization follows the 

manchette during spermatid elongation (Göb et al. 2010). KASH1/ Nesprin1 can interact with 

microtubules through either a dynein-dynactin complex or the KIF3B subunit of kinesin II (Fan 

and Beck 2004; Xiaochang Zhang et al. 2009). SUN4, also called SPAG4, was shown to interact 

with the SUN3:KASH1 complex in mouse spermatids and localizes to the manchette. In the 

absence of SUN3 and SUN4, the manchette fails to form which leads to male infertility and a 

globozoospermia-like phenotype (Q. Gao et al. 2020; Calvi et al. 2015; Pasch et al. 2015). 

SUN5, also called SPAGAL, and KASH3, also called Nesprin3, were shown to be essential for a 

proper connection between the nucleus and the HTCA at the implantation fossa (Figure 41). 
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During spermatogenesis, SUN5/SPAGAL localizes to multiple compartments until it is relocates 

to the HTCA (Yassine, Escoffier, Nahed, et al. 2015). The absence of SUN5/SPAG4L disrupts the 

development of the HTCA and leads to decapitated spermatozoa (Shang et al. 2017; Fuxi Zhu et 

al. 2016; Shang et al. 2018). In this mutant, the HTCA is only partially bound to the nucleus in 

round spermatids and breaks off during spermatid elongation, leading to decapitated spermatozoa. 

The axoneme, however, appears to form normally. KASH3/ Nesprin3 is necessary to attach the 

centrosome to the nuclear envelope in somatic cells (Wilhelmsen et al. 2005; Morgan et al. 2011) 

and interacts with SUN5 at the HTCA (Yunfei Zhang et al. 2021). SUN5/SPAG4L and 

KASH3/Nesprin3 appear to be two components of the LINC complex at the HTCA. 

6 COMPONENTS OF THE CONNECTING PIECE 

A strong connection between the nucleus, the HTCA and the flagellum is essential for sperm 

motility and therefore for fertility. A complete loss of this connection, a separation between the 

sperm head and flagellum, leads to the acephalic spermatozoa syndrome and male infertility (Yu 

Wang et al. 2022; B. Wu et al. 2020; Tapia Contreras and Hoyer-Fender 2021). Whole-exome 

sequencing among patients with the acephalic spermatozoa syndrome led to the discovery of 

multiple protein essential for correct development of the HTCA (Tapia Contreras and Hoyer-

Fender 2021). Perhaps not surprisingly, many of these proteins were also associated with the 

centrosome in somatic cells (Centrin 1, CEP128, ODF1, ODF2, CCDC42, Centrobin, and Azi/ 

Cep131), although several others are testis-specific (PMFBP1, SUN4/SPAG4, SUN5/SPAG4L2, 

OAZ3, SPATA6, SPAG6, TSGA10, Speriolin). Sperm decapitation was observed at different 

places of the HTCA, e.g. between the nuclear envelope and the basal plate, between the basal plate 

and the capitulum, between centrioles, and after the distal centriole. The specific breaking points 

were used to deduce the localization of the different proteins. A summary of important HTCA 

proteins and their location within the HTCA is shown in Figure 41. 
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The absence of centriolar proteins CEP128 (Xueguang Zhang et al. 2022) and Centrin 1 (Avasthi 

et al. 2013) leads to male infertility. The absence of Centrin 1 in the mouse leads to a separation 

of the HTCA from the nucleus without decapitation, short and malformed flagella, and malformed 

heads. CEP128 interacts with ODF2 to form the subdistal appendages of the centriole (Kashihara 

et al. 2019). Mutations in CEP128 lead to abnormalities of the HTCA, with missing or incomplete 

proximal and distal centrioles, and striated columns, and to malformed flagella in humans and 

mice. The basal plate appeared almost normal (Xueguang Zhang et al. 2022). 

ODF1 and ODF2/ cenexin proteins localize to ODFs, the capitulum, striated columns and the basal 

plate (Schalles et al. 1998). Mutations in ODF1 (K. Yang et al. 2012; Hoyer-Fender 2022) and 

ODF2 (Z.-J. Zhu et al. 2022; Ito et al. 2019) lead to sperm decapitation and disorganization of the 

flagellum. Heterozygous ODF1 spermatozoa show an enlarged distance between the capitulum 

and the basal plate. 

ODF1 and ODF2 interact with CCDC42, a coiled-coil domain containing proteins that localises to 

the HTCA and also to the manchette and the sperm tail (Tapia Contreras and Hoyer-Fender 2019). 

Figure 41: Distribution of proteins localizing to different HTCA components in spermatids. The nuclear envelope/ 

basal plate (blue), connection between the basal plate and the capitulum (orange), proximal or distal centrioles (pink), 

capitulum (Ca) and/ or segmented columns (SC) (purple), outer dense fibers (ODF; red). Speriolin is located on the 

outside of segmented columns. Image adapted from Tapia Contreras and Hoyer-Fender 2021. 
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Its absence leads to HTCA multiplication, decapitation, abnormal manchette and sperm head 

shape, and the lack of flagellated sperm (Pasek et al. 2016). 

SUN5 also interacts with Centlein (Ying Zhang et al. 2021) in the HTCA that in turn binds ODF3/ 

PMFBP1 (Yan-Wei Sha, Wang, Xu, et al. 2019; Fuxi Zhu et al. 2018), and this protein complex 

participates in the anchoring of the basal plate to the nuclear envelope. The absence of these 

proteins leads to decapitated spermatozoa.  

At least two proteins are important for a tight link between the basal plate and the capitulum: 

SPATC1L (J. Kim et al. 2018; Y.-Z. Li et al. 2022) and OAZ3 (Tokuhiro et al. 2009). 

Other proteins involved in the formation or maintenance of the HTCA include SPATA6 (S. Yuan 

et al. 2015), SPAG6 (Sapiro et al. 2002), PRSS21 (Netzel-Arnett et al. 2009), and centrosome-

associated proteins Centrobin (Liška et al. 2009), Azi/ Cep131 (E. A. Hall et al. 2013), manchette 

and HTCA protein azh/HOOK1 (Mochida, Tres, and Kierszenbaum 1999; Mendoza-Lujambio 

2002), TSGA10 that also interacts with ODF2 and PMFBP1 (Y.-W. Sha et al. 2018) and Speriolin 

(Goto, O’Brien, and Eddy 2010). 

7 AXONEME FORMATION 

Axoneme formation has been mostly studied in motile Chlamydomonas flagella and in non-motile 

primary cilia where it relies on intraflagellar transport (IFT). IFT is also essential for sperm 

axoneme formation during spermiogenesis in mammals (San Agustin, Pazour, and Witman 2015; 

Mari S Lehti and Sironen 2017; Pleuger et al. 2020). 

IFT particles, also called trains, mediate bidirectional protein trafficking in and out of cilia or 

flagella, delivering their cargo to the growing tip (Figure 42) (W.-L. Wang, Tu, and Tan 2020). 

IFT proteins serve as adaptors between motor proteins, kinesin and dynein, and cargo proteins 

(Nakayama and Katoh 2020). 

IFT trains can be divided into 2 multisubunit complexes: IFT complex A (IFT-A) and IFT complex 

B (IFT-B). IFT-B is composed of 16 subunits. It binds kinesin-2 motor protein that mediates 

transport in the anterograde direction, from the base to the distal tip towards the MT plus end. One 

of its most important cargos is the αβ-tubulin heterodimer that is the building block of the axoneme 
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(Bhogaraju et al. 2013). IFT-A contains 6 subunits and binds dynein-2 that moves in the retrograde 

direction, from the tip of the cilium towards the base and the MT minus end. 

Studies in the Chlamydomonas showed that the IFT-B train loads the IFT-A motor proteins and 

cargo at the basal body, before they pass the transition zone. At the axoneme tip, the trains 

subsequently reorganize and return to the basal body by retrograde transport (van den Hoek et al. 

2022; Prevo, Scholey, and Peterman 2017). In the Chlamydomonas, the transport of tubulin 

appears to be both mediated by diffusion as well as by IFT (Van De Weghe et al. 2020; Craft et 

al. 2015; Luo et al. 2017), and the building blocks of the axoneme, including dynein arms and 

preassembled radial-spoke complexes, are transported via the IFT machinery (Pleuger et al. 2020; 

Qin et al. 2004; Ishikawa et al. 2014; Hou et al. 2007). A similar mechanism might be present in 

mammals. 

Figure 42: Intraflagellar and intramanchette transport in mammalian spermatids. From W.-L. Wang, Tu, and Tan 

2020. 



  Chapter 2: Spermatogenesis 

Page | 53  

8 NUCLEAR REMODELLING AND INTRAMANCHETTE TRANSPORT 

8.1 FORMATION OF THE MANCHETTE AND SHAPING OF THE SPERMATID HEAD 

The spermatid nucleus undergoes extensive compaction and elongation during spermiogenesis. 

The manchette, a transient microtubule-based structure, appears in step 8 round spermatids. It 

plays important roles in head shaping and intra-manchette transport (IMT) of proteins (M S Lehti 

and Sironen 2016; Dunleavy et al. 2019) (Figure 43). 

 

 

Figure 43: Nuclear remodeling in elongating spermatids is believed to be driven by endogenous forces provided by 

the manchette and the acroplaxome, and exogenous forces from the actomyosin bundles present in the surrounding 

Sertoli cell (A). An electron micrograph (B) and a schematic representation (E) of the acrosome-acroplaxome and 

the manchette. The acrosome (Ar) is anchored to the nucleus via the acroplaxome containing Keratin-5 intermediate 

filaments, F-actin, Myosin Va, and the LINC complex. F-actin bundles of the Sertoli ectoplasmic specializations can 

be seen on the left of the acrosome. The manchette is anchored in the perinuclear ring and parallel microtubules 

descend along the nucleus toward the cytoplasm (B). Microtubule motors dynein 2 and kinesin 2, along with the IFT 

complex transport cargos along the manchette (E). The manchette and the acrosome-acroplaxome are separated by 

a groove (B). A transverse section of the manchette (C) and a schematic representation of the zipper-like descend of 

the manchette that shapes the spermatid nucleus (D). From Dunleavy et al. 2019. 
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The structure is maintained in many mammalian species including humans (Courtens et al. 1981). 

It is composed of up to 1000 parallel interconnected MT filaments that are arranged in long rays 

and form a sleeve around the sperm nucleus. The manchette is anchored with MT plus-ends in a 

perinuclear ring below the acrosome and projects into the spermatid cytoplasm. MT number and 

length increase during early spermiogenesis, attain the maximum number as chromatin 

condensation becomes apparent (~step 12), and subsequently disappear in a gradual manner (step 

13-14) before the formation of the midpiece. The length of MTs growing into the cytoplasm is 

regulated by MT severing enzymes including the Katanin complex and KATNAL2 (O’Donnell et 

al. 2012; Dunleavy et al. 2017). During spermatid elongation, the manchette descends in a zipper-

like movement toward the flagellum and its movement coincides with the expansion of the 

acrosome (Rattner and Brinkley 1972). It is believed that the manchette exerts mechanical 

constrictive forces onto the nucleus by forming progressive connections with the nuclear envelope 

as it descends toward the flagellum (Lonnie D. Russell et al. 1991). However, the exact mechanism 

of function of the manchette remains to be resolved. The manchette is believed to connected to the 

nucleus through the LINC complex, as was discussed previously in Chapter 2: Spermatogenesis, 

subchapter 5: The LINC complex. The manchette also contains actin filaments and associated 

motor proteins, myosin, that participate in IMT (Abraham L. Kierszenbaum and Tres 2004). 

The location of the manchette’s nucleation site and assembly mechanism remain debated. Lehti 

and Sironen showed that manchette microtubules might be nucleated from the centrosome, 

possibly at the centriolar adjunct (Figure 44) (M S Lehti and Sironen 2016). In early round 

spermatids (step 7-8), microtubules first start to appear around the basal body, and then start to 

grow toward the acrosomal region, as was shown by microtubule co-staining with a MT plus-end 

tracking protein EB3. Subsequently, MTs are anchored to the perinuclear ring (step 8-9) and detach 

from the centrosomal region. EB3 staining remains at the perinuclear ring as the manchette 

descends the nucleus and until it clears at spermatid step 14. In the mouse, the centriolar adjunct 

contains γ-tubulin, a known MT nucleator. A MT array linked to the manchette is also associated 

with the centriolar adjunct during spermatid elongation, supporting this hypothesis (Manandhar et 

al. 1998; Fouquet 1998). 
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Other possibilities for manchette nucleation sites exist but, overall, further research is needed to 

elucidate this question. The manchette could be also nucleated at the perinuclear ring. New short 

MTs appear around and over the nucleus in round spermatids (step 7) and increase in size until a 

fully formed manchette becomes recognizable (step 9) (Moreno and Schatten 2000). On the hand, 

the perinuclear ring does not contain γ-tubulin. MTs could be also nucleated from existing MTs or 

from other sites in the cytoplasm. 

8.2 NUCLEOCYTOPLASMIC TRANSPORT 

The manchette is involved in nucleocytoplasmic transport (Abraham L. Kierszenbaum 2002b; 

Abraham L. Kierszenbaum and Tres 2004). Protein trafficking in and out of the nucleus might be 

mediated by Ran GTPases present on manchette MTs and might direct proteins for disposal by the 

ubiquitin–proteosome system (M S Lehti and Sironen 2016). Mutations in a ubiquitin-conjugating 

enzyme mHR6B show male infertility, head invaginations and an accumulation of unknown 

material in the head, an ectopic manchette and an abnormal distribution of periaxonemal structures 

(Escalier et al. 2003). 

8.3 INTRAMANCHETTE TRANSPORT 

The manchette serves as a platform for vesicle trafficking along manchette microtubules (Figure 

45). IMT is important for the transport of proteins required for the assembly of the axoneme, 

axonemal accessory structures, the perinuclear theca, and it may also be important for the 

strengthening of the HTCA (M S Lehti and Sironen 2016; Pleuger et al. 2020). The manchette is 

anchored at the perinuclear ring below the acrosome, extends into cytoplasmic lobes where protein 

translation occurs and is present close to the HTCA where the transition zone regulates protein 

Figure 44: Illustration of proposed 

mechanism of manchette nucleation. 

Microtubule plus-end tracking protein 

EB3 is in green, microtubules in red. 

Adapted from M S Lehti and Sironen 

2016. 
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entry into the compartmentalized axoneme. It is therefore perfectly positioned for protein 

trafficking between the different spermatid cellular compartments. 

The mechanism of intramanchette transport (IMT) resembles intraflagellar transport (IFT) (Figure 

45). It is carried out by MT motor proteins, kinesin and dynein, that mediate cargo movement 

along MT tracks, and by myosin that moves along F-actin tracks and might mediate short-distance 

transport (A.L. Kierszenbaum, Rivkin, and Tres 2003; Hayasaka et al. 2008; Zakrzewski et al. 

2017). IFT proteins serve as adaptors between the molecular motors that bind microtubules and 

the cargo. Several kinesin-2 proteins and proteins belonging to the IFT-B and IFT-A machinery 

Figure 45: Schematic overview intramanchette transport (IMT). Manchette microtubules are anchored with their 

plus-end at the perinuclear ring, and their minus-ends extend into the spermatid cytoplasm. Bidirectional vesicle 

transport along manchette microtubules is mediated by kinesin towards the microtubule plus-ends (anterograde 

transport; IFT-B) and by dynein motors towards the minus-ends (retrograde transport; IFT-A). Cargo adaptors/ 

linkers (IFT proteins, HOOK1) mediate the connection between microtubule motors and cargo vesicles. Proteins 

labeled in orange were localized to the manchette, the absence of the others influences manchette structure suggesting 

their presence in the structure. Spermatid schema adapted from Pleuger et al. 2020, an insert of microtubule-based 

vesicle-motor complex is from A.L. Kierszenbaum, Rivkin, and Tres 2003. 
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were detected in the manchette. Kinesin-2 proteins include KIF3A (Mari S. Lehti, Kotaja, and 

Sironen 2013), KIF17B (Saade et al. 2007), KIF27 (Nozawa et al. 2014), and KIFC5A (Navolanic 

and Sperry 2000); IFT-B proteins include IFT20 (Sironen et al. 2011; Zhengang Zhang et al. 2016), 

IFT25 (H. Liu et al. 2017), IFT74 (Shi et al. 2019), IFT88 (Abraham L. Kierszenbaum and Tres 

2004; San Agustin, Pazour, and Witman 2015), and IFT172 (S. Zhang et al. 2020); and IFT-A 

protein IFT140 (Yong Zhang et al. 2018; X. Wang et al. 2019). 

During spermatogenesis, defects in proteins involved with IMT and IFT are generally associated 

with male infertility, low sperm count, and decreased motility due short and disrupted or absent 

flagella. The manchette can be abnormally elongated or ectopic, leading to abnormal head shapes. 

Both the axoneme and/or the accessory structures are disrupted, highlighting the importance of 

IMT for the development of the flagellum. However, the exact contribution of each mechanism to 

the development of the flagellum, whether it is IFT or IMT, is hard to determine since multiple 

IFT proteins are implicated in both mechanisms. 

The absence of other proteins, including centrosome-associated CEP131, Centrobin, CCDC42; 

MT organizers E-MAP-115 and LRGUK1; and MT-severing protein KATNB1, was also shown 

to negatively impact manchette establishment, head shaping and flagellum assembly (M S Lehti 

and Sironen 2016; Pasek et al. 2016). MT-motors, adaptors, cargo proteins, and microtubule-

associated proteins all seem to play roles during IMT and IFT. 

Moreover, formation of the acrosome, the manchette, HTCA, and flagellum formation appear to 

be linked processes since multiple proteins have been shown to localize these sites during 

spermiogenesis. For instance, intraflagellar transport proteins IFT88 and IFT20 localize to the 

cytosolic side of pro-acrosomal vesicles from the trans-Golgi, participate in protein transport in 

the manchette, and relocate to the HTCA during spermatid differentiation. IFT88 is also present 

in the flagellum (Abraham L. Kierszenbaum et al. 2011; Sironen et al. 2011). A similar pattern 

was observed for KIF3A that localizes to the manchette, the HTCA and the axoneme of elongating 

spermatids (Mari S. Lehti, Kotaja, and Sironen 2013). These observations show that protein 

trafficking, whether it is associated with the Golgi, the acrosome, HTCA, the manchette or IFT, is 

essential for correct sperm formation and the cytoskeleton plays a great role during 

spermiogenesis. Mutation in one or multiple associated proteins leads to a deregulation of the 

system and a cascade of defects, showing the specificity and fragility of the system. 
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Spermiogenesis is an incredibly complex process, and its complete regulatory network remains to 

be fully understood. 

CHAPTER 3: MICROTUBULES AND RELATED STRUCTURES 

1 INTRODUCTION 

The cytoskeleton is a complex and highly dynamic network of interlinked filaments. Together with 

actin and intermediate filaments, microtubules form one of the three classes of cytoskeletal 

elements. MTs are conserved in all eukaryotic organisms and implicated in many essential cellular 

processes including cell division, maintenance of cell shape and polarity, cell migration, organelle 

organization, and protein trafficking. They also serve as the backbone of cilia and flagella 

(Goodson and Jonasson 2018). 

MTs also play a central role in all steps of spermatogenesis, as was shown in the previous chapters: 

in the formation of the mitotic and meiotic spindles, in the cytoskeleton of Sertoli cells, in the 

sperm axoneme, and manchette head-shaping and protein trafficking (Dunleavy et al. 2019; 

Gadadhar, Hirschmugl, and Janke 2023). 

In this chapter, we will discuss MT structure and regulation by tubulin isotypes and post-

translational modifications (PTMs), by microtubule-associated proteins (MAPs) and microtubule 

inner proteins (MIPs). We will also discuss MT-associated structures including the centrosome, 

the mitotic spindle, and the midbody. 

2 MICROTUBULE STRUCTURE AND NUCLEATION 

Microtubules are hollow tubes formed of α- and β-tubulin heterodimers. They have a ~25 nm-wide 

outer diameter, and a 17 nm-wide interior diameter. Their number and length in metazoan cells are 

highly variable, ranging from less than 1 µm to more than 100 µm. Tubulin heterodimers are 

stacked to form protofilaments that assemble laterally to create sheets. The sheets are rolled into a 

tube and the boundary where the sheet connects is called a “seam”. Most microtubules in vivo form 

a left-handed helix formed of 13 protofilaments that can be recognized by an offset at the seam of 

1.5 dimers. The resulting microtubule is polar, with a fast-growing “plus end” that exposes β-
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tubulin and a slow-growing “minus end” that exposes α-tubulin. Heterodimers can associate to or 

dissociate from both ends of the MT (Figure 46) (Goodson and Jonasson 2018). 

Microtubules exist in a state of “dynamic instability” (Mitchison and Kirschner 1984), in which 

MT ends randomly transition between periods of depolymerization and growth. The transition 

from growth to depolymerization is called a “catastrophe” and the opposite is called a “rescue”. 

Microtubule nucleation is GTP-dependent. Microtubules assemble from soluble GTP-bound 

tubulin, and GTP becomes hydrolysed to GDP as tubulin dimers are incorporated into the lattice. 

The MT plus-end is therefore capped by GTP-tubulin, whereas the rest of the filament contains 

GDP-tubulin. The GTP cap stabilizes the filament, and its disappearance leads to MT shrinkage. 

Microtubule nucleation and polymerization are tightly regulated in time and space by numerous 

MT-binding factors to ensure the correct formation of MT networks (Akhmanova and Kapitein 

2022; Roostalu and Surrey 2017; Tovey and Conduit 2018).  

Figure 46: Illustration of microtubule nucleation from a mammalian γ-tubulin ring complex (γ-TuRC). (A) The 

base of the complex is formed of 13 GCP (GCP2-6) proteins that are arranged in a cone-shaped structure. Each GCP 

protein is bound to a γ-tubulin molecule. The lumen of the complex contains a structure called the “lumenal bridge” 

and contains unknown densities and an actin-like protein, that could help stabilize the structure. (B) Tubulin αβ dimers 

bind to γ-tubulin that is thought to promote lateral interaction of tubulin dimers as they grow and form filaments. (C, 

D) Assembly passes through an unstable stage, until the size of the structure has reached a sufficient size, referred to 

as a “microtubule seed”. (E) Once the stable MT seed has formed, MT assembly becomes favorable, and the MT 

grows rapidly. From Tovey and Conduit 2018. 
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Although microtubules can form spontaneously from highly concentrated α-β-tubulin, microtubule 

de novo nucleation is more efficient in the presence of a specialized nucleation machinery called 

the “γ-tubulin ring complex (γ-TuRC)” (Figure 46). An essential component of the complex is γ-

tubulin which is considered to be a universal MT nucleator (Oakley and Oakley 1989). The 

complex serves as a template for MT assembly and caps MTs at the minus-ends to prevent their 

depolymerization. Tubulin dimers begin to assemble, and the MT grows from their plus-end. The 

complexes are recruited to specific sites called microtubule-organizing centers (MTOCs). The 

major MTOC in mammalian cells is the centrosome, however other structures such as the Golgi 

apparatus, the cell nucleus, and mitochondria can act as MTOCs and anchor and nucleate 

microtubules. Microtubules can also branch and nucleate from other microtubules (J. Wu and 

Akhmanova 2017; Goodson and Jonasson 2018; Wieczorek et al. 2020; Tovey and Conduit 2018; 

Thawani and Petry 2021; Consolati et al. 2020). 

3 THE TUBULIN CODE 

Microtubules are implicated in many essential cellular processes and form the backbone of various 

very different structures (e.g., an axoneme and the mitotic spindle). How can nearly identical 

microtubules perform such diverse functions? This question led to the concept of the “tubulin 

code”. It states that microtubule function can be finely regulated by a combination of tubulin 

isotypes and post-translational modifications (PTMs). The tubulin code also mediates and 

regulates interactions with numerous microtubule-associated proteins (MAP) that influence MT 

dynamics (Figure 47) (Verhey and Gaertig 2007; Janke and Magiera 2020; Nsamba and Gupta 

2022). Consequently, is it very difficult to identify the role and properties of every component. 
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3.1 TUBULIN ISOTYPES 

Microtubule composition shows a great diversity (Figure 47). Humans have 8 α-tubulin genes and 

8 isoforms, and 9 β-tubulin genes and 7 isoforms (Roll-Mecak 2015; 2019). The roles, 

spaciotemporal expression patterns, and mechanistic properties of tubulin isoforms vary among 

different cell types. Some eukaryotic cells express few isoforms while others express multiple 

isoforms and thus create a large variety of αβ-tubulin heterodimers. Less common isotypes 

probably evolved in specific organisms with novel microtubule functions (Janke and Magiera 

Figure 47: Illustration of microtubule diversity. (1) Tubulin isotypes (different colors) co-polymerize with αβ dimers 

producing MTs with distinct composition and function. (2) Tubulin isotypes can be expressed in a cell-specific manner 

(2), modulate MT dynamics through divers MAP interactions (3, 4), and can be decorated by distinct PTMs that can 

have influence on MT properties (5). From Nsamba and Gupta 2022.  
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2020). For instance, isoforms are specifically associated with cell types and tissues, such as 

platelets (Schwer et al. 2001) and brain neuronal and non-neuronal cells (Burgoyne et al. 1988; 

Hausrat et al. 2021). In human reproduction, TUBB8 (Tubulin Beta 8 Class VIII) is responsible for 

the production of β-tubulin, a major component of the meiotic spindle (Feng et al. 2016). Absent 

in mature spermatozoa, TUBB8 is highly expressed in oocytes and during the very early stages of 

embryonic development. Its absence is associated with highly abnormal spindle formation and 

meiotic arrest, often at the MI (meiosis I) stage and leading to infertility. Moreover, mutations in 

TUBB4B, a β-tubulin subtype, are responsible for distinct PCD and ciliopathy phenotypes in 

humans (Mechaussier et al. 2022). The different variants differentially influenced MT dynamics 

leading to the disruption of cilia and centrosomes, and failed axoneme formation. Male Tubb4b 

mice were infertile. 

As was discussed before, γ-tubulin is an important microtubule nucleator. Other tubulin isotypes 

present in mammals also include delta (δ-) tubulin and epsilon (ε-) tubulin (Stathatos et al. 2021). 

In human and mouse somatic cells, both δ- and ε-tubulin are present at the centrosome, but their 

localization differs from each other and from γ-tubulin. While δ-tubulin partially co-localizes with 

both centrioles and γ-tubulin, it is most prominent between the centrioles. The pattern of ɛ-tubulin 

localization is different and appears to be dependent on the cell cycle. It associates with the older 

centriole after centriole duplication and concentrates on both centrioles over time. It is also present 

in the midbody between dividing cells (Chang and Stearns 2000). Both are required for the 

stabilization of MTs in basal bodies and in cilia/ flagella of unicellular organisms and mouse and 

human cell cultures (Stathatos et al. 2021). 

Tubulin isotypes are also involved in mouse spermatogenesis. The long isoform of δ-tubulin is 

present in intercellular bridges between germ cells from the spermatocyte stage to the elongated 

spermatid stage and as components of the perinuclear ring of the manchette and its precursor (Kato, 

Nagata, and Todokoro 2004). It is also present in the flagellum of testicular and epididymal 

spermatozoa (Smrzka, Delgehyr, and Bornens 2000). Both are present at the centrioles in 

elongating spermatids, and ε-tubulin localizes to manchette MTs. They co-localize with the MT-

severing protein KATNAL2 at the base of the spermatid nucleus (δ-tubulin) or the manchette and 

pericentriolar region (ε-tubulin). KATNAL2 does not sever α- and β-tubulin, however it is 

essential for regulating spermatid cytoskeleton. Its absence leads to male infertility, centriole 
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multiplication, manchette defects, acrosome detachment, and sperm lack an axoneme (Dunleavy 

et al. 2017). The functional role of both tubulin isotypes in spermatogenesis has not been tested, 

however they were proposed to stabilize MTs at the manchette and centrioles during 

spermiogenesis (Stathatos et al. 2021). 

3.2 TUBULIN POST-TRANSLATIONAL MODIFICATIONS 

The negatively charged MT surface is a key site for motor proteins, MAPs and PTMs (Figure 48). 

Tubulin heterodimers consist of a globular “body” and α- and β- C-terminal tails. The tubulin 

“body” is involved in tubulin-tubulin interactions and forms the core structure of microtubules. 

The MT exterior is decorated by the C-terminal tails, also called E-hooks, that consist of 10-12 

protruding residues of α-tubulin and 16-22 residues of β-tubulin. The tails are disordered, flexible 

and negatively charged due to the presence of glutamate and aspartate residues, and they convey 

the negative charge to the MT surface (Goodson and Jonasson 2018; Roll-Mecak 2015). 

Microtubules are subjected to several types of PTMs including acetylation, phosphorylation, 

detyrosination/tyrosination, (poly)glutamylation, (poly)glycylation, and polyamination, that fine-

tune their properties and functions (Roll-Mecak 2015; Janke and Magiera 2020). These 

modifications also play roles in the regulation of cilia and flagella. Spermatogenesis appears to be 

Figure 48: Illustration of a microtubule showing the C-terminal tails of tubulin dimers. Several post-translational 

modifications can be added onto the tails. PTMs of α-tubulin include acetylation, tyrosination, detyrosination, 

polyglutamylation and polyglycylation, and β-tubulin can be modified by polyglutamylation and polyglycylation. 

Microtubule inner proteins are not shown inside the microtubule (B). From Roll-Mecak 2015. 
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mainly influenced by glutamylation and glycylation, where they regulate sperm motility, flagellum 

assembly, centriole number regulation and are important for a strong HTCA (Figure 49). 

Glutamylation is essential for cilia/ flagella and for sperm development (Ikegami et al. 2010; 

Gadadhar, Hirschmugl, and Janke 2023). It is mediated by glutamic acid ligases from the TTLL 

family that conjugate one or multiple glutamate residues onto the α- and β-tubulin C-terminal tails 

on the MT surface. Glutamylation is mainly present on the B-tubule of outer MT doubles in 

Tetrahymena. The B-tubule is the side of force generation by dynein arms. The absence of glutamic 

acid ligases led to severe defects in ciliary/ flagellar motility in Tetrahymena and Chlamydomonas 

suggesting that polyglutamylation levels control dynein activity and therefore ciliary beating 

(Suryavanshi et al. 2010; Kubo et al. 2010; Janke and Magiera 2020). 

In mice, mutations in Ttll5 (G.-S. Lee et al. 2013), Ttll1 (Vogel et al. 2010), PGs1/ ROSA22 

(Campbell et al. 2002), and Ttll9 (Konno et al. 2016) led to decreased male fertility. Ttll5 knock-

out animals showed irregular axoneme formation with a missing MT doublet 4, detached heads 

and tails, coiled flagella and decreased sperm concentration and motility leading to subfertility/ 

infertility phenotypes. In humans, mutations in Ttll5 cause retinal dystrophy and infertility in some 

cases (Smirnov et al. 2021; Bedoni et al. 2016). TTLL5 glutamylates α-tubulin and can be found 

on centrioles in rat photoreceptor cells, human fibroblasts, and the HTCA in human spermatozoa 

(Bedoni et al. 2016). The absence of Ttll1 led to a MMAF-like phenotype and PCD. The absence 

of PGs1/ ROSA22, a polyglutamylase subunit 1 that forms a complex with TTLL1, also led to 

male infertility due to defects in axoneme formation accompanied by changes in intermate 

behaviour and loss of body fat (Campbell et al. 2002). Knock-out Ttll9 spermatozoa had shortened 

MT doublet 7 and a reduction of polyglutamylation on doublet 5, detached sperm heads and tails, 

and aberrant flagellar beating causing reduced motility (Konno et al. 2016). 

Tubulin deglutamylases CCP1 and CCP5 from the CCP family (H.-Y. Wu, Wei, and Morgan 2017; 

Giordano et al. 2019) were also shown to be important for male fertility, proper axoneme formation 

and head-shaping. Mutations in Ccp1 also led to neuronal degeneration. Spermatids lacking CCP5 

accumulated polyglutamylated tubulin, had an abnormal manchette and supernumerary and 

detached centrioles, and failed to evacuate excess cytoplasm (Giordano et al. 2019). 

Polyglycylation in mammals is catalyzed by TTLL3, TTLL8 and TTLL10 and consists of an 

addition of a chain of glycine residues onto a glutamate present in the tail of both tubulins. A 
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double knock-out Ttll3-Ttll8 mice are subfertile and showed perturbed conformation of dynein 

arms, and an asymmetric flagellar beat that resulted in decreased sperm motility (Gadadhar et al. 

2021). 

Tubulin in sperm flagella is highly acetylated. Absence of an α-tubulin acetyltransferase αTAT1 

decreased acetylation in multiple tissues, and in cilia, flagella, and axons. Male mice lacking 

αTAT1 were subfertile and had a reduced number of spermatozoa, the length of their flagella was 

decreased, and sperm motility was reduced, however no severe flagellar defects were observed 

(Kalebic et al. 2013). 

 

Figure 49: A summary illustration of flagellar defects caused by the absence of enzymes mediating post-

translational modifications. From Gadadhar, Hirschmugl, and Janke 2023. 
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4 MICROTUBULE-ASSOCIATED PROTEINS 

Microtubule-associated proteins (MAP) include all proteins that interact with microtubules. MAPs 

can be divided into groups based on their function such as microtubule stabilizers and destabilizers, 

motor proteins, capping proteins, and microtubule nucleators. However, the group names appear 

to differ among reviews, and some MAPs are involved in multiple activities and therefore belong 

to more than one group (Figure 50).  

 

MAPs enable microtubules to perform their numerous functions. They promote MT nucleation, 

influence MT structure by cross-linking protofilaments, organize the MT network, and cross-link 

MTs with other cytoskeletal components such as actin. Ultimately, they stabilize the MTs structure 

by preventing catastrophe, promoting rescue or both. They also influence intracellular transport 

and modulate the activity of MT-severing enzymes katanin, spastin, and fidgetin. In turn, the action 

of MAPs is also regulated by PTMs such as phosphorylation (Ramkumar, Jong, and Ori-

McKenney 2018). MAPs are well studied in the brain and deregulation of several MAPs was 

shown to lead to neurodegeneration and neurodevelopmental defects (Goodson and Jonasson 

2018; Bodakuntla et al. 2019; Yipeng Wang and Mandelkow 2016). Deregulation of MAPs was 

also shown in many types of cancer and appears to contribute to cancer aggressiveness by altering 

MT dynamics in cell migration and invasion (Wattanathamsan and Pongrakhananon 2022). 

Figure 50: Schematic representation of microtubule-associated proteins (MAPs). From Wattanathamsan and 

Pongrakhananon 2022. 
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In cells, dynamic instability of MT tips allows them to explore the cell’s cytoplasm and search for 

intracellular structures (Gudimchuk and McIntosh 2021). They bind to organelles such as 

mitochondria and the endoplasmic reticulum, and to chromosomes during interphase and cell 

division, respectively, and mediate their transport throughout the cell via minus end-directed 

motors (Figure 51A, B) (Kanfer et al. 2017). Microtubules can be also cross-linked with actin 

filaments. End-binding proteins (EB proteins) that are present on the growing MT tip can create a 

platform and recruit actin-binding adaptor and regulatory proteins, and mediate the nucleation of 

actin filaments from MT tips (Figure 51C) (Henty-Ridilla et al. 2016). Proteins found at the MT 

tips as well as motor proteins are MAPs. 

Figure 51: Microtubule dynamics during interphase and mitosis. (a, b) Dynamic microtubules search and capture 

of membrane-bound organelles such as mitochondria and melanosomes by microtubule tips during interphase (a) and 

of chromosomes during mitosis (b). (b) Microtubule tips interact with the kinetochore and use pulling forces to 

transport chromosomes. (c) Growing microtubules can create a hub where plus-tip interacting proteins (+TIP) recruit 

actin-interacting proteins, such as formin, to catalyse actin microfilament growth. From Gudimchuk and McIntosh 

2021. 
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In the testis, Sertoli cells have a very complex cytoskeleton that stretches across the entire 

seminiferous epithelium (Figure 52).  

 

Microtubules and F-actin mediate Sertoli-Sertoli and Sertoli-germ cells interactions and participate 

in protein trafficking and germ cell transport across the seminiferous epithelium (Tang, Lee, and 

Cheng 2016). Sertoli cell MTs form stalk-like structures that lay perpendicular to the basement 

membrane and span the entire epithelium. The MT plus end is located near the basement membrane 

and the minus end is oriented towards the seminiferous tubule lumen (Redenbach and Vogl 1991; 

Redenbach and Boekelheide 1994). Important vesicle transport along actin tracks is mediated by 

Figure 52: Model of the dynamic microtubule (MT) cytoskeleton and germ cell transport in the seminiferous 

epithelium. Microtubules in Sertoli cell cytoplasm are polarized and stretch across the entire seminiferous epithelium. 

(Left) MTs are stabilized at their ends by +TIP and -TIP end-tracking proteins. Germ cells (GC) are transported by 

minus end motor proteins along MT tracks towards the tubule lumen. Actin filaments are present in apical ectoplasmic 

specializations and in tight junctions of the blood-testis barrier (BTB). (Right) Binding of calmodulin-regulated 

spectrin-associated protein (CAMSAP2) to the MT minus end triggers MT catastrophe that, along with the 

degeneration of ectoplasmic specializations, supports spermiation. From L. Wang et al. 2020. 
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myosin VIIa, and along MT tracks by kinesin to the MT plus end, and by cytoplasmic dynein 

towards the minus end (Wen et al. 2019; 2018). During spermatogenesis, spermatocytes are 

transported across the blood-testis barrier (Mruk and Cheng 2015) and elongating spermatids, 

embedded Sertoli cell crypts, move up and down the adluminal compartment. It is believed that 

MT motors including dynein 1 and kinesin KIF15 mediate this transport (Wen et al. 2016; Tang, 

Lee, and Cheng 2016; Lingling Wang et al. 2020). MAP stabilizers and growing end-binding 

(EB1) and minus end-binding proteins (CAMSAP2) mediate MT and actin integrity in the 

seminiferous epithelium, and regulate the blood-testis barrier (Tang et al. 2015; Mao et al. 2019; 

Mao, Ge, and Cheng 2020). 

5 MICROTUBULE INNER PROTEINS 

Microtubule inner proteins (MIPs) were first recognized as periodic densities in the lumen of 

microtubule doublets in Chlamydomonas flagella by cryo-electron tomography (Nicastro et al. 

2006; 2011). Most studies are based on unicellular organisms and the sea urchin, however recent 

studies also showed MIPs in mammalian cilia and flagella (Z. Chen et al. 2023; Leung et al. 2021; 

Kiesel et al. 2020; Gui, Farley, et al. 2021). MIPs are present in MT singlets and doublets, in both 

A- and B-tubules. Their composition varies among species and cell types (Leung et al. 2021; Z. 

Chen et al. 2023). Figure 53 shows MIPs densities in axonemal outer MT doublets and in the 

central apparatus of the mouse. 

MIPs specifically bind α- or β-tubulin and form lateral and longitudinal interactions with each 

other and cross multiple tubulin protofilaments. They can be divided into 3 classes: globular MIPs 

that protrude into the MT lumen, filamentous MIPs that are present at clefts between 

protofilaments and contain a single helix, and extended MIPs that lack secondary structures (Ma 

et al. 2019; Leung et al. 2021; Ichikawa et al. 2017). As was mentioned previously in Chapter 1: 

The spermatozoon, subchapter 2.1.5 Molecular rulers, MIPs with similar periodicities (8, 16, 48 

nm) cluster together and form interconnected networks. Filamentous MIPs have a 48-nm 

periodicity, whereas globular and extended MIPs repeat every 8, 16, or 48 nm. 

As was shown in the Chlamydomonas, MIPs appear to have several functions (Ma et al. 2019). 

MIPs were shown in the MT lumen, at the junction between the A- and the B-tubule, and many 

were protruding to the outside of the doublets through openings between adjacent protofilaments. 
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At these sites, they can be in contact with ODA proteins. These MIPs are believed to create novel 

protein binding sites and thus dictate the correct position of axonemal structures on the axoneme. 

Figure 53: MIPs in the mouse sperm axoneme. (A) Views of the lumen of the microtubules C1 (i, ii) and C2 (iii, iv) 

of the central apparatus. Images i and iii represent the left side of the lumen, and images ii and iv correspond to the 

right side. Microtubules are shown in grey and individual MIPs are in pink and violet. MIPs are of unknown function. 

From Leung et al. 2021. (B) Six cross-sections of outer microtubule doublets of the 48-nm repeat of doublet. The 

mouse sperm axoneme structure (orange) is compared with bovine trachea cilia (blue) from Gui et al. 2021, showing 

differences in MIP densities. An additional density is located close to A9-A10 protofilaments (circled). Longitudinal 

view of the MIP densities present in the A-tubule (C) and in the B-tubule (D). (C) The MIP densities connect with the 

protofilament A3 every 16 nm, and with the protofilament A9 with a 48 nm periodicity. (D) Images with high and low 

acceptance threshold. Striations repeat every 8 nm. From Chen et al. 2023. 

A 

B C 

D 
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MIPs can also influence the angle between tubulin protofilaments and thus affect the structure of 

microtubule doublets (Ichikawa et al. 2017). Moreover, MIPs are generally believed to confer 

stability to microtubules so that they withstand ciliary/ flagellar beating (Owa et al. 2019; Ma et 

al. 2019) Their lateral and longitudinal interactions with the tubulin lattice are believed to prevent 

depolymerization of MT doublets. 

Around 33 MIPs have been identified in the Chlamydomonas and some of their orthologues were 

studied in humans. Mutations in these proteins were associated with laterality abnormalities, situs 

inversus, recurrent respiratory infections, PCD, and male infertility (Ma et al. 2019). The function 

and identity of most mammalian MIPs is unknown. 

6 MICROTUBULE-BASED STRUCTURES 

6.1 THE CENTROSOME 

The centrosome contains two distinct structures: a pair of barrel-shaped centrioles connected by a 

linker and a surrounding proteinaceous matrix called the pericentriolar material (PCM) (Figure 54) 

(Doxsey 2001).  

Figure 54: Model of a centrosome. The centrosome is composed of a mother (maternal) centriole and a daughter 

centriole connected by interconnecting fibers or a linker. The centrioles are surrounded by pericentriolar material 

(PCM) that is responsible for microtubule nucleation and anchoring. From Doxsey 2001. 



  Chapter 3: Microtubules and related structures 

Page | 72  

The centrosome is a non-membrane bound organelle that constitutes the major MTOC of most 

animal cells. Except for plants and some mammalian embryos (Hamada 2014; Howe and fitzharris 

2013; Zenker et al. 2017), the centrosome is essential for cell division where it forms the poles of 

the mitotic/ meiotic spindle and nucleates and anchors the microtubule network of the spindle. Its 

deregulation can lead to incorrect cell division and cancer (LoMastro and Holland 2019). As was 

already discussed before, centrioles are also essential for the formation of cilia and flagella. 

6.1.1 Centriolar structure 

Mammalian centrioles are typically 450-500 nm in height and 200-250 nm in outer diameter 

(Figure 55). The centriole pair contains a mother centriole, also called the distal centriole, and the 

daughter centriole also known as the proximal centriole. The terms “distal” and “proximal” refer 

to their position relative to the nucleus in spermatids. The mother centriole gave rise to the daughter 

centriole in the previous cell cycle (Nigg and Holland 2018). The two centrioles are connected via 

a centriolar linker. 

Centrioles are MT-based and are thus also polarized structures along their long axis. The centriole 

is nucleated at its proximal end, then follows the central region, and an axoneme can assemble at 

the centriolar distal end. Centrioles are formed of 9 triplets of interconnected microtubules that are 

radially arranged at the periphery. The MT triplets are called the A-, B- and C-tubule. The A-

microtubule contains 13 tubulin protofilaments, whereas the B- and C-tubules are incomplete, and 

each contains 10 protofilaments. The A-tubule is connected to the C-tubule of the next triplet via 

an A-C linker (Klena et al. 2020). In human centrioles, MT triplets are present at the proximal end 

and change to doublets towards the distal end, at about 50% of their length, by discontinuing the 

C-tubule (Gönczy 2012; Vasquez-Limeta and Loncarek 2021; Le Guennec et al. 2020). 

A helical inner scaffold is present in the central region of the centriole (Figure 55). It lines the 

lumen and maintains cohesion between MT triplets. The inner scaffold contains several known 

centriolar proteins including Centrin, POC5, POC1B, and FAM161A (LeGuennec et al. 2021; 

Klena et al. 2020; Le Guennec et al. 2020).  

The mother centriole’s distal end is decorated by distal and subdistal appendages that are essential 

for ciliogenesis (Figure 55). Their shape and number varies between cells and is dependent on the 

laboratory preparation (Uzbekov and Alieva 2018). Subdistal appendages contain six proteins 
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including ODF2, CEP128, and Centriolin. The distal appendage anchor ciliary vesicles (N. A. Hall 

and Hehnly 2021), mediate docking of the mother/ distal centriole to the cell plasma membrane 

(Tanos et al. 2013), and serve as assembly points for the recruitment of IFT trains (Deane et al. 

2001). Subdistal appendages anchor MTs and position centrioles with cilia within the cell 

(Delgehyr, Sillibourne, and Bornens 2005; Mazo et al. 2016; Tateishi et al. 2013). 

 

Figure 55: Model of centriolar structure. (a) A complete model of a centriole divided into the proximal, central, and 

distal region Microtubules are shown in grey (1). Model without microtubules showing non-microtubule structural 

features (2). Cross-section of a centriole showing the inner structure (3). (b) View of a centriole from the proximal 

side. (c) Microtubule triplets of the centriole showing numbered protofilaments. Abbreviations: subdistal appendages 

(SDA), distal appendages (DA). From LeGuennec et al. 2021. 
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6.1.2 Centriolar tubulin code 

Centriolar microtubules are very stable and grow slowly, about 30000 times slower than 

cytoplasmic microtubules (Guichard, Laporte, and Hamel 2023). Centriolar MTs are not only 

associated with α- and β-tubulin, but also with δ- and ε-tubulin isotypes in rodents, humans and 

unicellular organisms (Stathatos et al. 2021). They also carry PTMs including acetylation, 

glutamylation, and detyrosination. Acetylation is one of the best known PTM of centrioles and 

predominantly occurs on lysine 40 residue (K40) of both α- and β-tubulins. It is the only tubulin 

PTMs found in the MT lumen. It is mediated by the tubulin acetyl transferase αTAT1 whose 

absence increases MT resistance against depolymerization and leads to male subfertility in mice 

(Kalebic et al. 2013). Acetylation decorates most of the MT wall in mature centrioles and appears 

gradually from the proximal to the distal end during centriole formation (Sahabandu et al. 2019). 

Its exact role in centrioles is unknown, however it is believed to convey mechanical resistance and 

stability to MTs (Janke and Montagnac 2017). Glutamylation occurs on centriolar and mitotic 

spindle MTs. Polyglutamylation of centriolar MTs occurs on both α- and β-tubulin in contrast with 

cytoplasmic MTs where the PTM is associated with β-tubulin (Bobinnec et al. 1998). It is essential 

for centriole maturation and MT stability and might also strengthen interactions between the 

centriole and the PCM (Guichard, Laporte, and Hamel 2023). Tubulin tyrosination has also been 

observed on centriolar MTs during the whole cell cycle except for mitosis (Balashova, Lokhov, 

and Bystrevskaya 2009), however its role in centrioles has not been investigated. 

6.1.3 Pericentriolar material 

The pericentriolar material (PCM) was for long believed to be an amorphous cloud surrounding 

the centrioles. Instead, the PCM has an organized architecture (Figure 56) (Mennella et al. 2014; 

Fry et al. 2017). It is organized into annular concentric layers around the centrosome, ranging from 

200 to 500 nm in diameter. The primary function of the PCM is to nucleate and anchor 

microtubules. Tubulin dimers concentrate at the centrosome and MT nucleation is mediated by γ-

TURCs that become embedded in the PCM. Major constituents of the PCM, including pericentrin 

and Cep152 contain many coiled-coil domains and provide a scaffold for protein-protein 

interactions with centriolar regulators, including proteins involved in centriole duplication. 
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6.1.4 Centriole duplication 

Most cells have a single MTOC composed of a pair of centrioles. Centrioles duplicate once per 

cell cycle to assure that both daughter cells inherit one centriole pair (Figure 57). During the G1 

phase, the centriole pair is connected via a linker also called a “tether”. The mother centriole 

contains both distal and subdistal appendages. Duplication occurs during the G1/S phase parallel 

to DNA duplication. Each centriole assembles a procentriole that forms perpendicularly from the 

wall of the older centrioles. The proximal part of the procentriole’s lumen contains a scaffolding 

structure called the “cartwheel” that will interact with a γ-TURC-like structure and give rise to a 

new centriole that continues to elongate throughout the G2 phase. In late G2, the older centriole is 

associated with PCM and the procentriole lacks the ability to recruit PCM. The PCM greatly 

Figure 56: Schematic representation of an interphase 

centrosome showing the PCM architecture. Three layers 

of centrosome architecture show: a pair of centrioles, and 

two layers of PCM proteins. The proximal layer includes 

PCM fibers comprised of pericentrin/ pericentrin-like 

protein (PLP) and Cep152/Asl, elongated coiled-coil 

proteins with their C-termini close to the centriole wall 

and N-termini projected outward to the periphery. 

Pericentrin/PLP can extend from the centriole wall more 

than 150 nm in human cells. The proximal layer is likely 

attached to the centriole wall by proteins involved in 

centriole duplication including CPAP/Sas-4 (Cizmecioglu 

et al. 2010). The second layer, the PCM matrix, is 

comprised of Cep215/centrosomin (Cnn), γ-tubulin, and 

Cep192/Spd-2 molecules that are homogenously 

organized around the centriole wall. They form a matrix 

that can extend to the N-terminus region of 

pericentrin/PLP and Cep152/Asl. Abbreviations: 

microtubules (mts), N-terminal or C-terminal domain 

(NTD, CDT). From Mennella et al. 2014. 
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expands during the G2/M transition in preparation for mitotic spindle formation. During the M 

phase, the older centrioles separate, and each new pair is positioned at one pole of the mitotic 

spindle. Each pair will be inherited by one daughter cell. The distal and subdistal appendages might 

be transiently modified or disassembled during the M phase and will be acquired by the new 

mother centriole (Nigg and Holland 2018; Gönczy 2012; Guichard, Hamel, and Gönczy 2018). 

The cartwheel is important for centriole formation but disappears in mature centrioles in human 

cells (Paintrand et al. 1992; Guichard, Hamel, and Gönczy 2018).  

Figure 57: Centriole duplication during the cell cycle. (A) Structure of a mature centriole and an associated 

procentriole. (B) Centriolar duplication is coordinated with DNA duplication and cell division. Major proteins 

associated with every structure and process are shown. See text for description. Adapted from Nigg and Holland 2018. 

A 

B 
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6.1.5 Centriolar satellites 

Centriolar satellites are small membrane-less cytoplasmic granules that concentrate around the 

centrosome. Satellites form a very complex interconnected network. They move along 

microtubules, participate in protein trafficking, and in the regulation of protein contents and 

availability around the centrosome (Figure 58). They are highly dynamic and their number and 

composition changes in response to stimuli and cell stress (Prosser and Pelletier 2020; Odabasi, 

Batman, and Firat-Karalar 2020). 

Satellites were first identified as 70-100 nm electron-dense granules (Bernhard and de Harven 

1960; Bessis and Breton-Gorius 1958; de-Thé 1964). Proteomic studies showed that satellites 

share similar protein composition as the centrosome (Gheiratmand et al. 2019; Quarantotti et al. 

2019). So far, 65 satellites have been identified and observed at satellites by cellular co-localization 

Figure 58: The structure and distribution of centriolar satellites during the cell cycle. (A) Satellites move along 

microtubule tracks, concentrate around the centrosome/ basal body, and participate in the regulation of ciliogenesis. 

(B) Centriolar satellites are membrane-less macromolecular complexes that interact with centrosomal proteins, 

MAPs, and enzymes such as kinases and ubiquitin ligases. Their interaction with microtubule motor proteins is 

mediated by adaptor proteins. (C) Dynamic distribution of centriolar satellites based on PCM1 (pink) during the cell 

cycle. Microtubules are labeled in green, and DNA in blue. Satellites appear as dots and concentrate around the 

centrosome in interphase, at spindle poles during prophase and prometaphase, and are dissolved during the rest of 

mitosis, and reappear during cytokinesis. Some centriolar satellites were shown to persist at the centrosome during 

mitosis (Kim et al. 2004; Batman, Deretic, and Firat-Karalar 2022). From Odabasi, Batman, and Firat-Karalar 2020. 
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studies (Prosser and Pelletier 2020). Pericentriolar Material 1 protein (PCM1) was the first 

identified centriolar satellite and is believed to be essential for the assembly of all or the majority  

centriolar satellites (Kubo et al. 2010; Dammermann and Merdes 2002). PCM1 has long been used 

as a marker of satellites, and many satellite proteins have been identified through proteomics 

studies based on co-immunoprecipitation with PCM1 (Gupta 2021; Gheiratmand et al. 2019; 

Quarantotti et al. 2019). New studies showed that some protein interactions persist in the absence 

of PCM1 and that PCM1 might be absent from some populations of satellites (Gheiratmand et al. 

2019). 

Lack of certain centriolar satellites has been associated with ciliopathies and, in some cases, with 

male infertility, including mutations in Pcm1 and Azi1/Cep131 (Lopes et al. 2011; E. A. Hall et al. 

2013; 2022). A knockout of Pcm1 in mice was associated with prenatal mortality, and the surviving 

individuals suffered from dwarfism, male infertility, ciliogenesis defects, hydrocephaly, and 

cerebellar hypoplasia. Sperm numbers were highly reduced, immotile, and showed an abnormal 

manchette and defects of the HTCA and in axoneme formation. The authors proposed that during 

ciliogenesis, PCM1 removes cap proteins CP110 and CEP97 from the mother centriole, a step 

important for subsequent steps in ciliogenesis, including centriole binding to preciliary vesicles, 

formation of the transition zone, and recruitment of the IFT machinery (E. A. Hall et al. 2022). A 

similar ciliary mechanism might be involved in sperm formation and explain the observed defects. 

The absence of Azi1/Cep131, another centriolar satellite important for ciliogenesis, was shown in 

mice to lead to isolated infertility without ciliopathies, with an abnormal ectopic manchette with 

impaired IMT and PTMs, axoneme malformation, and misaligned HTCA (E. A. Hall et al. 2013). 

To conclude, centriolar satellites also appear to be involved in spermatogenesis, even-though their 

involvement is still poorly known. 
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6.2 THE MITOTIC SPINDLE, THE MIDZONE AND THE MIDBODY 

The bipolar mitotic spindle is another microtubule-based structure. During mitosis, spindle MTs 

can be nucleated by the kinetochore, however the centrosome appears to be the main nucleator of 

the spindle. Prior mitosis, the interphase MT network disassembles, the centriole pair duplicates 

during the S/G2 phase and the PCM rapidly expands around each mother centriole in preparation 

for nucleation of spindle MTs (Figure 57) (Hoffmann 2021). During the mitotic prophase, the two 

centriole pairs/ centrosomes separate, and each migrates to the opposite pole of the cell. In 

prometaphase, MTs are nucleated from the centrosomes, start to search for the chromosomes with 

their growing tips, and orient them at the metaphase plate (Figure 51, Figure 59).  

The mitotic spindle is formed of three types of microtubules: kinetochore MTs (k-fibers), astral 

MTs and non-kinetochore MTs (Figure 59) (Prosser and Pelletier 2017; Glotzer 2009). K-fibers 

are attached to chromosomes via the kinetochore and mediate their movement. Their MT minus-

ends are embedded in the centrosome and the plus-ends are connected to the kinetochore. Astral 

MTs emanate from each spindle pole and interact with the cell cortex, a thin layer of actin 

cytoskeleton that is associated with the plasma membrane and plays key roles in cell mechanics 

(Svitkina 2020). This interaction is important for spindle positioning (Grill and Hyman 2005). 

Non-kinetochore MTs extend from each pole and help stabilize the structure. 

 

Figure 59: Schematic illustration of three types of 

microtubules (MTs) present at the mitotic spindle. 

Kinetochore microtubules connect the chromosome 

to the spindle poles, astral microtubules emanate 

from the poles to the periphery, and non-

kinetochore (midzone) microtubules localize to the 

midzone/ central spindle.  From Glotzer 2009. 
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Chromosome segregation begins during early anaphase (Figure 60). The minus-ends of non-

kinetochore MTs are anchored at the centrosome, and their plus-ends localize in a region between 

the segregating chromosomes. As anaphase progresses, they lose their interaction with the spindle 

poles. These MTs overlap and bundle between the segregating chromosomes, and form a structure 

called the “midzone”. Some authors define the midzone as the entire region between the two poles, 

and the zone where the MTs overlap is referred to as the “central spindle” (Glotzer 2009). Others 

refer to the central spindle as the midzone (Wadsworth 2021), and we will use this definition here. 

MTs that occupy the central spindle/ midzone will be called “midzone microtubules”, and others 

have also used names including interchromosomal, interpolar, and interzonal microtubules. As 

anaphase progresses, midzone MTs become progressively more bundled and show a well-defined 

zone of overlap. 

 

Figure 60: Schematic illustration of the midzone/ central spindle assembly, midbody formation and abscission in 

mammalian cells. Adapted from Mierzwa and Gerlich 2014. 
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A recent study in human cells and C. elegans also showed that during later stages of anaphase, 

midzone microtubules are no longer connected to the centrosomes and some of them are connected 

to chromosomes. Laser ablation of these MTs blocked chromosome from migrating towards the 

spindle poles, suggesting a role of the midzone in this process (C.-H. Yu et al. 2019). Some authors 

also claimed that midzone microtubules originate from the chromosome region and not from the 

centrosomes, and they are nucleated from existing microtubules (Uehara and Goshima 2010). 

The assembly of the midzone is mediated by MAP complexes including MT plus-end-tracking 

proteins that accelerate MT assembly, proteins involved in MT bundling, several kinesin motor 

proteins, and mitotic kinases. In telophase, an actomyosin contractile ring compacts the midzone 

and the two daughter cells become connected by a cytoplasmic bridge. In the center of the 

cytoplasmic bridge is the compacted midzone called the “midbody”. The midbody is essential for 

cytokinesis and concentrates proteins in a spaciotemporal manner to regulate abscission. Some of 

its components come from the midzone and the contractile ring, while others are delivered in 

endocytic and Golgi-derived vesicles. 

The intercellular bridge becomes a site for a dynamic accumulation and fusion of intracellular 

vesicles that are targeted here from both daughter cells (Figure 61). Vesicles are delivered along 

MTs or actin by molecular motors kinesin, dynein, and myosin. They are docked to a target 

membrane by tethering complexes, such as exocyst, and become inserted into it by SNARE 

proteins (Soluble N-ethylmaleimide-sensitive factor Attachment Proteins REceptor). These 

processes are regulated by several Arf and Rab family GTPases, e.g., Rab8, Rab11, Rab35. These 

GTPases are associated with endosomal vesicles that are transported to and from the intercellular 

bridge, accumulate at the midbody in later stages, and are required for proper abscission.  

First, the intercellular bridge filled with MTs progressively diminishes in diameter and becomes 

locally constricted at the site of abscission, called the “secondary constriction” side that is 

positioned next to the midbody. Then, F-actin cytoskeleton and local microtubules are cleared 

from the abscission site, allowing the recruitment of the ESCRT-III (endosomal sorting complexes 

required for transport) complex. It interacts with MT severing proteins such as spastin, and mediate 

membrane remodelling and fusion in a zone that lacks actin and microtubules, likely triggering 

abscission (Figure 61) (Halcrow et al. 2022; Frémont and Echard 2018; C.-T. Chen, Hehnly, and 
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Doxsey 2012; Mierzwa and Gerlich 2014; Glotzer 2009; Wadsworth 2021; Lakshmi, Nair, and 

Manna 2018; Prosser and Pelletier 2017; Echard 2012). 

 

Figure 61: Vesicle and membrane traffic at the midbody during cytokinesis. Secretory vesicles derived from the 

Golgi and the endocytic pathway are transported by dynein and kinesin motors along microtubules (e.g., KIF5B) in a 

bidirectional manner. The vesicles are associated with Rab and Art GTPase families whose effectors are labeled in 

red. Vesicles are docked to the target plasma membrane by the exocyst, and their fusion with the target membrane is 

mediated by SNARE proteins. MKLP1 is a kinesin that localizes the exocyst and other docking complexes at the center 

of the intercellular bridge. Rab11 and Rab35 along with MICAL and OCRL participate in F-actin depolymerization 

at the midbody that is important for abscission and allows the recruitment of the ESCRT-III machinery. Cytokinesis 

is highly complex and only a part of these processes and proteins is depicted on this figure. Top figure is from Frémont 

and Echard 2018, bottom figure was adapted from Echard 2012. 
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Cell division in animal cells is also highly regulated by membrane composition of 

phosphoinositides, that refer to phosphatidylinositol and its seven derivatives (Cauvin and Echard 

2015). They regulate cell shape and orientation of the mitotic spindle, participate in the stability 

of the intercellular bridge where they recruit cytoskeleton binding proteins and force generators. 

Hydrolysis of these lipids and their specific concentrations in the plasma membrane are also 

important for correct cytokinesis, including membrane traffic and abscission. 

Disruption of the highly complex and interconnected protein trafficking system during the 

cytokinesis might result in cell death. However, an incomplete abscission is also normal in some 

cell types and it is widespread across eukaryotes (Chaigne and Brunet 2022). For instance, they 

are common in male germ cells including human and mouse spermatogonial stem cells 

(Niedenberger et al. 2018; Greenbaum et al. 2011). 

Following abscission, the midbody membrane can be cleaved on both sides and the midbody 

remnant can be released into the extracellular space or can be inherited by one of the daughter cells 

if the cleavage only occurs on one side of the intercellular bridge (Figure 62) (Bernabé-Rubio et 

al. 2016; Ott 2016; Labat-de-Hoz et al. 2021b). When inherited, the midbody remnant moves along 

the apical surface of the daughter cell towards the proximal centriole that was docked to the plasma 

membrane. When the remnant comes close, the centrosome starts to assemble a primary cilium. 

The remnant is believed to provide factors involved in primary ciliogenesis (e.g., IFT proteins, 

Rab8, signalling proteins) that are present in the resting arm of the intercellular bridge, and feed 

the centrosome with cellular membranes to build the primary cilium. 
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Figure 62: Inheritance of midbody remnant licenses primary ciliogenesis in epithelial cells. After cytokinesis, the 

midbody cleaved at one side of the intercytoplasmic bridge is inherited by one of the daughter cells. The midbody 

remnant moves along the apical surface toward the centrosome that was relocated to the plasma membrane, 

concentrates ciliary machinery and it participates in primary ciliogenesis. From Ott 2016. 
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CHAPTER 4: INFERTILITY 

1 INTRODUCTION 

The majority of adults have a desire to be parents. Not all couples will, however, spontaneously 

achieve a pregnancy due to fertility issues of one or both partners. Infertility is a disease of the 

male or female reproductive system that is defined by the World Health Organization (WHO) as 

“the inability to achieve a pregnancy after 12 months or more of regular unprotected intercourse” 

(WHO, 2022). Millions of people around the world have fertility problems and the infertility rates 

are on the rise (Minhas et al. 2021). While the precise numbers are hard to obtain, it was estimated 

that a median of 9% of couples are suffering from infertility worldwide (Boivin et al. 2007). 

Infertility and childlessness are psychologically difficult for many couples and can have severe 

social consequences, particularly in developing countries (Ombelet et al. 2008). 

2 MALE INFERTILITY 

Male infertility, solely or in conjunction with the female factor, accounts for 50% of all infertility 

cases (Agarwal et al. 2015). It is a complex multifactorial pathology that may be congenital or 

acquired due to illnesses, injuries, lifestyle choices or exposure to environmental pollutants and 

toxins (Kumar and Singh 2022). Male infertility can be divided into three major categories: ductal 

obstruction or dysfunctions, hormonal (hypothalamic-pituitary axis) disorders, and spermatogenic 

quantitative and/ or qualitative defects (Tournaye, Krausz, and Oates 2017). 

Potential male fertility is routinely estimated based on medical and reproductive history, physical 

examination, and standardized semen analysis guidelines published by the WHO (World Health 

Organization 2010; 2021). A confirmed finding of a semen abnormality can lead to a second-line 

investigation including a microbial, endocrine, and imaging assessment and a third-line 

investigation with genetic testing and testicular histology/ cytology (Ferlin and Foresta 2020). 

Semen analysis can provide an invaluable first insight into a man’s fertility potential. Sperm 

parameters include semen volume, pH, viscosity, and sperm concentration, motility, vitality, and 

morphology ( 
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Table 1). Disturbances of spermatogenesis can lead to a decrease in sperm concentration 

(oligozoospermia) or to a complete absence of spermatozoa in the ejaculate (azoospermia). 

Spermatozoa can bear one or several morphological defects (teratozoospermia) that can affect the 

sperm head, midpiece, or tail. Abnormalities in sperm flagella often lead to a decrease or absence 

of sperm motility (asthenozoospermia) (Tournaye, Krausz, and Oates 2017; Ferlin and Foresta 

2020). These phenotypes can appear alone or in combinations, with oligo-astheno-

teratozoospermia being one of the most common phenotypes that bears both qualitative and 

quantitative sperm defects (Jungwirth et al. 2012). Reference values for some of these parameters 

were adjusted in the 2021 WHO 6th edition and terms describing sperm anomalies (e.g., 

“asthenozoospermia”, “teratozoospermia”, etc.) have been removed. Authors argued that these 

reference thresholds alone are meaningless and multiple criteria must be considered together to 

establish a diagnosis for male infertility (Boitrelle et al. 2021; World Health Organization 2010; 

2021). 

Further biochemical and molecular examinations, including acrosome integrity, the measurement 

of seminal reactive oxygen species, and sperm DNA fragmentation, could increase the predictivity 

of fertility potential, however standardized methods and randomized controlled trials are currently 

missing (Minhas et al. 2021; Ferlin and Foresta 2020). 

Pathological semen quality  

Oligozoospermia  Sperm concentration <15x106 / mL 

Azoospermia  No spermatozoa in the ejaculate  

Asthenozoospermia  <42% total motility 

<30% progressive motility 

Teratozoospermia  <4% morphologically normal spermatozoa  

Oligo-astheno-

teratozoospermia  

Disturbance of sperm concentration, motility, and morphology  

Cryptozoospermia  Spermatozoa absent from fresh preparation but observed in a 

centrifuged pellet  

Aspermia  No ejaculate  

Leucospermia  >1x106 ml leukocytes in the ejaculate  

 

Table 1: Nomenclature for anomalies associated with pathological semen quality in humans. Reference values are 

given according to men in couples who achieved natural conception within one year of unprotected sexual intercourse. 

According to World Health Organization 2010; 2021. 
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3 GENETICS OF MALE INFERTILITY 

Genetic factors are highly associated with male infertility (Vincent et al. 2002). It is estimated that 

they account for at least 15% of all cases (Tournaye, Krausz, and Oates 2017) and could be present 

in 30% of infertile men with oligozoospermia or non-obstructive azoospermia (Tüttelmann et al. 

2011). They include chromosome abnormalities (sex chromosome aneuploidy, structural 

chromosome aberrations, copy number variations), including the Klinefelter syndrome, 46,XX 

male syndrome, Robertsonian translocation, and Y chromosome deletions, and loss-of-function 

mutations in single genes (Ferlin et al. 2019; Krausz and Riera-Escamilla 2018). Genetic anomalies 

were inversely correlated with sperm concentration, meaning that the likelihood of genetic 

anomalies increases with a decreasing sperm count (Krausz and Riera-Escamilla 2018; Pylyp et 

al. 2013). Genetic screening of infertile patients in the clinic can therefore be beneficial for better 

diagnosis and subsequent treatment, and should be especially considered during patient 

counselling for assisted reproductive technologies (ART) (Ferlin et al. 2019). 

Male fertility is a complex disease with heterogenous phenotypes, that might be in part explained 

by a large quantity of genes that are associated with spermatogenesis. The human genome contains 

approximately 20000 protein-coding genes that in size represent about 2% of the whole genome. 

Major combined studies of protein expression and RNA sequencing that were behind the human 

protein atlas revealed that the testis has the highest number of tissue-enriched genes, with more 

than 1000 genes showing an at least 5-fold higher expression in the testis than in other tissues 

(Figure 63) (Uhlen et al. 2010; Uhlén et al. 2015; Djureinovic et al. 2014). Approximately 77% 

(~15400) of all protein-coding genes were expressed in the testis and the majority of them (80%) 

were also expressed in all other tissues, suggesting that they have “house-keeping” roles such as 

cell growth and basic metabolism. Out of the resulting 20% (>3000 genes), 1124 genes were shown 

to be highly (n=364) and moderately (n=760) enriched in the testis, and a large proportion of them 

are thought to be involved in spermatogenesis. At the moment however, the function of many of 

these proteins remains poorly characterized (Djureinovic et al. 2014) and around 30-40% of cases 

of male infertility remain idiopathic (Krausz and Riera-Escamilla 2018; Kothandaraman et al. 

2016). 
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3.1 IDENTIFICATION OF NEW PATHOLOGICAL VARIANTS 

The identification of new genes linked to male infertility has been on the rise in the recent years. 

Approximately 4 genes per year were identified in the period between 2000-2016, and 10 per year 

in the period of 2017-2019, yielding a 150% increase (Houston et al. 2021). Identification of new 

genes involved in diseases and cellular processes has been revolutionized by the development of 

massive parallel sequencing, including whole-genome and whole-exoneme sequencing, that are 

significantly faster and less laborious than previous technologies. 

The search for genetic causes is a part of the diagnostic work-up when other causes of infertility, 

such as ductal obstruction, absence of the vas deferens, and chromosomal anomalies, have been 

eliminated and is primarily used for men with severe oligozoospermia or azoospermia (Krausz and 

Riera-Escamilla 2018; Z.-E. Kherraf et al. 2022). These phenotypes are rare and severe, which 

suggests a monogenic homozygous mutation could be the cause of the phenotype (Condò 2022; 

Mitchell et al. 2017). Studies of consanguineous families facilitated the search for homozygous or 

hemizygous loss-of-function mutations in humans. Rare recessive mutations are predicted to be 

present in every population, however the union of close relatives significantly increases chances 

of achieving homozygosity at any genetic locus in the offspring (Erzurumluoglu et al. 2016; 

Clavijo 2020; Carr et al. 2013). Another option is the recruitment of genetically unrelated patients 

presenting an identical phenotype which might increase the chances of finding genes implicated 

in the pathology (Okutman et al. 2018). 

Figure 63: The testis contains the most 

tissue-enriched proteins in humans. The 

study was based on RNA and protein 

expression studies among 12 other human 

tissues. FPKM corresponds to mRNA 

levels. From Uhlen et al., 2015. 
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Whole-exome sequencing (WES) is frequently used for the identification of causal biallelic 

mutations. It is used to sequence all coding regions and their flanking regulatory regions including 

the splice junctions and 3’ and 5’ untranslated region sequences (Robay et al. 2018). In brief, 

patient DNA is sequenced and compared to a reference genome, and candidate variants are filtered 

through an informatics pipeline. The candidate gene should be predominantly or exclusively 

expressed in the testis, their allelic frequency in the general population should be rare (<1%) and 

absent from control individuals. The variant should also have a high impact at the protein level 

causing a loss-of-function (Okutman et al. 2018; Z.-E. Kherraf et al. 2022). 

Once a candidate gene has been identified, infertility studies, as is also the case for other pathology 

studies, frequently use animal models to functionally validate the candidate pathogenic variant. 

The CRISPR/Cas9 technology has been particularly used for the generation of knock-out mouse 

models (Z.-E. Kherraf et al. 2018) that have been greatly used in recent infertility studies (Hwang 

et al. 2021; Kherraf et al. 2017). Other models such as C. elegans, zebrafish and Drosophila 

melanogaster, and knock-out models of ciliated and flagellated unicellular organisms including 

Trypanosoma, Chlamydomonas, and Tetrahymena have also been used to study genes involved in 

reproduction and fertility (Charles Coutton et al. 2018; Xavier et al. 2021). 

4 TERATOZOOSPERMIA 

In the following part, we will focus on a subtype of male fertility called teratozoospermia. As was 

mentioned before, teratozoospermia refers to sperm bearing one or several morphological 

anomalies of the head, midpiece, or tail. The resulting phenotypes can be very heterogenous: only 

some or all spermatozoa might be affected, and the abnormal spermatozoa might bear one or a 

combination of multiple defects (Coutton et al. 2015). The main types of teratozoospermia can be 

divided into two categories. First, defects can be primary affecting the sperm head, which include 

globozoospermia, macrozoospermia, and acephalic spermatozoa, and second, flagellum-

associated defects, which are referred to as the multiple morphological abnormalities of the flagella 

(MMAF) syndrome. 

Sperm macrocephaly or macrozoospermia (prevalence of <1% in infertile men), globozoospermia 

(<0.05-0.1%) (Fesahat, Henkel, and Agarwal 2020), and the acephalic spermatozoa syndrome 

(unknown prevalence) are rare and severe forms of teratozoospermia. Macrozoospermia sperm are 
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often aneuploid or polyploid, and have irregular, large heads, a variable number of tails, and low 

to no motility (Nistal, Paniagua, and Herruzo 1978; Chianese et al. 2015). Globozoospermia is 

characterized by round-headed spermatozoa that have altered genome packaging and DNA 

damage, and no acrosome (Yassine, Escoffier, Martinez, et al. 2015). These spermatozoa have 

difficulties to activate and fertilize an oocyte due to missing enzymes in the acrosome, such as 

phospholipase Cζ (Escoffier et al. 2015). The acephalic spermatozoa syndrome is defined as semen 

composed of mostly headless spermatozoa with the separation mostly occurring between the 

nucleus and the centriolar region (Mazaheri Moghaddam et al. 2021). The MMAF syndrome was 

the focus of the thesis and will be described in the next chapter. 

4.1 MULTIPLE MORPHOLOGICAL ABNORMALITIES OF THE SPERM FLAGELLA 

The MMAF syndrome is characterized by a heterogenous phenotype with several types of flagellar 

defects, including short, coiled, bent, irregular or missing flagella (Figure 64) (Ben Khelifa et al. 

2014). Flagellar defects have a severe negative effect on sperm motility, with sperm showing 

reduced motility or no motility at all, and their phenotype is therefore defined as astheno-terato-

zoospermia. At the ultrastructural level, the axonemal defects can be due to missing, multiplicated 

or disorganized axonemal and peri-axonemal components. Sperm heads can be often seen attached 

to cytoplasmic bags containing unassembled axonemal and peri-axonemal components (Touré et 

al. 2021). Even-though the MMAF phenotype is typically associated with flagellar defects, 

mutations in some MMAF genes can have an impact to variable degrees on sperm head 

morphology (Charles Coutton et al. 2018; Hwang et al. 2021).  

A 

B C D 

E 

F G H 

Figure 64: Human (B-D) and mouse (F-H) spermatozoa with multiple morphological abnormalities of the flagella 

(MMAF) as compared to healthy human (A) and mouse (E) individuals. MMAF spermatozoa correspond to 

mutations in Armc2. Adapted from Coutton et al. 2019. 
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The term MMAF was established in 2014 during the discovery of the gene DNAH1 that encodes 

an axonemal heavy chain of IDAs (Ben Khelifa et al. 2014). Similar phenotypes were previously 

described as “dysplasia of the fibrous sheath”, “short tails” and “stump tails” (C. Coutton et al. 

2015).  

The number of genes linked to the MMAF phenotype has been rising drastically (Figure 65) (Touré 

et al. 2021; J. Wang, Wang, et al. 2022). Only 5 genes were confidently linked with the disease in 

2018 (Houston et al. 2021), and now more 40 genes have been associated with MMAF or are listed 

as candidate genes in humans and/ or in mice. 

Figure 65: Location of proteins associated with MMAF in the sperm flagellum. The tether/ tether head (T/TH) 

complex links the motor domains of the regulatory I1 dynein to the microtubule A-tubule. Protein localization was 

based on Touré et al. 2021 and J. Wang, Wang, et al. 2022, illustrations were adapted from Touré et al. 2021. 
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Male infertility and disorganized flagella are often observed in individuals suffering from primary 

ciliary dyskinesia (PCD). PCD is a multisystemic genetic disease that causes malfunction of motile 

airway cilia and is associated with chronic nasal discharge and wet cough, recurrent respiratory 

and ear infections, pulmonary disease, and situs inversus (Sironen et al. 2020). 

5 ASSISTED-REPRODUCTIVE TECHNOLOGIES 

Couples suffering from infertility might look for assisted reproductive technologies (ART) that 

could help them in achieving pregnancy. Couples might use different techniques that are most 

appropriate for their situation, including intrauterine insemination (IUI), in vitro fertilization (IVF) 

or intracytoplasmic sperm injection (ICSI).  

To increase the number of oocytes and improve the outcome of IVF and ICSI, both procedures 

require a hormonal ovarian stimulation that is followed by a surgical retrieval of ovulated oocytes 

from the ovaries. In conventional IVF, the oocytes are co-incubated overnight with sperm in a 

culture dish. The sperm are allowed to naturally fertilize the oocyte by passing the protective 

extracellular layer of the oocyte called the zona pellucida (Figure 66). In contrast, ICSI has 

originally been developed for severe cases of male infertility where the sperm quantity and quality 

were not compatible with neither natural conception nor conventional IVF (Palermo 1992). During 

this procedure, a spermatozoon is directly injected into the ooplasm of an egg. In both cases, the 

fertilized eggs are cultured for 2-6 days and then usually a single embryo is transferred into the 

uterus and/ or the embryos are cryopreserved. 

Selection of an embryo with the highest quality is very challenging. Prior to implantation, the 

embryos might be subjected to invasive or non-invasive preimplantation genetic testing. Current 

invasive techniques rely on a biopsy of one or several cells from the embryo that are subsequently 

tested for chromosome abnormalities or severe inherited conditions that might be deleterious for 

its viability. Less invasive approaches enabling a genetic analysis are technically difficult and still 

in development (Leaver and Wells 2020). Without genetic testing, the embryo to be transferred is 

primarily selected based on several morphologic parameters (Greco et al. 2020). One of the non-

invasive techniques includes a time-lapse imaging for embryo morphokinetic parameters such as 

cell shape and number, as well as the timing of polar body extrusion and divisions that can be 

predictive of embryo quality (Milewski and Ajduk 2017). 
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ART is an essential tool for conception in severe cases of male infertility. ICSI is mandatory in 

complete asthenozoospermia (no sperm motility) and globozoospermia. In case of azoospermia 

(absence of sperm in the ejaculate), testicular or epididymal sperm extraction can be performed if 

spermatogenesis is not completely abolished. In other cases of male infertility, the use of IVF was 

shown to be equally effective as ICSI, however the success of IVF and ICSI are highly dependent 

on the cause of infertility and the consequent sperm quality (Esteves et al. 2018; Touré et al. 2021). 

Taken together, infertility is a global issue that touches hundreds of thousands of couples 

worldwide. Male fertility alone or in conjunction with the female factor accounts for 

approximately half of the cases and is often associated with a genetic cause. Advances in high-

throughput sequencing allowed the identification of many monogenic causes of male infertility, 

particularly in the MMAF syndrome, that lead to qualitative and quantitative sperm defects. The 

introduction of ICSI allowed individuals with severe cases of spermatogenic defects to father their 

own children that highlights the need for genetic testing and diagnosis to predict the ICSI outcome 

and to avoid the transmission of genetic abnormalities to the newborns. 

  

Figure 66: An illustration of assisted-reproductive technology methods including intracytoplasmic sperm injection 

(ICSI) and conventional in vitro fertilization (IVF). During ICSI, the oocyte is maintained in place by the holding 

pipette while the injection pipette passes through the zona pellucida and the oocyte membrane to inject a single 

spermatozoon into the oocyte’s ooplasm. During conventional IVF, oocytes are incubated overnight with numerous 

spermatozoa to stimulate a natural fertilization. 
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THESIS OBJECTIVES 

The general objective of the thesis was the identification and characterization of novel causes of 

male infertility. We focused on the Multiple morphological abnormalities of the flagella (MMAF) 

syndrome that is associated with severe flagellar defects and consequent low sperm motility. Our 

laboratory recruited 167 patients with MMAF and, following whole-exome sequencing, have 

already identified biallelic deleterious variants in 22 genes among 83 subjects. 

Among these individuals, three men harbored a biallelic mutation in the gene CCDC146 that stands 

for Coiled-coil domain-containing protein 146. The primary objective of the thesis was to 

characterize the role of CCDC146 in male infertility. To elucidate this question, we used a mouse 

knock-out and a tagged model and localized the protein in germ and somatic cells. 

The underlying cause of male infertility cannot be identified in about 30-50% cases. Current 

screening methods primarily focus on identifying rare, deleterious and biallelic pathogenic 

variants. We wondered whether oligogenic heterozygosity could explain some cases of idiopathic 

infertility. We used mice that were heterozygous for one to four MMAF genes (Ccdc146, Armc2, 

Cfap43, and Cfap44) and observed if the accumulation of these heterozygous mutations influenced 

male fertility, in particular sperm morphology, motility, and concentration. 

The final minor objective of the thesis was a participation in writing a review article that discusses 

epigenetic factors, especially non-coding RNAs, that influence sperm development and that can 

be transmitted and have an intergeneration and transgenerational effect on the progeny. 

 

 

 

 

 

 

 

 

  



  Results 

Page | 96  

RESULTS 

ARTICLE 1 

“Lack of CCDC146, a ubiquitous centriole and microtubule-associated protein, 

leads to non-syndromic male infertility in human and mouse” 

Jana Muroňová1,2,3,†, Zine-Eddine Kherraf1,2,3,4,†, Elsa Giordani1,2,3, Simon Eckert5, Caroline 

Cazin1,2,3,4, Amir Amiri-Yekta1,2,3,4, Emeline Lambert1,2,3, Geneviève Chevalier1,2,3, Guillaume 

Martinez1,2,3,6, Yasmine Neirijnck7, Francoise Kühne7, Lydia Wehrli7, Nikolai Klena8,9, Virginie 

Hamel8, Jessica Escoffier1,2,3, Paul Guichard8, Charles Coutton1,2,3,6, Selima Fourati Ben 

Mustapha10, Mahmoud Kharouf10, Raoudha Zouari10, Nicolas Thierry-Mieg11, Serge Nef7, Stefan 

Geimer5, Corinne Loeuillet1,2,3, Pierre Ray1,2,3,4,‡, Christophe Arnoult1,2,3,‡,* 

 

1 Institute for Advanced Biosciences (IAB), INSERM 1209, 
2 Institute for Advanced Biosciences (IAB), CNRS UMR 5309 
3 Institute for Advanced Biosciences (IAB), Université Grenoble Alpes 

4 UM GI-DPI, CHU Grenoble Alpes, F-38000 Grenoble, France 
5 Cell Biology/ Electron Microscopy, University of Bayreuth, 95440 Bayreuth, Germany 
6 UM de Génétique Chromosomique, Hôpital Couple-Enfant, CHU Grenoble Alpes, F-38000 

Grenoble, France 
7 Department of Genetic Medicine and Development, University of Geneva Medical School, 

Geneva 1211, Switzerland 
8 University of Geneva, Department of Molecular and Cellular Biology, Sciences III, Geneva, 

Switzerland 
9 Present address: Human Technopole, 20157 Milan, Italy 
10 Polyclinique les Jasmins, Centre d'Aide Médicale à la Procréation, Centre Urbain Nord, 1003 

Tunis, Tunisia 
11 Laboratoire TIMC/MAGe, CNRS UMR 5525, Pavillon Taillefer, Faculté de Medecine, 38700 

La Tronche, France 

†These authors contributed equally to this work 

‡These authors contributed equally to this work as senior authors 

*Correspondence: christophe.arnoult@univ-grenoble-alpes.fr or PRay@chu-grenoble.fr 

Article accepted by Elife (2023) 

DOI: 10.1101/2023.02.27.530236 

 

mailto:christophe.arnoult@univ-grenoble-alpes.fr
mailto:PRay@chu-grenoble.fr


  Results 

Page | 97  

Contribution: This study was the principal project of the thesis. Concerning my experimental 

contribution to the project, I performed all the experiments that allowed the description of the 

reproductive phenotype of the Ccdc146 knock-out mouse (figures 2, 3, 13, supplementary figure 

3), I described the localization of the protein in somatic and germ cells (fig. 4, 5, 7, 8, 11, sup 4, 

sup 5), except for expansion microscopy, and I analysed and described images obtained by electron 

microscopy (fig. 11, 12, 14, sup 10, sup 11). I participated in the writing of the manuscript and 

assembled a majority of the figures. I also participated in discussions and result analysis of other 

experiments that were performed for the project. 

Summary: 

The objective of this project was to characterize the role of the Coiled-coil domain containing 

protein 146 (CCDC146) in male fertility. Loss-of-function mutations in CCDC146 were detected 

in two male patients affected by the MMAF syndrome. A mouse knock-out (KO) model 

reproduced the human MMAF phenotype and allowed us to show that CCDC146 plays a role(s) 

during spermiogenesis where it is important for correct manchette establishment, axoneme 

assembly, centriole number regulation and stable HTCA attachment to the head. In somatic cells, 

CCDC146 concentrated at and around both centrioles throughout the cell cycle. During mitosis, a 

part of CCDC146 dynamically relocated along microtubules to the midzone and the midbody. 

CCDC146 was present in mouse and human sperm flagella but not in primary cilia and its absence 

was not associated with ciliopathies. Due to its localization and impact on microtubule-based 

structures, we propose that CCDC146 is a microtubule-associated protein (MAP). 

The following part termed “Introduction” will provide a bibliographic background of the project 

and will show some details that will be complementary with the research article presented 

afterwards. 
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Introduction: 

A cohort of 167 MMAF-affected male individuals was analyzed by WES to identify biallelic 

monogenic mutations that might be at the origin of the patients’ phenotype. The individuals 

seeking consultations for infertility were recruited in North Africa (83), Iran (52), and France (32). 

Their phenotype included severe asthenozoospermia and several flagellar abnormalities (coiled, 

short, absent, or irregular) in >5% of their spermatozoa (Coutton et al. 2019). Among these 

individuals, two harboured a biallelic mutation in the gene CCDC146 that stands for Coiled-coil 

domain-containing protein 146, also known as KIAA1505 and MBO2. Unfortunately, no raw 

patient data were available to us. Two patients underwent successful ICSI treatments with correct 

fecundation rates. One patient had 3 ICSI, 2 biochemical pregnancies and 1 birth, and another had 

2 ICSI, 2 births and 3 babies (unpublished data). 

The CCDC146 gene is located on chromosome 7 in humans and contains 19 exons whereas in the 

mouse it is present on chromosome 5 and has 20 exons (“National Center for Biotechnology 

Information” n.d.). The genes encode a protein containing 955 amino acids (112.8 kDa) in humans 

and 977 amino acids (115 kDa). The protein orthologues show 76.44% identity. Both human and 

mouse CCDC146 proteins contain a disordered N-terminal region and five coiled-coil domains 

(Figure 67) (The UniProt Consortium et al. 2021).  

Figure 67: Predicted protein structure of human (left) and mouse (right) CCDC146. The C-terminal and N-terminal 

residues are shown. The structure was predicted by AlphaFold based on the accession numbers of full-length 

proteins: human (Q8IYE0), mouse (E9Q9F7). The colors represent the confidence level of the predicted model, on a 

scale of 0 to 100. Dark blue regions correspond to a very high accuracy of the model (per-residue confidence score 

(pLDDT) > 90), light blue to confident (90 > pLDDT > 70), yellow to low confidence (70 > pLDDT > 50) and orange 

regions were predicted with very low confidence (pLDDT < 50) (Jumper 2021; Varadi 2021). 
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Based on the predicted structures by AlphaFold (Jumper et al. 2021; Varadi et al. 2022), the human 

and mouse CCDC146 proteins appear to have similar backbone structures, possibly with an 

additional disordered region at the C-terminal. The disordered N-terminal regions contain acidic 

residues in both species (The UniProt Consortium et al. 2021). 

Coiled-coil domains are protein structures comprised of two or more adjacent α-helices that are 

twisted around each other to form a supercoil. They are ubiquitous motifs and expressed in a wide 

variety of tissues and have functional roles in most physiological processes as well as in cancer. 

They serve as molecular rulers and spacers (e.g., CCDC39 and CCDC40), mediate vesicle 

tethering (e.g., Golgins), and participate in mitosis (e.g., Ndc80 that binds kinetochores to spindle 

microtubules). They also influence the architecture and stability of centrioles and are common 

proteins of the pericentriolar material (Priyanka and Yenugu 2021; Truebestein and Leonard 2016; 

Woodruff, Wueseke, and Hyman 2014). As of 2021, 22 coiled-coil domain-containing proteins 

have been shown to be involved in male reproduction and their function is summarized in Table 2 

(Priyanka and Yenugu 2021). 

  

Table 2: Functional roles of coiled-coil domain-containing (CCDC) proteins in spermatogenesis. From Priyanka 

and Yenugu 2021. 
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CCDC146 is conserved in many organisms including primates and other mammals, some birds, 

fish, and reptiles (Ensembl – Gene tree), and in unicellular organisms such as Chlamydomonas 

and Trypanosoma (“National Center for Biotechnology Information” n.d.). In both humans and 

mice, Ccdc146 is present in male reproductive tissues (testis, epididymis), in the airway epithelium 

(trachea, nasal epithelium, lung), in the skeletal and heart muscles, and in the oviduct (Hruz et al. 

2008). Consequently, the protein appears to be particularly associated with tissues containing cilia 

and/or flagella. 

During spermatogenesis, RNA-seq studies show that CCDC146 is particularly expressed at the 

spermatocyte and spermatid stage in both humans and mice (Figure 68) (Gan et al. 2013; Green et 

al. 2018; M. Wang et al. 2018; Moretti et al. 2016). 

Human 

Mouse 

Figure 68: Expression of Ccdc146 in spermatogenic cells based on RNA-sequencing studies in humans and mice. 

The data from human and mice (left) were grouped based on differing expression profiles within each cell type. Human 

data are from Wang et al., 2018; mouse data on the left are from Green et al., 2018 and data on the right are from 

Gan et al., 2013 reanalyzed using the last version of the mouse genome (mm10) in Moretti et al., 2016. Artificial units 

(AU). 
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The exact function of CCDC146 is unknown. The first mention of CCDC146 comes from studies 

of its orthologue MBO2 (Coiled-coil flagellar protein) in the green algae Chlamydomonas 

reinhardtii. The MBO2 protein also contains five coiled-coil domains, a disordered C-terminal 

region and shares a 29% identity with human CCDC146 (“BLAST | UniProt” n.d.). The alga 

moves by using its two flagella to propel forwards by an asymmetric “ciliary” waveform whereas 

in the backward movement, it uses a symmetrical “flagellar” waveform. Mutations in the MBO2 

gene resulted in an alteration of this cell motility and the cells could move backwards only (MBO) 

using the “flagellar” waveform (Tam and Lefebvre 2002; Segal et al. 1984). The protein was 

localized along the length of the axoneme and to the basal body at the base of the axoneme, further 

supporting its possible role in sperm motility (Figure 69A). 

The MBO2 mutant cells were missing projections in the lumen of the B-tubules of the outer 

microtubule doublets 5 and 6, called beak-like projections (Tam and Lefebvre 2002), whose 

composition remains unknown (Dutcher 2020). The localization of the protein in the axoneme was 

not disturbed in mutants missing structural components of the axoneme, including radial spokes, 

central pair microtubules, outer dynein arms, and some inner arm dyneins, suggesting that it is 

localized elsewhere but its precise localization remains unknown. The authors also noted a 
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Figure 69: Immunofluorescence localization of MBO2 in the green algae Chlamydomonas (left-A) and of its 

human orthologue CCDC146 in human HeLa and RPE1 cells (right-B). (A) Knock-out strains were rescued by a 

MBO2-HA gene construct (A, B) or a control construct (C, D) showing the localization of MBO2-HA at the axonemes 

and at the basal body. From Tam & Lefebvre, 2002. (B) CCDC146 (green) co-localizes at the centrosome with γ-

tubulin (red) in HeLa cells (top) and is present at the basal body of the primary cilium stained for polyglutamylated 

tubulin (bottom). DNA is stained in blue. From Firat-Karalar et al., 2014. 
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difficulty in extracting the protein from the axoneme, suggesting that it might be tightly associated 

with microtubule doublets even-though the absence of MBO2 did not significantly alter MT 

structure (Tam and Lefebvre 2002). The protein also localized around the basal body, even in the 

absence of MBO1 that is necessary for its assembly into the flagellum, suggesting that MBO2 may 

be involved in intraflagellar transport (IFT) whose proteins, cargo and IFT proteins are thought to 

concentrate at the basal body to assemble into trains and binding cargoes for transport (Hibbard et 

al. 2021). 

The aforementioned localization of MBO2 at the basal body was interesting in the light of a study 

by Firat-Karalar et al. who analyzed the centriolar proteome of bovine spermatozoa by mass 

spectrometry and identified CCDC146 as one of its components (Firat-Karalar et al. 2014). They 

further showed that CCDC146 also localizes to the basal body of primary cilia in RPE1 (human 

Retinal Pigment Epithelium) cells and to the mother centriole in HeLa cells through co-localization 

with γ-tubulin (Figure 69B) and CEP164 (not shown). 

Almeida et al. further supported the localization of CCDC146 at the centrosome in HeLa cells and 

showed that host CCDC146 can be recruited to the periphery of the inclusion membrane in cells 

infected by Chlamydia trachomatis (Almeida et al. 2018). C. trachomatis is an obligate 

intracellular bacterium that multiplies inside the host cells in a membrane bound vacuole known 

as the inclusion vacuole, which plays a role in mediating Chlamydia-host cell interactions. They 

showed that CCDC146 might be recruited from the centrosome to the inclusion vacuole by 

bacterial proteins, however, the functional and physiological relevance of the recruitment was not 

studied further. 

A genome-wide association study in patients with type 2 diabetes by Ustinova et al. tried to 

associate particular gene expression with major diabetes complications such as diabetic 

neuropathy, nephropathy, mascovascular complications, and ophthalmic complications (Ustinova 

et al. 2021). CCDC146 was significantly associated with macrovacsular complications along with 

other genes and solely associated with a greater risk of ophthalmic complications. Both types of 

complications might be associated with cilia, considering that the eyes contain many cell types 

with specialized primary cilia including the photoreceptor neuron cells capable of recognizing light 

and converting it into an electric signal (Wheway, Parry, and Johnson 2014). Similarly, ciliary 

signaling is involved in satiety signaling of the hypothalamus and in other tissues involved in the 
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metabolism, such as the pancreatic islets (Volta and Gerdes 2017). However, these links remain 

hypothetical and the role of CCDC146 in these systems was not studied. 

CCDC146 was also detected as a neoantigen, along with 10 others, present in breast cancer cells, 

particularly in patients with lymph node metastasis. The authors suggested that a neoantigen-

targeting vaccine against CCDC146 and other aforementioned neoantigens could be a promising 

treatment option (Z. Wang et al. 2019). 

A paralogue of CCDC146 called CFAP58 (Cilia- And Flagella-Associated Protein 58), also known 

as CCDC147 (Coiled-Coil Domain-Containing Protein 147), is primarily expressed in the testis, 

contains two contains 2 coiled-coil regions, and shares a 23.18% protein identity with human 

CCDC146. It is present in both humans and mice (The UniProt Consortium et al. 2021; 

Cunningham et al. 2022a). The absence of CFAP58 was associated with the MMAF syndrome and 

male infertility in humans and mice (He et al. 2020). The mutations in men were in the protein’s 

coiled-coil domains. In the mouse, sperm concentration was severely decreased and no motility 

was observed. The protein localized to the entire flagellum with an accumulation at the 

mitochondrial sheath in control sperm (He et al. 2020). CFAP58 had a similar localization to the 

ODF2 protein, a mother centriole protein and is important for the elongation of the mouse sperm 

midpiece (Z.-Z. Li et al. 2020). The authors suggested that CFAP58 could be involved in outer 

dense fiber (ODF) transport during flagellum formation. 

Based on the aforementioned data, CCDC146 appears to be associated with the centrosome and 

flagella, with a possible role during spermiogenesis due to its increased expression in spermatids. 

Since it was identified in infertile MMAF patients, we wanted to characterize its role in male 

reproduction and our investigation is presented in the following article. 
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Lack of CCDC146, a ubiquitous centriole and microtubule-associated protein, 

leads to non-syndromic male infertility in human and mouse 

Abstract 

Genetic mutations are a recurrent cause of male infertility. Multiple morphological abnormalities 

of the flagellum (MMAF) syndrome is a heterogeneous genetic disease, with which more than 50 

genes have been linked. Nevertheless, for 50% of patients with this condition, no genetic cause is 

identified. From a study of a cohort of 167 MMAF patients, pathogenic biallelic mutations were 

identified in the CCDC146 gene in two patients. This gene encodes a poorly characterized 

centrosomal protein which we studied in detail here. First, protein localization was studied in two 

cell lines. We confirmed the centrosomal localization in somatic cells and showed that the protein 

also presents multiple microtubule-related localizations during mitotic division, suggesting that it 

is a microtubule-associated protein (MAP). To better understand the function of the protein at the 

sperm level, and the molecular pathogenesis of infertility associated with CCDC146 mutations, 

two genetically modified mouse models were created: a Ccdc146 knock-out (KO) and a knock-in 

(KI) expressing a HA-tagged CCDC146 protein. KO male mice were completely infertile, and 

sperm exhibited a phenotype identical to our two MMAF patient’s phenotype with CCDC146 

mutations. No other pathology was observed, and the animals were viable. CCDC146 expression 

starts during late spermiogenesis, at the time of flagellum biogenesis. In the spermatozoon, the 

protein is conserved but is not localized to centrioles, unlike in somatic cells, rather it is present in 

the axoneme at the level of microtubule doublets. Expansion microscopy associated with the use 

of the detergent sarkosyl to solubilize microtubule doublets, provided evidence that the protein 

could be a microtubule inner protein (MIP). At the subcellular level, the absence of CCDC146 

affected the formation, localization and morphology of all microtubule-based organelles such as 

the manchette, the head–tail coupling apparatus (HTCA), and the axoneme. Through this study, 

we have characterized a new genetic cause of infertility, identified a new factor in the formation 

and/or structure of the sperm axoneme, and demonstrated that the CCDC146 protein plays several 

cellular roles, depending on the cell type and the stages in the cell cycle. 

Introduction 

Infertility is a major health concern, affecting approximately 50 million couples worldwide [1], or 
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12.5% of women and 10% of men. It is defined by the World Health Organization (WHO) as the 

“failure to achieve a pregnancy after 12 months or more of regular unprotected sexual intercourse”. 

In almost all countries, infertile couples have access to assisted reproductive technology (ART) to 

try to conceive a baby, and there are now 5 million people born as a result of ART. Despite this 

success, almost half of the couples seeking medical support for infertility fails to successfully 

conceive and bear a child by the end of their medical care. The main reason for these failures is 

that one member of the couple produces gametes that are unable to support fertilization and/or 

embryonic development. Indeed, ART does not specifically treat or even try to elucidate the 

underlying causes of a couple’s infertility, rather it tries to bypass the observed defects. 

Consequently, when defects in the gametes cannot be circumvented by the techniques currently 

proposed, ART fails. To really treat infertility, a first step would be to gain a better understanding 

of the problems with gametogenesis for each patient. This type of approach should increase the 

likelihood of adopting the best strategy for affected patients, and if necessary, should guide the 

development of innovative therapies. 

Male infertility has several causes, such as infectious diseases, anatomical defects, or a genetic 

deficiency. Genetic defects play a major role in male infertility, with over 4000 genes thought to 

be involved in sperm production, of which more than 2000 are testis-enriched and almost 

exclusively involved in spermatogenesis [2]. Mutations in any of these genes can negatively affect 

spermatogenesis and produce one of many described sperm disorders. The characterization and 

identification of the molecular bases of male infertility is thus a real challenge. Nevertheless, 

thanks to the emergence of massively parallel sequencing technologies, such as whole exome 

sequencing (WES) and whole genome sequencing (WGS), the identification of genetic defects has 

been greatly facilitated in recent years. As a consequence, remarkable progress has been made in 

the characterization of numerous human genetic diseases, including male infertility.  

Today, more than 120 genes are associated with all types of male infertility [3], including 

quantitative and qualitative sperm defects. Qualitative spermatogenesis defects impacting sperm 

morphology, also known as “teratozoospermia”[4, 5], are a heterogeneous group of abnormalities 

covering a wide range of sperm phenotypes. Among these phenotypes, some relate to the 

morphology of the flagellum. These defects are usually not uniform, and patients’ sperm show a 

wide range of flagellar morphologies such as short and/or coiled and/or irregularly sized flagella. 
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Due to this heterogeneity, this phenotype is now referred to as multiple morphological 

abnormalities of the sperm flagellum (MMAF)[5]. Sperm from these patients are generally 

immotile, and patients are sterile. 

Given the number of proteins present in the flagellum and necessary for its formation and 

functioning, many genes have already been linked to the MMAF phenotype. Study of the MMAF 

phenotype in humans has allowed the identification of around 50 genes [6] coding for proteins 

involved in axonemal organization, present in the structures surrounding the axoneme – such as 

the outer dense fibers and the fibrous sheath – and involved in intra-flagellar transport (IFT). 

Moreover, some genes have been identified from mouse models, and their human orthologs are 

very good gene candidates for MMAF, even if no patient has yet been identified with mutations in 

these genes. Finally, based on the remarkable structural similarity of the axonemal structure of 

motile cilia and flagella, some MMAF genes were initially identified in the context of primary 

ciliary dyskinesia (PCD). However, this structural similarity does not necessarily imply a 

molecular similarity, and only around half (10 of the 22 PCD-related genes identified so far [7]) 

are effectively associated with male infertility. However, in most cases, the number of patients is 

very low, and the details of the sperm tail phenotype are unknown [7].  

We have recruited 167 patients with MMAF. Following whole exome sequencing, biallelic 

deleterious variants in 22 genes were identified in 83 subjects. The genes identified are AK7[8], 

ARMC2 [9], CFAP206 [10], CCDC34 [11], CFAP251 [12], CFAP43 and CFAP44 [13], CFAP47 

[14], CFAP61 [15], CFAP65 [16], CFAP69 [17], CFAP70 [18], CFAP91 [19], CFAP206 [10], 

DNAH1 [20], DNAH8 [21], FSIP2 [22], IFT74 [23], QRICH2 [24], SPEF2 [25], TTC21A [26] and 

TTC29 [27]. Despite this success, a molecular diagnosis is obtained in half of the patients (49.7%) 

with this sperm phenotype, suggesting that novel candidate genes remain to be identified. We have 

pursued our effort with this cohort to identify further mutations that could explain the patient 

MMAF phenotype. As such, we have identified biallelic truncating mutations in CCDC146 in two 

unrelated infertile patients displaying MMAF. CCDC146 is known to code for a centrosomal 

protein when heterogeneously expressed in HeLa cells [28, 29], but minimal information is 

available on its distribution within the cell, or its function when naturally present. Moreover, this 

gene has never been associated with any human disease.  

The centrosome, located adjacent to the nucleus, is a microtubule-based structure composed of a 
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pair of orthogonally-oriented centrioles surrounded by the pericentriolar material (PCM). The 

centrosome is the major microtubule-organizing center (MTOC) in animal cells, and as such 

regulates the microtubule organization within the cell. Therefore, it controls intracellular 

organization and intracellular transport, and consequently regulates cell shape, cell polarity, and 

cell migration. The centrosome is also crucial for cell division as it controls the assembly of the 

mitotic/meiotic spindle, ensuring correct segregation of sister chromatids in each of the daughter 

cells [30]. The importance of this organelle is highlighted by the fact that 3% (579 proteins) of all 

known human proteins have been experimentally detected in the centrosome 

(https://www.proteinatlas.org/humanproteome/subcellular/centrosome). Centrioles also play 

essential roles in spermatogenesis and particularly during spermiogenesis. In round spermatids, 

the centriole pair docks to the cell membrane, whereas the distal centriole serves as the basal body 

initiating assembly of the axoneme. The proximal centriole then tightly attaches to the sperm 

nucleus and gradually develops the head-to-tail coupling apparatus (HTCA), linking the sperm 

head to the flagellum [31]. In human and bovine sperm, the proximal centriole is retained and the 

distal centriole is remodeled to produce an ‘atypical’ centriole [32]; in contrast, in rodents, both 

centrioles are degenerated during epididymal maturation [33]. Despite the number of proteins 

making up the centrosome, and its importance in sperm differentiation and flagellum formation, 

very few centrosomal proteins have been linked to MMAF in humans – so far only CEP135 [34], 

CEP128 [35] and DZIP1 [36]. Moreover, some major axonemal proteins with an accessory 

location in the centrosome, such as CFAP58 [37] and ODF2 [38, 39], have also been reported to 

be involved in MMAF syndrome. Other centrosomal proteins lead to MMAF in mice, including 

CEP131 [40] and CCDC42 [41]. The discovery that MMAF in humans is linked to CCDC146, 

known so far as a centrosomal protein, adds to our knowledge of proteins important for axoneme 

biogenesis. 

In this manuscript, we first evaluated the localization of endogenous CCDC146 during the cell 

cycle in two types of cell cultures, immortalized cells and primary human foreskin fibroblasts. To 

validate the candidate gene and improve our knowledge of the corresponding protein, we also 

generated two mouse models. The first one was a Ccdc146 knock-out (KO) model that served to 

study the impact of the protein’s depletion on the general phenotype, and in particular on the male 

reproductive function using several optical and electron microscopy techniques. The second model 

was a HA-tagged CCDC146 model, which was used to study the localization of the protein in 
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different cell types. Data from these genetically modified mouse models were confirmed in human 

sperm cells. 

Results 

1/ WES identifies CCDC146 as a gene involved in MMAF 

We performed whole exome sequencing (WES) to investigate a highly-selected cohort of 167 

MMAF patients previously described in [9]. The WES data was analyzed using an open-source 

bioinformatics pipeline developed in-house, as previously described [42]. From these data, we 

identified two patients with homozygous truncating variants in the CCDC146 (coiled-coil domain 

containing 146) gene, NM_020879.3 (Figure 1A). No other candidate variants reported to be 

Figure 1: Identification of two CCDC146 gene variants in MMAF patients. (A) Position of the observed 

variants in both probands. Electropherograms indicating the homozygous state of the identified variant: variant 

c.1084C>T is a nonsense mutation, and c. c.2112Del is a single-nucleotide deletion predicted to induce a 

translational frameshift. (B) Structure of the canonical CCDC146 gene transcript showing the position of the 

variants and their impact on translation. Variants are annotated according to HGVS recommendations. 
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associated with male infertility was detected in these patients. This gene is highly transcribed in 

both human and mouse testes (Supp Figure 1). The first identified mutation is located in exon 9/19 

and corresponds to c.1084C>T, the second is located in exon 15/19 and corresponds to c.2112Del 

(Figure 1B). The c.1084C>T variant is a nonsense mutation, whereas the single-nucleotide deletion 

c.2112Del is predicted to induce a translational frameshift. Both mutations were predicted to 

produce premature stop codons: p.(Arg362Ter) and p.(Arg704serfsTer7), respectively, leading 

either to the complete absence of the protein, or to the production of a truncated and non-functional 

protein. The two mutations are therefore most likely deleterious (Figure 1B). Both variants were 

absent in our control cohort and their minor allele frequencies (MAF), according to the gnomAD 

v3 database, were 6.984x10-5 and 0 respectively. The presence of these variants and their 

homozygous state were verified by Sanger sequencing, as illustrated in Figure 1. Taken together, 

these elements strongly suggest that mutations in the CCDC146 gene could be responsible for the 

infertility of these two patients and the MMAF phenotype. 

2/ Ccdc146 knock-out mouse model confirms that lack of CCDC146 is associated with 

MMAF 

To validate the hypothesis that CCDC146 deficiency leads to MMAF and male infertility, we 

produced by CRISPR/Cas9 two mouse lines carrying each a frameshift mutation in Ccdc146 

(ENSMUST00000115245) (Supp Figure 2). We analyzed the reproductive phenotype of the edited 

animals from the F2 generation and found that homozygous males were infertile and reproduced 

the MMAF phenotype like the two patients carrying the homozygous variants in the orthologous 

gene. Based on these findings, we restricted our study to a strain with a 4-bp deletion in exon 2 

(c.164_167delTTCG). 

The KO mice were viable without apparent defects. The reproductive phenotypes of male and 

female mice were explored. WT and heterozygous animals and KO females were fertile, whereas 

KO males were completely infertile (Figure 2A). This infertility is associated with a 90% decrease 

in epididymal sperm concentration (from ~30 to ~3 million) (Figure 2B) and an almost complete 

absence of motility (Figure 2C). Closer examination revealed sperm morphology to be strongly 

altered, with a typical MMAF phenotype and marked defects in head morphology (Figure 2E) 

indicative of significantly impaired spermiogenesis. In addition, testicle weight relative to whole 

body weight was significantly lower (Figure 2D), suggesting a germ cell rarefaction in the 
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seminiferous epithelia due to high apoptosis level. A study of spermatogenic cell viability by 

TUNEL assay confirmed this hypothesis, with a significant increase in the number of positive cells 

in Ccdc146 KO animals (Supp Figure 3).  

Comparative histological studies (Figure 3) showed that on sections of spermatogenic tubules, 

structural and shape defects were present from the elongating spermatid stage in KO mice, with 

almost complete disappearance of the flagella in the lumen. At the epididymal level, transverse 

sections of the epididymal tubules from KO males contained almost no spermatozoa, and the 

tubules were filled with an acellular substance. 

Figure 2: Ccdc146 KO mice are infertile and KO sperm exhibit a typical “multiple morphological 

abnormalities of the flagellum (MMAF)” phenotype. (A) Number of pups produced by wild-type (+/+, WT), 

CCDC146 heterozygote (+/-) and CCDC146 knock-out (-/-, KO) males (3 males per genotype) after mating with 

fertile WT females (2 females per male) over a period of three months. (B) Sperm concentration and (C) sperm 

mobility. (D) Comparison of testis weights (mg). (E) Illustration of WT and KO sperm morphologies stained with 

Papanicolaou and observed under optic microscopy. Statistical comparisons were based on ordinary one-way 

ANOVA tests (**** p<0.0001; *** p<0.001, **p<0.01, *p<0.05). Scale bar of images: 10 µm. 
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3/ Ccdc146 codes for a centriolar protein 

CCDC146 has been described as a centriolar protein in immortalized HeLa cells [28, 29]. To 

confirm this localization, we performed immunofluorescence experiments in HEK-293T cells 

(Figure 4). First, we focused on the centrosome. In HEK-293T cells, using an antibody recognizing 

centrin (anti-centrin Ab) as a centriole marker and an anti-CCDC146 Ab, CCDC146 was shown 

to colocalize with centrioles. However, the signal was not strictly localized to centrioles, as peri-

centriolar labeling was clearly visible. As this labeling pattern suggests the presence of centriolar 

satellite proteins, we next performed co-labeling with an antibody recognizing PCM1, a canonical 

centriolar satellite marker [43]. Once again, the colocalization was only partial (Supp Figure 4). 

Based on these observations, CCDC146 has a unique localization profile that may indicate specific 

functions. 

Figure 3: Histological evidence that spermiogenesis is disrupted in Ccdc146 KO males and leads to a strong 

decrease in sperm concentration in the epididymis. (A) Transversal sections of WT and KO testis stained with 

hematoxylin and eosin. The upper images show the sections at low magnification (scale bars: 50 µm) and the 

lower images are an enlargement of the dotted square (scale bars: 10 µm). In the KO, spermatid nuclei were very 

elongated and no flagella were visible within the seminiferous tubule lumen. (B) Transversal sections of WT and 

KO epididymis stained with hematoxylin and eosin. Despite similar epididymis section diameters in WT and KO 

testes, KO lumen were filled with round cells and contained few spermatozoa with abnormally shaped heads and 

flagella. The upper images show the sections at low magnification (scale bars 50 µm) and the lower images are an 

enlargement of the dotted square (scale bars: 10 µm). 
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4/ CCDC146 co-localizes with multiple tubulin-based organelles 

Interestingly, our immunofluorescence experiments revealed that CCDC146 labeling was not 

strictly limited to centrosomes – other tubulin-containing cellular substructures were also labeled, 

particularly structures emerging during cell division (Figure 5). Thus, the mitotic spindle was 

labeled at its base and at its ends. The co-labeling intensified in the midzone during chromatid 

separation. Finally, the separation structure between the two cells, the midbody, was also strongly 

stained. As HEK-293T cells are an immortalized cell line, we therefore verified that this labeling 

pattern was not due to an aberrant expression profile and that it also reflected the situation in 

primary cell lines. Identical labeling profiles were observed in freshly prepared Human foreskin 

fibroblasts (HFF cells) (Supp Figure 5). 

Figure 4: CCDC146 has a centriolar and pericentriolar localization in interphase somatic HEK-293T cells. 

HEK-293T cells were immunolabeled for β-tubulin (green), centrin (yellow) and CCDC146 (magenta). DNA was 

stained with Hoechst (blue). (A) CCDC146 localized to centrioles and/ or to the pericentriolar material in 

interphase cells. The centrosomes of two cells are shown enlarged in A1 and A2. (B) In serum starved cells with 

primary cilia, CCDC146 localizes to the basal body of primary cilia. The basal body of two cells are shown 

enlarged in B1 and B2. CCDC146 is also present as dotted signal resembling the pattern for centriolar satellite 

proteins. Scale bars on zoomed images: 2 µm. 
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Figure 5: CCDC146 is a microtubule-associated protein (MAP) associated with microtubule-based 

structures throughout the cell cycle. HEK-293T cells were immunolabeled with anti-β-tubulin (green), anti-

centrin (yellow), and anti- CCDC146 (magenta) Abs. DNA was stained with Hoechst (blue). In synchronized 

HEK-293T cells, CCDC146 is observed associated with (A) mother centrioles and their corresponding 

procentrioles during centriole duplication. (B) In non-synchronized cells, CCDC146 is observed associated with 

microtubule tips during metaphase, (C) the central spindle during (C) anaphase and (D) telophase, and (E) the 

midbody during cytokinesis. Images on the right show the enlargement of the dotted square in the left image. 

Scale bar of zoomed images: 2 µm. 
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5/ Expression profile of CCDC146 during the first wave of spermatogenesis in mouse 

From our immunofluorescence analysis of somatic cell lines, it was clear that CCDC146 

expression is associated with the cell cycle. In the testis, a wide variety of cell types co-exist, 

including both somatic and germline cells. The germline cells can be further subcategorized into a 

wide variety of cells, some engaged in proliferation (spermatogonia), others in meiosis 

(spermatocytes), or in differentiation (spermatids). To better understand the role of CCDC146 in 

spermatogenesis, and thus how its absence leads to sperm death and malformation, we initially 

studied its expression during the first wave of spermatogenesis [44] and sought to detect the protein 

in testis extracts at several postnatal timepoints and in the mature epididymal spermatozoon. 

Results from this study should shed light on when CCDC146 is required for sperm formation. 

Surprisingly, RT-PCR failed to detect Ccdc146 transcripts in proliferating spermatogonia on day 

9 after birth (Figure 6A). Transcription of Ccdc146 started on day 18, concomitantly with the 

initiation of meiosis 2. Expression peaked on day 26, during the differentiation of spermatids. We 

also wished to explore the expression of the protein. To overcome a lack of specific antibodies 

recognizing mouse CCDC146, a transgenic mouse was created: (hemagglutinin) sequence was 

inserted by the CRISPR/Cas9 system into the coding sequence of the Ccdc146 gene between the 

two first codons to produce a tagged protein at the N-terminus domain (Supp Figure 6). This 

insertion induced no phenotypic changes, and both female and male mice were viable with normal 

fertility. Tag insertion was validated by Western blotting (WB) (Figure 6B). The theoretical MW 

of the tagged protein is around 116.2 kDa (115.1 + 1.1); the observed MW was slightly higher, 

suggesting some post-translational modifications. Using these mice, testicular extracts from 

several postnatal timepoints and from epididymal spermatozoa were analyzed (Figure 6B). In 

accordance with RT-PCR experiments, bands corresponding to HA-tagged CCDC146 were 

detectable at D26 and 35, and in epididymal sperm (Figure 6C). The protein is therefore present 

during spermatid differentiation and conserved in mature sperm. The absence of the protein during 

spermatogonia proliferation suggests a new function for CCDC146 in sperm cells. 
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6/ In sperm, CCDC146 is present in the flagellum, not in the centriole 

To attempt to elucidate the function of CCDC146 in sperm cells, we next studied its localization 

by IF in human and murine spermatozoa. We focused successively on the anterior segment (head, 

neck and beginning of the intermediate piece) of the sperm and then on the flagellum. In humans, 

the spermatozoon retains its two centrioles [32], and they are observable in the neck, as shown by 

anti-centrin and anti-tubulin labeling (Figure 7A1-3). No colocalization of the CCDC146 label 

with centrin was observed on human sperm centrioles, suggesting that the protein is not present in 

Figure 6: CCDC146 is expressed in late spermatocyte and in spermatids; CCDC146 protein is present in 

spermatids and in epididymal spermatozoa in mouse. (A) mRNA expression levels of Ccdc146 relative to Actb 

and Hprt in CCDC146-HA mouse pups’ testes. Extremely low expression was detected at day 9, corresponding 

to testes containing spermatogonia and Sertoli cells only. Ccdc146 expression was observed from postnatal day 

18 (formation of secondary spermatocytes), peaked at day 26 (formation of elongated spermatids), and 

subsequently decreased from day 35 (formation of spermatozoa), suggesting that Ccdc146 is particularly expressed 

in elongated spermatids during spermatogenesis. (B) Western blot of HA-tagged and WT sperm showing the 

specific band (arrow) corresponding to HA-tagged CCDC146 (CCDC146-HA) in epididymal whole sperm. (C) 

Western blot of HA-tagged testis extracts at different postnatal days. The presence of HA-tagged CCDC146 was 

revealed by an anti-HA Ab. Faint bands at the expected molecular weight are observed at D26, D35 and in 

epididymal sperm. 
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or around this structure. However, two unexpected labeling events were observed: sub-acrosomal 

labeling and labeling of the midpiece. At the flagellum level, faint staining was observed along the 

whole length (Figure 7A4). 

  

Figure 7: CCDC146 localizes to the flagellum but not to the centrioles of ejaculated human spermatozoa. 

(A) Human ejaculated sperm were immunolabeled with Abs recognizing centrin (yellow), CCDC146 (magenta), 

and β-tubulin (green). DNA was stained with Hoechst (blue). (A1-A3) enlargement of dotted square focused on 

sperm neck: no colocalization between CCDC146 and centrin. (A4) A faint signal for CCDC146 is present along 

the length of the sperm flagellum. Scale bar of zoomed images: 1 µm. (B) Human ejaculated sperm observed by 

expansion microscopy. Sperm were immunolabeled with anti-CCDC146 (magenta) and anti-β-tubulin (green), 

and DNA was stained with Hoechst (blue). B1 and B5 show strong staining for CCDC146 in the axoneme, B3 

showing the localization of the axoneme through tubulin staining. B2, B4 and B6 show enlargements of the dotted 

square focused on the sperm neck. CCDC146 did not colocalize with the centrioles at the base of the axoneme. 

The CCDC146 staining observed probably corresponds to non-specific labeling of mitochondria. 
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To enhance resolution, ultrastructure expansion microscopy (U-ExM), an efficient method to study 

in detail the ultrastructure of organelles [45], was used (Figure 7B). The localization of the two 

centrioles was perfectly visible following anti-tubulin labeling, and was confirmed by co-labeling 

with an anti-POC5 Ab (Supp Figure 7). Once again, no CCDC146 labeling was observed on sperm 

centrioles (Figure 7B3), confirming the conventional IF results. Moreover, U-ExM unveiled that 

the observed CCDC146 midpiece staining (Figure 7A) seems in fact associated with isolated 

structures, which we hypothesize could be mitochondria, now visible by expansion (Figure 7B1). 

This suggests that the labeling on the midpiece observed in IF corresponds to non-specific 

mitochondrial labeling. This conclusion is supported by the fact that the same isolated structures 

were also labeled with anti-POC5 Ab (Supp Figure 7). In contrast, at the flagellum level, clear 

punctiform labeling was observed along the whole length of the main piece (Figure 7B1-B3), 

confirming that the protein is present in the sperm flagellum. 

The same experiments were performed on murine epididymal spermatozoa. For this study, we 

used the mouse model expressing HA-tagged CCDC146 protein. It should be noted that unlike in 

humans, in mice, centrioles are no longer present in epididymal spermatozoa [33]. In conventional 

IF, using an anti-HA Ab, labeling was observed along the whole flagellum (Figure 8A). The strong 

HA-labeling in the midpiece was clearly non-specific, as the signal was still present when 

secondary antibodies were used alone (Supp Figure 8). In expansion microscopy, unexpectedly, 

the mouse flagellum presented breaks that most likely resulted from the expansion procedure 

(Figure 8B). Interestingly, strong HA-labeling was observed at the level of these breaks suggesting 

that CCDC146 epitopes are buried inside the axonemal structure and become accessible only on 

blunt or broken microtubule doublets. The same pattern was observed with three different anti-HA 

antibodies (Figure 8A-C). To confirm the presence of CCDC146 in the flagellum, sperm flagella 

were purified after mild sonication, and protein extracts were analyzed by WB (Figure 8D). In the 

flagella fraction, the HA Ab revealed a single band at around 120 kDa, thus confirming the 

flagellar localization of CCDC146 in both human and mouse sperm.  
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7/ CCDC146 labeling associates with microtubule doublets 

We next wanted to determine whether CCDC146 staining was associated with the axoneme or 

accessory structures of the flagellum (outer dense fibers or fibrous sheath), and if so, whether it 

was associated with microtubule doublets or the central pair. To do so, we used U-ExM on human 

sperm and quantified the relative position of each CCDC146 dot observed (outside the axoneme, 

outer left and right; microtubule doublets left and right and central pair – Figure 9A-C). The 

distribution of localizations was summarized in two bar graphs, generated for two distinct sperm 

Figure 8: CCDC146 localizes to the flagellum of mouse epididymal spermatozoa. (A) Mouse epididymal 

spermatozoa observed with conventional IF. CCDC146-HA sperm were labeled with anti-HA #1 (red) and anti-

β-tubulin (green) Abs. DNA was stained with Hoechst (blue). The upper image shows the sperm with merged 

immunostaining, and the lower images, the staining (red, green, and merge) observed in the principal piece of the 

flagellum. Scale bars: 10 µm. (B) Mouse epididymal spermatozoa observed with expansion microscopy. 

CCDC146-HA sperm were immunolabeled with anti-HA #2 (red) and anti-β-tubulin (green) Abs. DNA was 

stained with Hoechst (blue). The upper image shows the sperm with merged immunostaining. The lower images 

show the staining (red, green, and merge) observed in the principal piece of the flagellum. Strong punctiform 

signals were observed at the level of axonemal breakages induced by the expansion process. White arrows indicate 

the zones of the micro breaks. Scale bars: 10 µm. (C) Similar experiment performed with a third anti-HA Ab (#3). 

Scale bars: 10 μm. (D) Western blot of whole sperm and flagella fraction extracts. The presence of CCDC146-

HA was revealed by an anti-HA Ab. 

10 µm 
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Figure 9: CCDC146 localizes to the microtubule doublets of the axoneme in human and mouse (description 

on the following page).  

C 

D 

cells. Labeling was preferentially located on the right and left doublets (Figure 9D and 9F), 

indicating that CCDC146 associates more with microtubule doublets. Analysis of protein 

distribution in mice was not easy, because signal tended to concentrate at breaks. Nevertheless, on 

some spermatozoa with frayed microtubule doublets., i.e. with the flagellum taking on the shape 

of a hair, we could find that isolated doublets carried the punctiform labeling confirming the results 

of analyses on human spermatozoa (Figure 9G). Taken together, these results from mouse and 

human sperm demonstrate that CCDC146 is an axonemal protein, probably associated with 

microtubule doublets. 
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8/ CCDC146 could be a Microtubule Inner Protein (MIP) 

The presence of extensive labeling at axoneme breaks suggests that the antigenic site is difficult 

to access in an intact flagellum. We therefore hypothesized that CCDC146 could be a MIP. MIPs 

are generally resistant to solubilization by detergents. However, N-lauroylsarcosine (sarkosyl) can 

solubilize microtubule doublets, with increasing concentrations destabilizing first the A-tubule, 

then the B-tubule [46, 47]. Microtubule solubilization allows release of the MIPs contained within 

the tubules, and the method is recognized [48, 49]. To test our hypothesis that CCDC146 is a MIP, 

we treated spermatozoa from HA-tagged CCDC146 mice with sarkosyl and performed a WB on 

the supernatant (Figure 10A). The protein was effectively solubilized, leading to the appearance 

of bands at around 120 kDa on an SDS-PAGE gel following migration of extracts from sperm 

treated with 0.2% and 0.4% sarkosyl concentrations. Interestingly, a second band around 90 kDa 

was also immunodecorated by anti-HA antibody in the sarkosyl treated sample, a band not present 

in the protein extracts from WT males. The other detergents and buffers tested – RIPA, CHAPS 

or Tris-HCl – barely solubilized CCDC146 or led to no solubilization (Figure 10B). This result 

confirms the unique action of sarkosyl on CCDC146 and strengthens the hypothesis that the 

protein is localized in the lumen of tubules. To confirm the action of sarkosyl on the accessibility 

of the antigenic site, murine spermatozoa were labeled with an anti-HA antibody after treatment 

with sarkosyl or no treatment. CCDC146 labeling was significantly increased in the presence of 

sarkosyl (Figure 10C). The full image panel including secondary Ab control experiments can be 

found in Supp Figure 9.  

(Previous page) Figure 9: CCDC146 localizes to the microtubule doublets of the axoneme in human and 

mouse. (A) Sperm was double-stained with anti-tubulin Ab (green) and anti-CCDC146-Ab (magenta) and 

observed by expansion microscopy. (B) The position of the CCDC146 signal with respect to the tubulin signal 

was measured along the entire flagellum. CCDC146 signals were localized to different compartments of the 

axoneme by the following method: the green signal is quite characteristic with two peaks corresponding to the 

left and right microtubule doublet, it identifies five axonemal compartments (left outer, left doublet, central pair, 

right doublet, and right outer). For each CCDC146 signal (magenta dots), the flagellum was perpendicularly cut 

(example, white bar in A) and the tubulin and CCDC146 signals measured to assign each CCDC146 signal to a 

localization area. (C) Example of a measurement obtained at the right bar shown in (A). (D) Histogram showing 

the distribution of CCDC146 labeling in ejaculated human sperm 1, presented in (A). (E) Ejaculated human sperm 

double-stained with anti-tubulin Ab (green) and anti-CCDC146-Ab (magenta). (F) Histogram showing how 

CCDC146 labeling distributed in ejaculated human sperm 2. (G) Flagellum of a mouse epididymal spermatozoa 

observed with expansion microscopy. CCDC146-HA sperm were immunolabeled with anti-HA #2 (red) and anti-

β-tubulin (green). The upper image shows the sperm with merged immunostaining, and the lower images, the 

staining (red, green, and merge) observed in the principal piece of the flagellum. Scale bars 10 µm. 
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9/ KO models show defects in tubulin-made organelles 

To better characterize the function of CCDC146 in mouse sperm, we went on to perform a detailed 

morphological analysis of tubulin-made organelles by IF, and examined the morphological defects 

induced by the absence of CCDC146 at the subcellular level by scanning and/or transmission 

electron microscopy. This work was performed on immature testicular sperm and on seminiferous 

tubule sections from adult WT and KO males. Mouse testicular sperm were used because they still 

contain centrioles that become disassembled as sperm transit through the epididymis [50]. We 

mainly focused our analyses on the centrioles, the manchette, and the axoneme.  

Figure 10: CCDC146 could be a microtubule inner protein in sperm: evidence from sarkosyl treatment. (A) 

Western blot of WT and CCDC146-HA sperm extract solubilized with N-lauroylsarcosine (sarkosyl), an anionic 

detergent. Sarkosyl was used at increasing concentrations (0.2 and 0.4%). The presence of CCDC146-HA was 

detected by an anti-HA Ab. (B) Western blot of WT and CCDC146-HA sperm extracts solubilized with alternative 

detergents (RIPA, CHAPS, Tris-HCl) and whole sperm extract solubilized in Laemmli. The presence of 

CCDC146-HA was revealed by an anti-HA Ab. (C) Epididymal CCDC146-HA sperm (C1-C2) and WT sperm 

(C3-C4), treated with sarkosyl (5 min, 0.2% sarkosyl) or not (NT), were immunostained to reveal the HA-tag (red) 

and counterstained with Hoechst (blue). (C1) Without treatment, a faint CCDC146 signal (white arrow heads) is 

observed along the flagellum from CCDC146-HA sperm. (C2) Treatment with sarkosyl enhanced the CCDC146-

HA signal along the sperm flagellum. (C3) HA signal in WT non-treated (NT) sperm is present in the midpiece 

only, suggesting that this signal is not specific. (C4) The HA signal in WT sperm is not enhanced by sarkosyl 

treatment. Scale bars 10 μm. 
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The connecting piece between the head and the flagellum, known as the sperm head-tail coupling 

apparatus (HTCA), is a complex structure containing several substructures including both 

centrioles, the capitulum and the segmented columns. The distal centriole is embedded in the 

segmented column and the axoneme emerges from the distal centriole. This structure has a specific 

shape when observed by scanning electron microscopy (Figure 11A). In Ccdc146 KO sperm, the 

connecting piece was severely damaged (Figure 11A). In WT testicular sperm, IF experiments 

show that the centrioles, identified by anti-tubulin Ab, are very close to each other and adjacent to 

the capitulum (Figure 11B). In Ccdc146 KO males, centriole separation was visible in numerous 

spermatozoa (Figure 11B3, B4), with the structures located far away from the connecting piece 

(Figure 11B5) or duplicated (Figure 11B6). 

Figure 11: The absence of CCDC146 causes 

defects of the head-tail coupling apparatus in 

epididymal spermatozoa and duplication and 

mislocalization of centriole in testicular 

sperm. (A) Scanning electron microscopy of WT 

and Ccdc146 KO epididymal spermatozoa 

showed aberrant head morphologies and 

irregular head-tail coupling apparatus (HTCA) 

linking the sperm head with the flagellum. (B) 

Testicular spermatozoa from WT (B1) and 

Ccdc146 KO (B2-B6) mice immunolabeled with 

anti-β-tubulin (magenta) and anti-centrin (B1-

B3) or anti-γ-tubulin (B4-B6) (green) Abs. 

Centrioles appeared to be normal (B2) in some 

spermatozoa, separated but partially attached to 

the head (B3, B4), completely detached from the 

sperm head (B5), or duplicated (B6). 
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Interestingly, the overall structure of the HTCA under construction in spermatids, observed by 

TEM, was conserved in Ccdc146 KO spermatids, with the presence of both centrioles, containing 

nine triplets of microtubules, the proximal centriole and its adjunct, as well as accessory 

cytoskeletal structures, including the capitulum and the segmented columns (Figure 12AB). 

Remarkably, in a very large proportion of sections, no singlet or doublet of microtubules emerged 

from the distal KO centriole, suggesting that the process of tubulin polymerization is somehow 

hampered in these cells (Figure 12A). The absence of microtubules at the end of the distal centriole 

was confirmed by analysis of serial sections of the sperm centrioles (Figure 12C). Moreover, the 

defects observed in IF experiments, such as duplication, or defective attachment to the nuclear 

membrane, were frequently confirmed in TEM images (supp Figure 10). Such defects were not 

observed in WT spermatids. 

Figure 12: Absence of elongation of 

axonemal microtubules at the base 

of the distal centriole. (A) In WT 

spermatids, the proximal centriole 

(PC) is linked to the base of the 

compacting nucleus (Nu) through the 

basal plate (BP) and the capitulum 

(Ca), and the distal centriole (DC) is 

embedded in the segmented column 

(SC). All these sperm-specific 

cytoskeletal structures make up the 

HTCA. At the base of the distal 

centriole, axonemal microtubules 

(MT) grow. In Ccdc146 KO 

elongating spermatids, the overall 

structure of the HTCA is conserved, 

with the presence of the centrioles and 

the accessory cytoskeletal structures. 

However, no axonemal microtubules 

are visible. (B) The adjunct (Ad) of the 

proximal centriole is also preserved in 

Ccdc146 KO spermatids. (C) Serial 

sections of the HTCA of a Ccdc146 

KO spermatid confirm the absence of 

axonemal microtubules at the base of 

the distal centriole during spermatid 

elongation. Scale bars: 1 µm. 
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Manchette formation – which occurs from the round spermatid to fully-elongated spermatid stages 

– was next studied by IF using b-tubulin Ab. Simultaneously, we monitored formation of the 

acrosome using an antibody binding to DPY19L2 (Figure 13). Initial acrosome binding at step III 

was not disrupted, and we observed no differences in the caudal descent of the acrosome during 

subsequent steps (III-VIII). The development of the manchette in between stages IX-XII was not 

hampered, but noticeable defects appeared indicating defective manchette organization– such as a 

random orientation of the spermatids and abnormal acrosome shapes. Finally, at step I, the 

manchette was clearly longer and wider than in WT cells, suggesting that the control of the 

manchette biogenesis is defective. In TEM, microtubules in the manchette were clearly visible 

surrounding the compacting nucleus of elongating spermatids. However, many defects such as 

marked asymmetry and enlargement were visible (Figure 14). The manchette normally anchors on 

the perinuclear ring, which is itself localized just below the marginal edge of the acrosome and 

separated by the groove belt [51]. In KO spermatids, the perinuclear ring was no longer localized 

in the vicinity of the acrosome and was often spread into the cytoplasm, providing a large 

nucleation structure for the manchette (Figure 14 D-F, red arrows), which explains its width and 

irregularity. 

  

(Next page) Figure 13: Analysis of stages of spermatogenesis by IF reveals acrosome formation and 

manchette elongation defects. Cross sections of WT and Ccdc146 KO testes showing different stages of mouse 

spermatogenesis (I, VII-XII). Stages were determined by double immunostaining for β-tubulin (red) and DPY19l2 

(green; acrosome localization), and DNA was stained with Hoechst (blue). (A) Very few mature spermatozoa lined 

the lumen at stage VII-VIII in the KO. Cell orientations appear random from stage IX-X in the KO and the tubules 

contain more advanced spermatid stages. The acrosome of elongating KO spermatids had become abnormal by 

stage XII, and the manchette of elongated spermatids at stage I was longer in the KO compared with the WT. (B) 

Typical spermatids from stages I-XII, showing details of acrosome formation and manchette elongation. Scale 

bars stages VII-VIII 20 µm, scale bars IX-X, XII and I: 10 µm. 
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Numerous defects were also observed in the axoneme. These axoneme defects were generally 

similar to the defects observed in other MMAF mouse models, with disorganization of the 

axoneme structure (Figure 15A) accompanied by fragmentation of the dense fibers and their 

random arrangement in cell masses anchored to the sperm head (Figure 15C). The absence of 

emerging singlet or doublet microtubules at the base of the distal centriole leads to a complete 

disorganization of the flagellum and the presence of notably dense fiber rings devoid of internal 

tubulin elements (Figure 15BC). 

Finally, the shape of the nucleus presented numerous abnormalities (Supp Figure 11). The 

emergence of head defects was concomitant to the implantation of the manchette, with no defects 

observed on round spermatids at stages III-VIII. Unexpectedly, a distortion was created in the 

Figure 14: TEM of elongating spermatids from Ccdc146 KO male shows ultrastructural defects of the 

manchette. (A, B) Ultrastructural analysis of the manchette in WT elongating spermatids shows the normal thin 

perinuclear ring, anchored below the acrosome and allowing a narrow array of microtubules to anchor. (C-F) In 

elongating spermatids from CCDC146 KO animals, the perinuclear ring was abnormally broad, usually located 

on one side of the spermatid (red arrows), creating an asymmetric and wide bundle of microtubules. The resulting 

manchette was wider and often longer than in WT animals. (E, F) The tubulin nucleation location was sometimes 

ectopic in the KO and coincided with irregularly shaped sperm heads. Scale bar: 1 µm. 
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center of the nucleus at the anterior pole, causing the formation of a bilobed compacted nucleus 

(Supp Figure 13E-G) containing visible vacuoles. 

 

Discussion 

This study allowed us to identify and validate the involvement of a new candidate gene in male 

infertility, CCDC146. This gene was first described in mice by our team earlier this year, in the 

context of a research project on the different types of genetic causes of sperm abnormalities in 

mouse [52]. However, no data other than the sperm phenotype (MMAF) was presented in this 
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A Figure 15: The axonemes of Ccdc146 

KO spermatids present multiple defects 

visible under TEM. (A1) A longitudinal 

section of a WT flagellum shows a typical 

structure of the principal piece, with outer 

dense fibers (ODF) at the periphery, 

microtubules (MT) in the center, and 

mitochondria (Mi) aligned along the 

flagellum. (B1) A longitudinal section of a 

Ccdc146 KO flagellum shows a 

disorganized midpiece, with altered 

mitochondria, the presence of an 

amorphous fibrous sheath (FS) and altered 

microtubules. (B) Longitudinal section of a 

Ccdc146 KO sperm showing dispersed and 

non-assembled flagellar material in a 

cytoplasmic mass. The right-hand image is 

the enlargement of the red square, showing 

the presence of an external ring of 

mitochondria surrounding an outer dense 

fiber ring devoid of microtubular material. 

(C) Longitudinal section of another 

Ccdc146 KO sperm showing a similar 

abnormal midpiece structure. The right-

hand image is the enlargement of the red 

square, showing the presence of an external 

ring of mitochondria surrounding an outer 

dense fiber ring devoid of microtubular 

material. 
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initial report. In this paper, we present for the first time the evidence of the presence of mutations 

in humans and a description of the localization of the protein in somatic and germ cells. We also 

examined the lesion spectrum at the subcellular level, to obtain a detailed view of the molecular 

pathogenesis associated with defects in this gene. 

1/ Genetic complexity of MMAF 

It is essential to characterize all genes involved in male infertility. Therefore, the characterization 

of a new gene involved in MMAF syndrome is not just "one more gene". First, it further confirms 

that MMAF syndrome is a heterogeneous recessive genetic disease, currently associated with 

defects in more than 50 genes. Second, it helps direct the diagnostic strategy to be directed during 

genome-wide searches. The type of profiling required for MMAF is very different from that 

performed for instance for cystic fibrosis, where one mutation is responsible for more than 50% of 

cases. Third, the discovery of all genes involved in MMAF is important in the context of oligogenic 

heterozygous inheritance of sperm abnormalities in human [52]. Indeed, a homozygous deleterious 

mutation is found in only half of all MMAF patients, suggesting that other modes of inheritance 

must be involved. Only by establishing an extended list of genes linked to MMAF will it be 

possible to determine whether oligogenic heterozygous inheritance is a relevant cause of this 

syndrome in humans. Finally, some of the genes involved in MMAF syndrome are also involved 

in ciliary diseases [7]. By further exploring MMAF-type infertility, we can hope to enhance our 

understanding of another underlying pathology. Although the vast majority of patients with PCD 

are diagnosed before 5 years of age [53], one study showed that in a cohort of 240 adults with a 

mean age of 36 years (36 ± 13) presenting with chronic productive cough and recurrent chest 

infections, PCD was identified for the first time in 10% of patients [54]. This result suggests that 

infertility diagnosis can occur before PCD diagnosis, and consequently that infertility management 

might improve PCD diagnosis and care. 

2/ Functional complexity of CCDC146 

The results presented in this report show striking differences in localization of CCDC146 between 

somatic and germ cells. Our results show that the protein displays several subcellular localizations, 

which vary according to the cell cycle, and the cell nature. In somatic cells, the protein is mostly 

associated with the centrosome and other microtubular structures – in particular the mitotic spindle 

– at the end of microtubules and at the level of the kinetochore and the midbody. These 
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observations identify CCDC146 as a microtubule-associated protein (MAP). In contrast, in 

spermatozoa, IF images indicate that CCDC146 is an axonemal protein that could be localized in 

the microtubule doublets. Moreover, the CCDC146 signal was enhanced when sperm were treated 

with the sarkosyl detergent, used to identify microtubule inner proteins (MIP). Finally, expansion 

microscopy revealed a strong signal in mouse sperm at the point of axoneme rupture. Taken 

together, these elements suggest that CCDC146 may be a MIP. Despite its broad cellular 

distribution, the association of CCDC146 with tubulin-dependent structures is remarkable. 

However, centrosomal and axonemal localizations in somatic and germ cells, respectively, have 

also been reported for CFAP58 [37, 55], thus the re-use of centrosomal proteins in the sperm 

flagellar axoneme is not unheard of. In addition, 80% of all proteins identified as centrosomal are 

found in multiple localizations 

(https://www.proteinatlas.org/humanproteome/subcellular/centrosome). The ability of a protein to 

home to several locations depending on its cellular environment has been widely described, in 

particular for MAP. The different localizations are linked to the presence of distinct binding sites 

on the protein. For example, MAP6 binds and stabilizes microtubules, through Mc modules, and 

associates with membranes and neuroreceptors through palmitoylated cysteines. MAP6 can also 

localize in the microtubule lumen, in its role as MIP, thanks to its Mn modules. Finally, in addition 

to its associations with subcellular compartments and receptors, the presence of proline-rich 

domains (PRD) in the MAP6 sequence, allows it to bind to SH3-domain-containing proteins, and 

thus triggering activation of signaling pathways [56]. Another example of a protein with multiple 

localizations is CFAP21, which is a MIP but also a cytosolic calcium sensor. In the latter capacity, 

CFAP21 modulates the interaction of STIM1 and ORAI1 upon depletion of calcium stores [57, 

58]. These examples illustrate the complexity of function of some multiple-domain proteins.  

The fact that CCDC146 can localize to multiple subcellular compartments suggests that it also 

contains several domains. Interestingly, a PF05557 motif (Pfam mitotic checkpoint protein, 

https://www.ebi.ac.uk/interpro/protein/UniProt/E9Q9F7/) has been identified in the mouse 

CCDC146 sequence between amino acids 130 and 162. Proteins belonging to the “mitotic spindle 

checkpoint” monitor correct attachment of the bipolar spindle to the kinetochores. The presence 

of this motif likely explains the ability of CCDC146 to localize to cell cycle-dependent subcellular 

compartments containing tubulin. However, the most important structural motifs identified in 

CCDC146 are the coiled-coil domains. Although coiled-coils play a structural role in a variety of 
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protein interactions, their presence in CCDC146 remains mysterious, and how they contribute to 

its function remains to be elucidated. Nevertheless, this motif is compatible with a MIP function 

for this protein, since several MIP proteins including CCDC11 (FAP53), CCDC19 (FAP45), and 

CCDC173 (FAP210) are coiled-coil proteins [57]. It is worth noting that the ortholog of CCDC146 

in Chlamydomonas, MBO2, codes for a protein required for the beak-like projections of doublets 

5 and 6, located inside the lumen of the tubule B [59], in the proximal part of the Chlamydomonas 

flagellum. Although no beak-like projections are present in the mammalian axoneme, the location 

inside the tubule seems to be evolutionarily conserved. A more recent study of MBO2 showed that 

the protein is also present all along the flagellum of Chlamydomonas and is tightly associated with 

microtubule doublets [60]. These observations support our results showing association of 

CCDC146 with this axonemal structure. 

The results presented here also show a striking difference in the phenotype induced by the lack of 

the protein in somatic and male germ cells. This protein is essential for spermatogenesis, and its 

absence leads to immotile non-functional sperm and to complete infertility in both humans and 

mice. Conversely, both patients and Ccdc146 KO mice seem to be healthy and present no other 

conditions such as primary ciliary dyskinesia (PCD). CCDC146, despite its wide expression 

profile in many tissues therefore seems to be dispensable except during spermatogenesis. 

Nevertheless, because this protein is localized on the tips of the spindle and may be involved in 

mitotic checkpoints, its absence may lead to late proliferative disorders. This hypothesis is 

supported by the fact that CCDC146 is reported to be down-regulated in thyroid cancer [61]. The 

link between infertility and risk of cancer was recently underlined, with mutations found in genes 

like FANCM [62]. Therefore, it would be interesting to monitor aging in Ccdc146 KO mice and to 

study their life expectancy and cancer rates compared to WT mice. 

3/ Absence of CCDC146 in sperm centriole 

Several proteomics studies of the sperm centriole identified CCDC146 as a centrosome-associated 

protein in bovine sperm [28, 63], a species where centrioles are present in ejaculated sperm. Using 

a different methodological approach, based on IF with conventional and expansion microscopy, 

we observed no CCDC146 signal in centrioles from testicular mouse and ejaculated human sperm. 

The same result was obtained with two different types of antibodies: with human sperm, we used 

a commercial anti-CCDC146 Ab, whereas with mouse sperm we used several anti-HA antibodies. 
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The same IF approach allowed us to clearly identify the sperm centrosome using a number of 

antibodies such as anti-POC5 and anti-beta tubulin, ruling out a possible failure of our IF protocol. 

It is worth noting that centrosomal proteins were isolated from whole flagella using several 

strategies including sequential use of multiple detergents, and that the centrosomal proteins were 

purified in the last fractions. These results indicate that CCDC146 is in fact barely soluble in 

conventional buffers, which could explain why it is co-purified with the centrosomal fraction in 

proteomics studies. 

4/ TEM reveals that lack of CCDC146 severely impacts microtubule-based organelles 

No morphological defects were observed before the elongating spermatid stage, and in round 

spermatids, the acrosome started to spread on the nucleus in a normal way (Figure 13). 

Morphological defects appeared clearly from the onset of spermatid elongation. This result 

indicates that the protein is only necessary for late spermiogenesis, from the phase corresponding 

to flagellum biogenesis. All the organelles composed mainly of tubulin were strongly affected by 

the absence of the protein. 

The manchette structure in elongating Ccdc146 KO spermatids was asymmetric, abnormally 

broad, and ectopic, leading to the formation of aberrantly shaped sperm heads. So far, manchette 

defects have been associated with defects in intra-flagellar transport (IFT), and intra-manchette 

transport (IMT) [64]. CCDC146 was only localized to the sperm axoneme by IF, and no signal 

was observed in the manchette, suggesting that CCDC146 is probably not involved in the transport 

machinery. Moreover, our results indicated that the manchette was remarkably long in elongated 

spermatids. A similar phenotype was observed in Katanin80-deficient animals [65]. Katanin80 is 

a microtubule-severing enzyme that is important for manchette reduction. Interestingly, the 

absence of WDR62, a scaffold protein involved in centriole duplication, leads to defective 

katanin80 expression, and the presence of elongated manchettes in mice [66]. In combination with 

our results, this detail suggests that the manchette’s structure and its reduction are influenced by 

centrosomal proteins, possibly through katanin defects. The precise molecular link between 

CCDC146 and manchette assembly and reduction remains to be identified. 

The HTCA was also aberrant in Ccdc146 KO spermatids. Centrioles in elongating spermatids were 

frequently displaced from their implantation fossa at the nuclear envelope. We observed some 

correctly lodged centrioles in round spermatids; however, we are unable to determine with 
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certainty whether the majority of centrioles failed to correctly attach or whether they detached 

from the nuclear envelope during spermatid elongation. Defects in cohesion of the HTCA have 

been associated with the acephalic spermatozoa syndrome, and were shown to involve a number 

of proteins such as SUN5, SPATA6 and ODF1 [4, 67-69]. Here, we did not observe any sperm 

decapitation, suggesting that CCDC146 is involved in a different pathway controlling the HTCA. 

Moreover, elongating Ccdc146 KO spermatids displayed supernumerary centrioles. Abnormal 

centriole numbers have also been reported in the absence of a few other centrosome-associated 

proteins including DZIP1 [36] and CCDC42 [41], and of microtubule-regulating proteins such as 

katanin like-2 [70] and tubulin deglutamylase CCP5 [71]. 

Studies of the spermiogenesis defects observed in different models deficient for centrosomal 

proteins show some common features such as abnormal manchette and duplicated centrosomes. 

The absence of these proteins does not appear to be directly responsible for these defects, rather it 

seems to modify the expression of microtubule regulatory proteins such as katanins [65, 66, 70]. 

These modifications could explain the pleiotropic effect of the absence of CCDC146 on 

microtubule-based organelles. 

In conclusion, by characterizing the genetic causes of human infertility, we not only improve the 

diagnosis and prognosis of these pathologies but also pave the way for the discovery of new players 

in spermatogenesis. We are constantly adding to the number of proteins present in the flagella of 

the mammalian spermatozoa that are necessary for its construction and functioning. This study 

showed that CCDC146, a protein previously described as a centrosomal protein in somatic and 

germ cells, localizes in spermatozoa’s axonemal microtubule doublets. The presence of CCDC146 

in somatic cells’ centrosomes gives weight to the idea of a centrosome with a dynamic 

composition, allowing it to fulfill its multitude of functions throughout all the phases of cellular 

life. 
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Supplementary figures 
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(Previous page) Supplementary figure 1: Relative mRNA expression levels for human and mouse CCDC146 

transcripts. (A) CCDC146 mRNA levels measured in different tissues/cells in humans using Affymetrix microarrays 

(data available from the Genevestigator database, https://genevestigator.com). Red rectangles highlight the high 

expression level in male reproductive organs. (B) Similar data for mice. Data were generated with Genevestigator 

(Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, Widmayer P, Gruissem W and P Zimmermann (2008) 

Genevestigator V3: a reference expression database for the meta-analysis of transcriptomes. Advances in 

Bioinformatics 2008, 420747). 

 

 

Supplementary figure 2: Molecular strategy used to generate Ccdc146 KO mice by CRISPR/Cas9. The exonic 

structure of mouse Ccdc146 is shown and the coding sequence indicated in black. Exon 2, the first coding sequence, 

was targeted by an RNA guide (5’-CCT ACA GTT AAC ATT CGG G-3) and the Cas9 induced a deletion of four 

nucleotides upstream the PAM sequence, as indicated by the red box. Electropherogram presenting the WT and the 

homozygote deletion are shown. 
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Supplementary figure 3: Increased levels of apoptosis in testes from Ccdc146 KO mice. The TUNEL assay was 

used to visualize double-strand DNA breaks, as an indication of the level of apoptosis during WT and KO 

spermatogenesis. (A) Comparison of the % of tubules per testis cross-section containing at least one TUNEL-positive 

cell in WT, heterozygote, and Ccdc146 KO animals. Number of sections counted per genotype n=13-20, 3 different 

mice per genotype. (B) The majority of TUNEL-positive cells in the WT corresponded to pachytene cells undergoing 

meiosis (B, WT zoomed image) whereas the localization of TUNEL-positive cells in KO was more scattered. (C) 

Control testis section treated with H202. Statistical comparisons according to ordinary one-way ANOVA test (**** 

p<0.0001; *** p<0.001, **p<0.01, *p<0.05). Scale bar of zoomed images 50 µm. 
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Supplementary figure 4: CCDC146 does not colocalize with the centriolar satellite marker PCM1. (A) HEK-

293T cells were double immunolabeled for PCM1 (cyan) and CCDC146 (magenta). (A1-A4) Images on the right 

show the enlargement of the dotted squares in the left image. PCM1 surrounds the CCDC146 signal, but no 

colocalization is observed, suggesting that CCDC146 is not a centriolar satellite protein. DNA was stained with 

Hoechst (blue). Scale bars on zoomed images represent 2 µm. 
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Supplementary figure 5: CCDC146 shows a similar localization to the centrosome and to the midbody in 

primary HFF cells. (A) Primary human foreskin fibroblast (HFF) cells were triple immunolabeled with anti-β-tubulin 

(green), anti-centrin (yellow, showing the centrioles) and anti-CCDC146 (magenta). (A1) The right-hand images show 

the enlargement of the dotted squares in the left-hand image. CCDC146 localized to and around the centrioles. (B) 

similar staining showing co-labeling of the midbody during cytokinesis by anti-CCDC146 Abs (B2). Scale bar of 

zoomed images 2 µm. 
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Supplementary figure 6: Molecular strategy used to generate HA-tagged CCDC146 mice by CRISPR/Cas9. 

The reference CCDC146 mouse transcript is ENSMUST00000115245.7 (GRCm38.p6). Exon 2, the first coding 

sequence, was targeted by an RNA guide (5’- TAC TTT AGA ACT GTG AAA AAT GG -3’). We used a single-

stranded DNA (ssDNA) template to insert the HA sequence (5’-TAC CCA TAC GAT GTT CCA GAT TAC GCT-

3’) upstream of the PAM sequence. 

  

http://www.ensembl.org/Mus_musculus/Info/Index?db=core;g=ENSMUSG00000064280;r=5:21292961-21424677;t=ENSMUST00000115245


  Results 

Page | 139  

 

Supplementary figure 7: Centrioles are identified by anti-POC5 Abs in expanded human ejaculated 

spermatozoa. Human control sperm were co-stained, after expansion, with anti- α+β-tubulin (green) and anti-POC5 

(magenta) Abs. The centrosomal protein POC5 locates to centrioles at the base of the axoneme. Scale bars 5 μm. 

 

 

Supplementary figure 8: Non-specific midpiece staining in mouse sperm by rabbit secondary antibody. Mouse 

sperm were stained with secondary antibodies only. Scale bars 10 µm. 
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Supplementary figure 9: Sperm sarkosyl treatment corroborates the presence of CCDC146 along the mouse 

flagellum. CCDC146-HA sperm (A1-A2) and epididymal WT (A3-A4) not treated or treated (5 min, 0.2% sarkosyl), 

were immunostained with anti-HA Ab (red) and counterstained with Hoechst (blue). (A1) Without treatment, a faint 

CCDC146-HA signal was observed along the CCDC146-HA principal piece. The strong staining in the midpiece is 

not specific (see panel B) (A2) After treatment with sarkosyl, the CCDC146-HA signal along the sperm principal 

piece was enhanced (white arrows), whereas the signal in the midpiece decreased. (A3) WT untreated (NT) sperm 

exhibited almost no CCDC146-HA signal in the principal piece. The midpiece is however strongly stained (not 

specific see panel B) (A4) The HA signal is not enhanced in WT principal piece by sarkosyl treatment, suggesting 

that the enhanced signal observed with sarkosyl on CCDC146-HA sperm is specific. (B) CCDC146-HA sperm were 

immunolabeled with secondary antibody only. Strong staining is observed on the midpiece, confirming its non-specific 

nature. Scale bars: 10 μm. 
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Supplementary figure 10: Lack of CCDC146 causes centriole duplication and mislocalization in Ccdc146 KO 

spermatids. Ultrastructural analysis of centrioles in adult mouse WT (A, B) and Ccdc146 KO (C-H) testis sections. 

(A) In WT spermatids, the proximal centriole is linked to the base of the compacting nucleus through the basal plate 

and the capitulum, and the distal centriole is embedded in the segmented column. These sperm-specific cytoskeletal 

structures make up the head-to-tail coupling apparatus (HTCA). (B) In WT elongated spermatids, the different 

components of the axonemal structures (microtubules and ODF) were visible downstream the distal centriole. (C) In 

Ccdc146 KO elongating spermatids, the overall structure of the HTCA was conserved, with the presence of the 

centrioles and the accessory cytoskeletal structures. However, the HTCAs were often duplicated (C, E, F) and 

separated from their usual nuclear attachment site (C-F, H), and sometimes misplaced far away from the nucleus (F), 

likely preventing axoneme elongation. (F) The arrow indicates the misplaced centrioles at the end of the manchette. 

(G, H) In elongated spermatids with condensed nucleus, malformed and detached centrioles with poorly assembled or 

missing flagella compared to the WT (B) can be seen. Scale bars: 1 μm. 
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(Previous page) Supplementary figure 11: Spermatid head shape is aberrant in the absence of CCDC146. 

Comparative ultrastructural analysis of the spermatid head in WT (A-D) and Ccdc146 KO (E-H) testis sections. (A, 

E) Spermatid nuclei at the beginning of elongation. KO spermatid nuclei showing nuclear membrane invaginations 

and irregular shape that were not present in the WT. The acrosome in the KO sperm appeared intact. (B, F) Spermatid 

nuclei in elongating spermatids. Whereas nucleus elongation is symmetric in the WT, in the CCDC146-KO, more 

pronounced head invaginations are observed. (C, G) Elongated spermatids. Although nuclear condensation appeared 

normal in both WT and KO nuclei, vacuolization is observed in KO nucleus. (D, H) Elongated KO spermatids showed 

malformed elongated nuclear shapes with frequent invaginations and poorly assembled flagella (H) compared to the 

WT (D). Scale bars: 1 μm. 

Material and methods 

Human subjects and controls 

We analyzed WES data from a cohort of 167 MMAF individuals previously established by our 

team [9]. All individuals presented with a typical MMAF phenotype characterized by severe 

asthenozoospermia (total sperm motility below 10%) with at least three of the following flagellar 

abnormalities present in >5% of the spermatozoa: short, absent, coiled, bent or irregular flagella. 

All individuals had a normal somatic karyotype (46,XY) with normal bilateral testicular size, 

normal hormone levels and secondary sexual characteristics. Sperm analyses were carried out in 

the source laboratories during routine biological examination of the individuals according to World 

Health Organization (WHO) guidelines [72]. Informed and written consents were obtained from 

all the individuals participating in the study and institutional approval was given by the local 

medical ethical committee (CHU Grenoble Alpes institutional review board). Samples were stored 

in the Fertithèque collection declared to the French Ministry of health (DC-2015-2580) and the 

French Data Protection Authority (DR-2016-392). 

Sanger sequencing 

CCDC146 single nucleotide variants identified by exome sequencing were validated by Sanger 

sequencing as previously described [9]. PCR primers used for each individual are listed in Table 

supplementary 1. 

Cell culture 

HEK-293T (Human Embryonic Kidney) and HFF (Human Foreskin Fibroblasts) cells were grown 

in D10 consisting in DMEM with GlutaMAX (Dulbecco’s Modified Eagle’s Medium, Sigma 

Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Life Technologies) 
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and 10% of penicillin-streptomycin (Sigma Aldrich) in a 5% CO2 humidified atmosphere at 37 °C. 

HEK-293T cells were divided twice weekly by 1/10 dilution. HFFs cells were divided 1/5 one 

time a week. 

Ethics statement 

Breeding and experimental procedures were carried out in accordance with national and 

international laws relating to laboratory animal welfare and experimentation (EEC Council 

Directive 2010/63/EU, September 2010). Experiments were performed under the supervision of 

C.L. (agreement 38 10 38) in the Plateforme de Haute Technologie Animale (PHTA) animal care 

facility (agreement C3851610006 delivered by the Direction Départementale de la Protection 

des Populations) and were approved by the ethics committee of the PHTA and by the French 

government (APAFlS#7128-2016100609382341.v2). 

Generation of Ccdc146 KO and HA-tagged CCDC146 mice 

Ccdc146 KO mice were generated using the CRISPR/Cas9 technology as previously described 

[52]. Briefly, to maximize the chances of generating deleterious mutations, two gRNAs located in 

two distinct coding exons located at the beginning of the targeted gene were used. For each gene, 

the two gRNAs (5’-CCT ACA GTT AAC ATT CGG G-3’ and 5’-GGG AGT ACA ATA TTC 

AGT AC-3’), respectively targeting exons 2 and 4, were inserted into two distinct plasmids, each 

plasmid also contained the Cas9 sequence (Supp Figure 2). The Cas9 gene was controlled by a 

CMV promoter and the gRNA and its RNA scaffold by a U6 promoter. Full plasmids (pSpCas9 

BB-2A-GFP (PX458)) containing the specific sgRNA were ordered from Genescript 

(https://www.genscript.com/crispr-synthetic-sgrna.html). Both plasmids were co-injected into the 

zygotes’ pronuclei at a concentration of 2.5 ng/mL. Plasmids were directly injected as delivered 

by the supplier, without in vitro production and purification of Cas9 proteins and sgRNA. 

Ccdc146-HA knock-in mice were also generated by CRISPR/Cas9. Twenty-seven nucleotides 

encoding the HA (hemagglutinin) tag (5’-TAC CCA TAC GAT GTT CCA GAT TAC GCT TAG-

3’) were inserted immediately after the start codon of Ccdc146. One plasmid containing one 

sgRNA (5’-TAC TTT AGA ACT GTG AAA AA-3’) and Cas9 was injected (5 ng/μL) with a 

single‐stranded DNA (150 nucleotides, 50 ng/μl) as a template for the homology directed repair 

(HDR) Appendix figure 6. PCR primers used for genotyping are listed in Table supplementary 1. 
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Transgenic CCDC146 strains were bred in the Grenoble university animal platform (HTAG) and 

housed under specific-pathogen-free conditions. Animals were euthanized by cervical dislocation 

at the indicated ages. 

Phenotypic analysis of Ccdc146 KO mice 

Fertility test – Three adult males of each genotype were housed individually with two fertile WT 

B6D2 females for 12 weeks. The date of birth and the number of pups were recorded. 

Sperm analysis – Epididymal sperm were obtained by making small incisions in the mouse caudae 

epididymides placed in 1 mL of warm M2 medium (Sigma Aldrich), and the sperm were allowed 

to swim up for 10 min at 37 °C. Sperm samples (10 µL) were used for Computer-assisted semen 

analysis (CASA, Hamilton Thorn Research, Beverley, MA, USA) using a 100-µm-deep analysis 

chamber (Leja Products B.V., Nieuw-Vennep, the Netherlands). A minimum of 100 motile sperm 

was recorded in each assay. The remaining sperm samples were washed in 1X phosphate buffered 

saline (PBS, Life technologies), 10 µL were spread onto slides pre-coated with 0.1% poly-L-lysine 

(Epredia), fixed in 70% ethanol (Sigma Aldrich) for 1 h at room temperature (RT) and submitted 

to a papanicolaou staining (WHO laboratory manual) to assess sperm morphology. Images were 

obtained using a Zeiss AxioImager M2 fitted with a 40X objective (color camera AxioCam MRc) 

and analyzed using ZEN (Carl Zeiss, version 3.4). 

Testis and epididymides histology 

Testis and epididymides samples from 8-16-week-old mice were fixed for 24 h in PBS/4% PFA 

(Electron Microscopy Sciences), dehydrated in a graded ethanol series, embedded in paraffin wax, 

sectioned at 5 µm and placed onto Superfrost slides (Fischer scientific). For both, slides were 

deparaffinated and rehydrated prior to use. Tissue morphology and structure were observed after 

coloration by Mayer’s hematoxylin and eosin phloxine B (WHO protocols) using a Zeiss 

AxioImager M2 (color camera AxioCam MRc). 

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay on testes 

Testes samples from three adult individuals for each genotype were analyzed. Apoptotic cells in 

testis sections were identified using the Click-iT™ Plus TUNEL Assay kit (Invitrogen) in line with 

the manufacturer's instructions. DNA strand breaks for the positive control were induced by DNase 
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I treatment. Each slide contained up to eight testis sections. DNA was stained with Hoechst 

(2 µg/mL). Images were acquired and reconstituted using a Zeiss Axioscan Z1 slide scanner and 

analyzed by Fiji [73]. The total number of seminiferous tubules and the number of tubules 

containing at least one TUNEL-positive cell were counted in each testis section. 

Conventional Immunofluorescence (IF) 

Somatic Cells – HEK-293T or HFFs (10 000 cells) were grown on 10-mm coverslips previously 

coated with poly-D-lysine (0.1 mg/mL, 1 h, 37 °C, Gibco) placed in a well on a 24-well plate. 

After 24 h, cells were directly fixed with ice-cold methanol (Sigma Aldrich) for 10 min. After 

washing twice in PBS, non-specific sites were blocked with PBS/5% FBS/5% NGS (normal goat 

serum, Life technologies) for 1 h at RT. After washing three times in PBS/1% FBS, primary 

antibody was added in PBS/1% FBS and incubated overnight at 4 °C. Coverslips were washed 

three times in PBS/1% FBS before adding secondary antibody in PBS/1% FBS and incubating for 

2 h at RT. After washing three times in PBS, nuclei were stained with 2 µg/mL Hoechst 33342 in 

PBS (Sigma Aldrich). Coverslips were once again washed three times in PBS, then carefully 

placed on Superfrost slides (cells facing the slide) and sealed with nail polish. 

Spermatogenic cells – Seminiferous tubules were isolated from mouse testes (8–16 weeks old). 

After removing of the tunica albuginea, the testes were incubated at 37 °C for 1 h in 3 mL of a 

solution containing (mM): NaCl (150), KCl (5), CaCl2 (2), MgCl2 (1), NaH2PO4 (1), NaHCO3 

(12), D-glucose (11), Na-lactate (6), HEPES (10) pH 7.4, and collagenase type IA (1 mg/mL – 

Sigma Aldrich). Tubules were rinsed twice in collagenase-free medium and cut into 2-mm 

sections. Spermatogenic cells were obtained by manual trituration and filtered through a 100-µm 

filter. The isolated cells were centrifuged (10 min, 500 g), resuspended in 500 µL PBS and 50 µL 

was spread onto slides pre-coated with 0.1% poly-L-lysine (Epredia) and allowed to dry. Dried 

samples were fixed for 5 min in PBS/4% PFA. After washing twice in PBS, slides were placed in 

PBS/0.1% Triton/5% BSA (Euromedex) for 90 min at RT. Following two washes in PBS, the 

primary antibody was added in PBS/1% BSA overnight at 4 °C. After washing three times in 

PBS/1% BSA, secondary antibody was added in PBS/1% BSA for 2 h at RT. After washing three 

times in PBS, nuclei were stained with 2 µg/mL Hoechst 33342 in PBS (Sigma Aldrich) and slides 

were mounted with DAKO mounting media (Agilent). 
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Testis sections – After deparaffination and rehydration, testis sections were subjected to heat 

antigen retrieval for 20 min at 95 °C in a citrate-based solution at pH 6.0 (VectorLabs). Tissues 

were then permeabilized in PBS/0.1% Triton X-100 for 20 min at RT. After washing three times 

in PBS (5 min each), slides were incubated with blocking solution (PBS/10% BSA) for 30 min at 

RT. Following three washes in PBS, slides were incubated with primary antibodies in PBS/0.1% 

Tween/5% BSA overnight at 4 °C. Slides were washed three times in PBS before applying 

secondary antibodies in blocking solution and incubating for 2 h at RT. After washing in PBS, 

nuclei were stained with 2 µg/mL Hoechst 33342 in PBS (Sigma Aldrich) for 5 min at RT. Slides 

were washed once again in PBS before mounting with DAKO mounting media (Agilent). 

Spermatozoa (conventional protocol) - Mouse spermatozoa were recovered from the caudae 

epididymides. After their incision, sperm were allowed to swim in 1 mL of PBS for 10 min at 

37 °C. They were washed twice with 1 mL of PBS 1X at 500 g for 5 min, and 10 µL of each sample 

was smeared onto slides pre-coated with 0.1% poly-L-lysine (Epredia). Sperm were fixed in 

PBS/4% PFA for 45 s, washed twice in PBS and permeabilized in PBS/0.1% Triton for 15 min at 

RT. After incubation in PBS/0.1% Triton/2% NGS for 2 h at RT, primary antibody was added in 

PBS/0.1% Triton/2% NGS overnight at 4 °C. After washing three times in PBS/0.1% Triton, the 

secondary antibody was applied in PBS/0.1% Triton/2% NGS for 90 min at RT. Slides were 

washed three times in PBS before staining nuclei with 2 µg/mL Hoechst 33342 in PBS (Sigma 

Aldrich). Slides were washed once in PBS before mounting with DAKO mounting media 

(Agilent). 

For human spermatozoa, the protocol was based on that of Fishman et al. [32]. Straws were thawed 

at RT for 10 min and resuspended in PBS. Sperm were washed twice in 1 mL of PBS (10 min, 

400 g), 50 µL was spread onto slides pre-coated with 0.1% poly-L-lysine and left to dry. Dry slides 

were fixed in 100% ice-cold methanol for 2 min and washed twice in PBS. Cells were 

permeabilized in PBS/3% Triton X-100 (PBS-Tx) for 1 h at RT. Slides were then placed in PBS-

Tx/1% BSA (PBS-Tx-B) for 30 min at RT. Immunofluorescence was performed as for mouse 

spermatozoa. Sperm were then incubated with primary antibodies in PBS-Tx-B overnight at 4 °C. 

After washing three times in PBS-Tx-B for 5 min each, slides were incubated with secondary 

antibodies for 1 h at RT in PBS-Tx-B. After washing three times in PBS, nuclei were stained with 



  Results 

Page | 148  

2 µg/mL Hoechst 33342 in PBS (Sigma Aldrich) and slides were mounted with DAKO mounting 

media (Agilent). 

Spermatozoa (sarkosyl protocol) - Mouse sperm from caudae epididymides or human sperm from 

250-µL straws were collected in 1 mL PBS 1X, washed by centrifugation for 5 min at 500 g and 

then resuspended in 1 mL PBS 1X. Sperm cells were spread onto slides pre-coated with 0.1% 

poly-L-lysine (Epredia), treated or not for 5 min with 0.2% sarkosyl (Sigma) in Tris-HCl 1 mM, 

pH7.5 at RT and then fixed in PBS/4% PFA for 45 s at RT. After washing twice for 5 min with 

PBS, sperm were permeabilized with PBS/0.1% Triton X-100 (Sigma Aldrich) for 15 min at RT 

and unspecific sites were blocked with PBS/0.1% Triton X-100/2% NGS for 30 min at RT. Then, 

sperm were incubated overnight at 4 °C with primary antibodies diluted in PBS/0.1% Triton X-

100/2% NGS. Slides were washed three times with PBS/0.1% Triton X-100 before incubating with 

secondary antibody diluted in PBS/0.1% Triton X-100/2% NGS for 90 min at RT. Finally, sperm 

were washed three times in PBS/0.1% Triton X-100, adding 2 µg/mL Hoechst 33342 (Sigma 

Aldrich) during the last wash to counterstain nuclei. Slides were mounted with DAKO mounting 

media (Agilent). Confocal microscopy was performed on a Zeiss LSM 710 or NIKON eclipse 

A1R/Ti2 using a 63x oil objective. 

Image acquisition – For all immunofluorescence experiments, images were acquired using a 63X 

oil objective on a multimodal confocal Zeiss LSM 710 or Zeiss AxioObserver Z1 equipped with 

ApoTome and AxioCam MRm. Images were processed using Fiji [73] and Zeiss ZEN (Carl Zeiss, 

version 3.4). Figures for cultured cells were arranged using QuickFigures [74]. 

Expansion microscopy (U-ExM) 

Coverslips used for either sample loading (12 mm) or image acquisition (24 mm) were first washed 

with absolute ethanol and dried. They were then coated with poly-D-lysine (0.1 mg/mL) for 1 h at 

37 °C and washed three times with ddH2O before use. Sperm from cauda epididymides or human 

sperm from straws were washed twice in PBS. 1x106 sperm cells were spun onto 12-mm coverslips 

for 3 min at 300 g. Crosslinking was performed in 1 mL of PBS/1.4% formaldehyde/2% 

acrylamide (ThermoFisher) for 5 h at 37 °C in a wet incubator. Cells were embedded in a gel by 

placing a 35-μL drop of a monomer solution consisting of PBS/19% sodium acrylate/10% 

acrylamide/0.1% N,N’-methylenbisacrylamide/0.2% TEMED/0.2% APS (ThermoFisher) on 

parafilm and carefully placing coverslips on the drop, with sperm facing the gelling solution. 
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Gelation proceeded in two steps: 5 min on ice followed by 1 h at 37 °C. Coverslips with attached 

gels were transferred into a 6-well plate for incubation in 5 mL of denaturation buffer (200 mM 

SDS, 200 mM NaCl, 50 mM Tris in ddH2O, pH 9) for 20 min at RT until gels detached. Then, 

gels were transferred to a 1.5-mL microtube filled with fresh denaturation buffer and incubated for 

90 min at 95 °C. Gels were carefully removed with tweezers and placed in beakers filled with 

10 mL ddH2O to cause expansion. The water was exchanged at least twice every 30 min. Finally, 

gels were incubated in 10 mL of ddH2O overnight at RT. The following day, a 5-mm piece of gel 

was cut out with a punch. To remove excess water, gels were placed in 10 mL PBS for 15 min, the 

buffer was changed, and incubation repeated once. Subsequently, gels were transferred to a 24-

well plate and incubated with 300 µL of primary antibody diluted in PBS/2% BSA at 37 °C for 

3 h with vigorous shaking. After three washes for 10 min in PBS/0.1% Tween 20 (PBS-T) under 

agitation, gels were incubated with 300 µL of secondary antibody in PBS/2% BSA at 37 °C for 

3 h with vigorous shaking. Finally, gels were washed three times in PBS-T for 10 min with 

agitation. Hoechst 33342 (2 µg/mL) was added during the last wash. The expansion resolution was 

between 4X and 4.2X depending on sodium acrylate purity. For image acquisition, gels were 

placed in beakers filled with 10 mL ddH2O. Water was exchanged at least twice every 30 min, 

and then expanded gels were mounted on 24-mm round poly-D-lysine-coated coverslips, placed 

in a 36-mm metallic chamber for imaging. Confocal microscopy was performed using either a 

Zeiss LSM 710 using a 63x oil objective or widefield was performed using a Leica THUNDER 

widefield fluorescence microscope, using a 63x oil objective and small volume computational 

clearing.  (Guichard / Hamel lab, Geneva). 

Ccdc146 expression 

Testis from CCDC146-HA pups were collected at days 9, 18, 26 and 35 after birth and directly 

cryopreserved at -80 °C before RNA extraction. RNA was extracted as follow. Frozen testes were 

placed in RLT buffer (Qiagen)/1% β-mercaptoethanol (Sigma), cut in small pieces and lysis 

performed for 30 min at RT. After addition of 10 volumes of TRIzol (5 min, RT, ThermoFisher) 

and 1 volume of chloroform (2 min, RT, Sigma Aldrich), the aqueous phase was recovered after 

centrifugation at 12 000 g, 15 min, 4 °C. RNA was precipitated by the addition of one volume of 

isopropanol (Sigma) and of glycogen (20 mg/mL, ThermoFisher) as a carrier, tube was placed 

overnight at -20 °C. The day after, after centrifugation (15 min, 12 000 g, 4 °C), RNA pellet was 
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washed with ethanol 80%, air-dried and resuspended in 30 l of ultrapure RNAse free water 

(Gibco). RNA concentrations were determined by using the Qubit RNA assay kit (ThermoFisher). 

800 ng of total RNA were used to perform the RT step using the iScript cDNA synthesis kit (Bio-

Rad) in a total volume of 20 mL. Gene expression was assessed by qPCR (1 mL of undiluted 

cDNA in a final volume of 20 mL with the appropriate amount of primers, see table 1) using the 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). The qPCR program used was 94 °C 

15 min, (94 °C 30 s, 58 °C 30 s, 72 °C 30 s) x40 followed by a melt curve analysis (58 °C 0.05 s, 

58–95 °C 0.5-°C increment 2–5 s/step). Gene expression was calculated using the 2- CT method. 

Results are expressed relative to Ccdc146 expression on day 9. 

 Forward primer Reverse primer 

Genes Sequence Concentr

ation 

(nM) 

Sequence Concentr

ation 

(nM) 

Ccdc

146 

5’- 

TGCTGCATGACGCCGTG

ATG-3’ 

750 5’-

GGAGACCTCCGTGGAG

AATGCTTC-3’ 

500 

Hprt 5’-

CCTAATCATTATGCCGA

GGATTTGG-3’ 

500 5’-

TCCCATCTCCTTCATGA

CATCTCG-3’ 

250 

Actb 5’-

CTTCTTTGCAGCTCCTTC

GTTGC-3’ 

250 5’-

AGCCGTTGTCGACGACC

AGC-3’ 

250 

 

CCDC146 detection by WB 

Protein extraction from the testis – Testis from pups were recovered at days 9, 18, 26 and 35 after 

birth. After removing the albuginea, they were homogenized in 2X Laemmli buffer (Bio-Rad) 

using a Dounce homogenizer, and heated at 95 °C for 10 min. The supernatant was recovered after 

centrifugation (15 000 g, 10 min, 4 °C), 5% b mercapto-ethanol was added (Sigma), and tubes 

were once again incubated at 95 °C for 10 min. After cooling, the supernatant was stored at -20 °C 

until use. 

Protein extraction from sperm head and sperm flagella – Spermatozoa from a CCDC146-HA male 

(9 weeks old) were isolated from both epididymis in 1 mL PBS and washed twice with PBS by 

centrifugation at RT (5 min, 500 g). Half of the sperm were incubated with 1X protease inhibitor 

cocktail (mini Complete EDTA-free tablet, Roche Diagnostic), incubated for 15 min on ice and 
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sonicated. Separated flagella were isolated by centrifugation (600 g, 20 min, 4 °C) in a Percoll 

gradient. Percoll concentrations used were 100%, 80%, 60%, 34%, 26%, 23%, and sperm flagella 

were isolated from the 60% fraction. Samples were washed with PBS by centrifugation (500 g, 

10 min, 4 °C). Whole sperm or sperm flagella were incubated in 2X Laemmli buffer (Bio-Rad), 

heated at 95 °C for 10 min and centrifuged (15 000 g, 10 min, 4 °C). The supernatants were 

incubated with 5% β-mercaptoethanol, boiled (95 °C, 10 min), cooled down and placed at -20 °C 

until use. 

Proteins extraction from total sperm – CCDC146-HA sperm were recovered from caudae 

epididymides in 1 mL PBS and washed twice in 1 mL PBS by centrifugation 500 g, 5 min. Lysis 

was then performed for 2 h at 4 °C on wheel in either Chaps buffer (10 mM Chaps / 10 mM HEPES 

/ 137 mM NaCl / 10% Glycerol), in RIPA Buffer (Pierce IP Lysis buffer, ThermoFisher), in Tris 

10 mM / HCl 1 M buffer or in Tris 10 mM / HCl 1 M / 0.2 to 0.8% sarkosyl buffer. After 

centrifugation 15 000 g, 4 °C, 15 min, the supernatants were recovered and 5% of β-

mercaptoethanol added. After boiling (95 °C, 10 min), the samples were cooled down and placed 

at -20 °C until use. 

Western blot – Protein lysates were fractionated on 5-12% SDS-PAGE precast gels (Bio-Rad) and 

transferred onto Trans-Blot Turbo Mini 0.2 µm PVDF membranes using the Trans-Blot Turbo 

Transfer System (Bio-Rad) and the appropriate program. Membranes were then blocked in 

PBS/5% milk/0.1% Tween 20 (PBS-T) for 2 h at RT before incubating with the primary antibody 

in PBS-T overnight at 4 °C with agitation. Membranes were then washed three times for 5 min in 

PBS-T and incubated with the secondary HRP-antibody in PBS-T for 1 h at RT. After three washes 

(PBS-T, 10 min), the membrane was revealed by chemiluminescence using the Clarity ECL 

substrate (Bio-Rad) and images were acquired on a Chemidoc apparatus (Bio-Rad). 

Transmission electron microscopy 

Transmission electron microscopy was performed by Dr. Stefan Geimer at the University of 

Bayreuth as follows. Testis from adult mice were fixed in PBS/4% paraformaldehyde (PFA). They 

were then decapsulated from the tunica albuginea and the seminiferous tubules were divided into 

three to four pieces using a razor blade (Gillette Super Sliver). The seminiferous tubules were 

incubated for 60 min at RT in fixation buffer (100 mM HEPES pH7.4, 4 mM CaCl2, 2.5% 

glutaraldehyde, 2% PFA, all from Sigma Aldrich) and then the buffer was exchanged with fresh 
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fixation buffer and the samples left overnight fixed at 4 °C. After washing three times for 10 min 

in 100 mM HEPES pH 7.4, 4 mM CaCl2, samples were post-fixed in 1% osmium tetroxide (Carl 

Roth, Karlsruhe, DE) in distilled water for 120 min at 4 °C. After three additional 10-min washes 

in distilled water, the tissue pieces were embedded in 1.5% DifcoTM Agar noble (Becton, 

Dickinson and Company, Sparks, MD, US) and dehydrated using increasing concentrations of 

ethanol. The samples were then embedded in glycidyl ether 100 (formerly Epon 812; Serva, 

Heidelberg, Germany) using propylene oxide as an intermediate solvent according to the standard 

procedure. Ultrathin sections (60-80 nm) were cut with a diamond knife (type ultra 35°; Diatome, 

Biel, CH) on the EM UC6 ultramicrotome (Leica Microsystems, Wetzlar, Germany) and mounted 

on single-slot pioloform-coated copper grids (Plano, Wetzlar, Germany). Finally, sections were 

stained with uranyl acetate and lead citrate [75]. To obtain different section planes within a sample, 

serial sections (60-80 nm) were made using the same method. The sectioned and contrasted 

samples were analyzed under a JEM-2100 transmission electron microscope (JEOL, Tokyo, JP) at 

an acceleration voltage of 80 kV. Images were acquired using a 4080 x 4080 charge-coupled 

device camera (UltraScan 4000 - Gatan, Pleasanton, CA, US) and Gatan Digital Micrograph 

software. The brightness and contrast of images were adjusted using the ImageJ program. 

Scanning electron microscopy 

The two epididymides of mature males were recovered in 1 mL of 0.1 M sodium cacodylate buffer 

(pH 7.4, Electron Microscopy Sciences) and the sperm were allowed to swim for 15 min at 37 °C. 

After centrifugation for 10 min, 400 g, RT, the supernatant was discarded and the pellet 

resuspended in primary fixating buffer (2% glutaraldehyde/0.1 M sodium cacodylate buffer, pH 

7.4, Electron Microscopy Sciences) for 30 min at 4 °C. After washing three times in 0.1 M sodium 

cacodylate buffer (400 g, 10 min), the pellet was submitted to post fixation using 1% Osmium 

tetroxide 2% (OsO4, Electron Microscopy Sciences) in 0.1 M sodium cacodylate buffer for 30 min 

at 4 °C. Fixed cells were washed three times in 0.1 M sodium cacodylate buffer (400 g, 5 min), 

the sample was then placed on a coverslip and treated with Alcian blue 1% (Electron Microscopy 

Sciences) to improve attachment. The sample was then dehydrated in graded ethanol series: 50%, 

70%, 80%, 90%, 96% and 100% (10 min, once each). Final dehydration was performed for 10 min 

in a v/v solution of 100% ethanol/100% Hexamethyldisilazane (HMDS) followed by 10 min in 

100% HMDS. Samples were left to dry overnight before performing metallization. Samples were 
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analyzed using a Zeiss Ultra 55 microscope at the C.M.T.C. – Consortium 

des Moyens Technologiques Communs (Material characterization platform), Grenoble INP. 

Statistical analysis 

The statistics related to the reproductive phenotypes were automatically calculated by GraphPad 

Prism 8 and 9. Statistical differences were assessed by applying an unpaired t test and one-way 

ANOVA. Histograms show mean ± standard deviation, and p-values were considered significant 

when inferior to 0.05. 

Antibodies 

Primary antibodies 

Target Host 

species 

Reference Dilution 

CCDC146 Rabbit Atlas Antibodies HPA020082 IF: 1/200 

U-ExM: 1/200 

Centrin, 20H5 Mouse Merck 04-1624 IF: 1/200 

γ-tubulin Mouse Santa Cruz Biotechnology sc-17787 IF: 1/500 

 

β-tubulin Guinea pig Geneva Antibody Facility AA344-GP IF: 1/500 

β-tubulin Rabbit Cell Signaling Technology 2128 IF: 1/100 

PCM1 (G-6) Mouse Santa Cruz Biotechnology sc-398365 IF: 1/200 

α-tubulin 

β-tubulin * 

Mouse Geneva Antibody Facility AA-345 U-ExM: 1/250 

IF: 1/500 AA-344 

POC5 Rabbit Bethyl A303-341A IF: 1/250 

U-ExM: 1/200 

High Affinity 

(HA) 

Rat Roche 11867423001 IF: 1/400 

U-ExM: 1/400 

WB: 1/2500 

High Affinity 

(HA) 

Rabbit Cell Signaling Technology 3724 U-ExM: 1/100 

High Affinity 

(HA) 

Rabbit Sigma Aldrich H6908 U-ExM: 1/200 

Dpy19L2 Rabbit **  IF: 1/100 

 

Target Fluorophore Reference Dilution 

Goat anti-Rabbit Alexa Fluor 488 Jackson 

ImmunoResearch 

111-545-144 IF: 1/800 

U-ExM: 1/250 

Goat anti-Mouse DyLight 549 Jackson 

ImmunoResearch 

115-505-062 IF: 1/400 

Goat anti-Guinea Pig Alexa Fluor 647 Invitrogen A-21450 IF: 1/800 

Goat anti-Rabbit Alexa Fluor 568 Life Technologies A11036 U-ExM: 1/250 
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Goat anti-Mouse Alexa Fluor 488 Life Technologies A11029 U-ExM: 1/250 

Goat anti-Rat Alexa Fluor 549 Jackson 

ImmunoResearch 

112-505-175 IF: 1/800 

Goat Anti-Rat HRP conjugate Merck AP136P 1/10 000 

 

*α-tubulin and β-tubulin were used together and noted as α+β-tubulin 

**Dpy19l2 antibodies are polyclonal antibodies produced in rabbit that were raised against 

RSKLREGSSDRPQSSC and CTGQARRRWSAATMEP peptides corresponding to amino acids 

6-21 and 21-36 of the N-terminus of mouse Dpy19l2, as described in [76]. 
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Summary: 

Spermatogenesis is a highly complex process, and it involves hundreds to thousands of genes that 

contribute to proper sperm formation. Identification of new genes involved in male fertility has 

been on the rise in the recent years due to an increased use of massive parallel sequencing 

technologies, especially of whole-exome sequencing (WES). In about half of patients affected by 

the multiple morphological abnormalities of the sperm flagella (MMAF) syndrome, a biallelic 

pathogenic variant in a single gene cannot be identified using WES. We hypothesized whether 

some of these cases could involve oligogenic inheritance, an accumulation of rare variants in two 

or more distinct but functionally linked genes. 

Here, we used heterozygote mouse strains harbouring one to four loss-of-function mutations in 

MMAF-related genes: Ccdc146, Armc2, Cfap43 and Cfap44 (Charles Coutton et al. 2019; 2018). 

Mutations in these genes lead to MMAF, asthenozoospermia, and consequent male infertility in 

humans and mice. These genes are autosomal recessive. ARMC2 is a cargo adapter required for 

the IFT of radial spokes in the Chlamydomonas (K. F. Lechtreck et al. 2022). Both CFAP43 and 

CFAP44 are flagellar components, and CFAP43 is involved in intra-manchette transport (IMT) 
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(Yu et al. 2021). CCDC146 has been shown to be a centriolar protein in bovine spermatozoa (Firat-

Karalar et al. 2014) and its localization and potential functions were discussed above. 

The aim of the study was to observe whether the accumulation of up to four heterozygous 

truncating mutations would affect overall fertility and sperm parameters including motility and 

head and flagellar morphology in mice. 

The accumulation of heterozygous mutations led to a progressive increase in head morphological 

defects (430% with four mutations compared to the control). This wasn’t the case for flagellar 

abnormalities and overall motility, however the quality of movement was compromised. The 

presence of 4 mutations did not affect sperm concentration, nor overall fertility and mice produced 

a similar number of pups as the control.  

To conclude, this study shows that haploinsufficiency and oligogenic heterozygosity can lead to 

spermatogenesis defects in mice and could be explored in humans where it could potentially 

explain some cases of male unexplained infertility. 
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Abstract Male infertility is an important health concern that is expected to have a major genetic 
etiology. Although high- throughput sequencing has linked gene defects to more than 50% of rare 
and severe sperm anomalies, less than 20% of common and moderate forms are explained. We 
hypothesized that this low success rate could at least be partly due to oligogenic defects – the 
accumulation of several rare heterozygous variants in distinct, but functionally connected, genes. 
Here, we compared fertility and sperm parameters in male mice harboring one to four heterozy-
gous truncating mutations of genes linked to multiple morphological anomalies of the flagellum 
(MMAF) syndrome. Results indicated progressively deteriorating sperm morphology and motility 
with increasing numbers of heterozygous mutations. This first evidence of oligogenic inheritance 
in failed spermatogenesis strongly suggests that oligogenic heterozygosity could explain a signifi-
cant proportion of asthenoteratozoospermia cases. The findings presented pave the way to further 
studies in mice and man.

Editor's evaluation
This study provides insights into the detrimental effect of accumulative heterozygous mutations 
on sperm abnormalities. By breeding a series of knockout strains known to cause multiple flagellar 
defects, the authors demonstrated that such variations at two (digenic) or more loci (oligogenic) can 
contribute to sperm abnormalities in the head. These findings are significant in that they implicate 
oligogenic inheritance as a possible cause of unexplained male infertility.

Introduction
Infertility is a major health concern affecting 15% of couples of reproductive- age worldwide (Mascar-
enhas et al., 2012; Boivin et al., 2007). The infertility burden has increased globally for both genders 
in the past 30 years (Sun et al., 2019), and now affects approximately 50 million couples worldwide 
(Datta et al., 2016). Infertility is broadly treated by assisted reproductive technologies (ART), and 
today the number of individuals who were conceived by ART is close to 0.1% of the total world popu-
lation, with over 8 million children already born following in vitro fertilization (IVF). Currently, ART is 
estimated to account for 1–6% of births in most countries (Faddy et al., 2018), with over 2.5 million 
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cycles performed every year, resulting in over 500,000 births worldwide annually (Fauser, 2019). 
Despite this undeniable success, almost half the couples who seeks medical assistance for infertility 
fail to achieve successful pregnancy, and nearly 40% of infertile couples worldwide are simply diag-
nosed with unexplained or idiopathic infertility (Sadeghi, 2015). In the clinical context, few efforts are 
currently being made to understand and specifically address the underlying causes of a couple’s infer-
tility because ART can often successfully rescue fertility even without a molecular diagnosis. Neverthe-
less, this absence of identification of the causes of infertility means that we lack alternative treatments 
for couples for whom current therapies are unsuccessful. Consequently, it is essential to improve the 
molecular diagnosis of infertility.

Human male infertility is a clinically heterogeneous condition with a complex etiology, in which 
genetic defects play a significant role. It is estimated that half of idiopathic cases of male infertility 
could be attributed to an as- yet unidentified genetic defect (Krausz, 2011). However, characteriza-
tion of the molecular causes of male infertility represents a significant challenge, as over 4000 genes 
are thought to be involved in sperm production (Jan et al., 2017). Over the past decade, signifi-
cant progress has been made in gene identification thanks to the emergence of next- generation 
sequencing (NGS), and in functional gene validation thanks to new gene- editing techniques such as 
CRISPR/Cas9. NGS provides an inexpensive and rapid genetic approach through which to discover 
novel disease- associated genes (Fernandez- Marmiesse et al., 2018). It has proven to be a highly 
powerful tool in the research and diagnosis context of male infertility (Xavier et al., 2021; Krausz and 
Riera- Escamilla, 2018). In addition, validation of newly- identified variants through functional experi-
ments has greatly benefited from the ability to generate mouse knock- out models using CRISPR tech-
nology (Kherraf et al., 2018) and the use of novel model organisms like Trypanosoma brucei to study 
specific phenotypes, such as multiple morphological abnormalities of the [sperm] flagella (MMAF) 
syndrome (Coutton et al., 2018; Lorès et al., 2019; Martinez et al., 2020). These developments 
have resulted in a diagnostic yield, based on known genetic causes, explaining about 50% of cases of 
rare qualitative sperm defects like globozoospermia, acephalic, or MMAF syndromes (Beurois et al., 
2020; Touré et al., 2021). In contrast, the diagnostic yield for quantitative sperm abnormalities such 
as oligozoospermia or azoospermia remains below 20%, even though these are the most common 
forms of male infertility (Krausz, 2011; Krausz and Riera- Escamilla, 2018; Tüttelmann et al., 2018). 
To improve these low diagnostic yields, international consortia have been created to attempt to 
identify very low- frequency variants (https://gemini.conradlab.org/ and https://www.imigc.org/). In 
addition, several groups have started to assemble cohorts of patient- parent trios, aiming to iden-
tify de novo mutations causing male infertility as well as providing insight into dominant maternal 
inheritance (Xavier et al., 2021; Veltman and Brunner, 2012; McRae, 2017). Phenotypic hetero-
geneity and apparent incomplete penetrance were observed for some genetic alterations involved 
in male infertility (Vogt, 2005; Röpke et al., 2013; Kherraf et al., 2017). These observations are 
difficult to reconcile with a model of Mendelian inheritance. We thus raised the possibility that the 
low diagnostic yield is partly due to the complex etiology of infertility, and hypothesized that some 
of the unsolved cases are due to oligogenic events, that is, accumulation of several rare hypomorphic 
variants in distinct, functionally connected genes, and in particular to oligogenic heterozygosity. The 
molecular basis of oligogenicity is poorly understood. The main hypotheses are that two or more 
mutant proteins may act at different levels in the same intracellular pathway and could quantitatively 
contribute to its progressive dysfunction. When a critical threshold is reached, the disease phenotype 
would emerge. Alternatively, the mutant nonfunctional proteins produced may be part of the same 
multiprotein complex, and the presence of numerous pathogenic variants would increase the chance 
of the complex becoming compromised – leading to a progressive collapse of its cellular function 
(Kousi and Katsanis, 2015).

Here, we addressed the oligogenic heterozygosity hypothesis in male infertility using four specially- 
generated MMAF knock- out (KO) mouse models with autosomal recessive inheritance (Coutton 
et al., 2018; Coutton et al., 2019). Following extensive cross- breeding of our KO mouse lines, we 
produced lines harboring between one and four heterozygous truncating mutations. We assessed and 
compared fertility for these lines, analyzing both quantitative and qualitative sperm parameters, and 
performed a fine analysis of sperm nuclear morphology for all strains. Using this strategy, we were 
able to describe new genetic inheritance of sperm deficiencies.

https://doi.org/10.7554/eLife.75373
https://gemini.conradlab.org/
https://www.imigc.org/
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Results
Selection and characterization of individual MMAF mouse lines
To generate mice carrying up to four heterozygous truncating mutations, we first selected four lines 
carrying mutations in genes inducing a MMAF phenotype, namely Cfap43, Cfap44, Armc2, and 
Ccdc146. Three of these lines were already available and previously reported by our laboratory: a 
strain with a 4 bp deletion in exon 21 (delAAGG) for Cfap43 (Coutton et al., 2018), a strain with a 
7 bp insertion in exon 3 (InsTCAGATA) for Cfap44 (Coutton et al., 2018), and a strain with a one- 
nucleotide duplication in exon 4 (DupT) for Armc2 (Coutton et al., 2019), inducing a translational 
frameshift that leads to the production of a truncated protein. We generated the fourth strain using 
CRISPR- Cas9 technology as described in the Materials and methods section, inducing a 4 bp deletion 
in exon 2 (delTTCG) of the Ccdc146 gene (Appendix 1—figure 1A). A study describing how this 
mutation in the Ccdc146 gene affects spermatogenesis is currently under review elsewhere (for the 
reviewers only, we provide the complete phenotype for the Ccdc146 KO mouse strain, demonstrating 
its role in MMAF syndrome in mice).

We first confirmed the MMAF phenotypes for all four strains. Sperm from all homozygous KO male 
mice displayed more than 95% morphological abnormalities of the flagellum including coiled, bent, 
irregular, short or/and absent flagella (Figures 1–4). We then analyzed sperm morphology (head and 
flagellum) in heterozygous animals by optical microscopy. The four strains fell into two categories. For 
the two strains targeting Cfap43 and Cfap44, Cfap43+/-, or Cfap44+/- +/- males had higher rates ( + 
4% and + 12.75%) of abnormalities than wild- type mice (Figures 1A and 2A; Cfap43: t = −2.79, df = 
6.13, p- value = 0.03; Cfap44: t = −8.80, df = 6.14, p- value = 0.0001). These results were in accordance 
with previous observations (Coutton et  al., 2018). In contrast, for strains harboring heterozygous 
mutations in Armc2 and Ccdc146, no significant differences were observed with respect to wild- type 
males (Figures 3A and 4A).

Because head morphology defects may be subtle and difficult to detect by visual observation, 
we applied a newly- developed method, involving the use of Nuclear Morphology Analysis Software 
(NMAS) (Skinner et al., 2019). The method is described in detail in the Materials and methods section. 
The nuclear morphologies of sperm from each genotype (WT, heterozygotes, and homozygotes) 
were characterized. For all corresponding wild- type strains, shape modeling gave extremely similar 
consensus and angle profiles for nuclei, highlighting the common genetic background of the KO 
animals (Appendix 1—figure 2). For heterozygous Cfap43+/-, Cfap44+/-, and Ccdc146+/- +/-, the angle 
profiles were very similar to WT profiles (Figures 1B, 2B and 4B). In contrast, Armc2+/- +/- showed 
a slightly modified angle profile (–6° at position 365 and +6° at position 435) compared to the WT 
profile, due to a narrower caudal base inducing a more pronounced caudal bulge and a reduced dorsal 
angle (Figure 3B). When the profiles for all heterozygous males were compared, a very similar nuclear 
morphology with nearly identical angle and variability profiles was found, apart from for Armc2+/-, 
which had slightly more variability (IQR Armc2+/- +/- than other curves with +10 IQR in position 350 
and +5 IQR in position 450) than the other lines despite a similar angle profile (Appendix 1—figure 3).

We also compared these profiles with those of the corresponding KO mice, which displayed 
very unique and specific patterns (Figures  1B–4B). Briefly, Cfap43-/- and Cfap44-/- angle profiles 
both displayed a flattening from the ventral angle to the dorsal angle leading to their characteristic 
‘pepper’ shape. The lines for both profiles merged over the majority of regions such as the under- 
hook concavity and the acrosomal curve, and showed intermediate impairment, greater than that 
observed in the Armc2-/- line and less than that observed in the Ccdc146-/- line. The angle profile for 
Armc2-/- mice was similar to that of wild- type mice at the tip, dorsal angle, and acrosomal curve, as 
these regions do not appear to be affected by the mutation. Under- hook concavity, ventral angle, and 
tail socket regions were slightly affected, although less than in other lineages. In contrast to the other 
lineages, the caudal base was markedly shortened, with a significant flattening observed. For the 
Ccdc146-/- line, with the exception of the ventral- vertical region, which was unaffected in any lineage, 
all regions of the angle profile were strongly impacted. The dorsal angle was completely absorbed 
into the acrosomal curve, and the under- hook concavity, ventral angle and caudal bulge regions were 
flattened. The tail socket region even displayed an inverted angular profile compared to the other 
lineages. Overall, the profile of Ccdc146-/- showed considerable variability, and complete remodeling 
of the angle profile with, among other changes, total inversion of the curve at position 330–400, 
corresponding to complete disappearance of the tail socket. Comparison of the profiles for KO 

https://doi.org/10.7554/eLife.75373
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Figure 1. Sperm morphology analysis for the Cfap43 mouse strain. 
 (A) Histogram showing proportions of morphological anomalies (mean ± SD) for each Cfap43 genotype observed 
by light microscopy. Statistical significance was assessed by applying an unpaired Welch t- test; p- values are 
indicated. (B) Angle profiles (top) and variability profiles (bottom) from Cfap43+/+ (blue), Cfap43+/- (yellow), and 

Figure 1 continued on next page
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sperm (Appendix 1—figure 4) showed that Cfap43-/- and Cfap44-/- mice displayed similar alterations 
(general enlargement of the head, rounding of the base at the expense of the flagellum insertion, 
etc.) resulting in close consensus; the other two lines were quite distinct. Although it was the most 
affected heterozygous line, Armc2-/- mice displayed the mildest alterations to nuclear morphology and 
variability of the four lines. KO animals nonetheless retained specific patterns, including modification 
of the hook curve and a specific slope of the base profile. Finally, Ccdc146-/- mice displayed extremely 
severe alterations, with almost all of their nuclei presenting a triangular shape (Figure 4C–D). In line 
with previous studies (Coutton et al., 2018; Lorès et al., 2019; Coutton et al., 2019; Hwang et al., 
2021), these results demonstrate that absence of MMAF genes not only affects sperm flagellum 
biogenesis but can also have an impact on sperm head morphology.

From these extensively characterized lines, we then proceeded to generate mice harboring 
multiple mutations.

Impact of accumulation of heterozygous mutations
All mice harboring between one and four heterozygous truncating mutations were generated by 
standard cross- breeding of the four lines. A considerable number of generations were produced over 
several years. Due to time and financial constraints, only one combination of multiple heterozygous 
lines was created and analyzed. Double heterozygotes were obtained by crossing Cfap43 and Cfap44 
KO mouse lines. Triple heterozygous animals were mutated for Cfap43, Cfap44, and Armc2; and the 
quadruple heterozygous line also had the Ccdc146 mutation (Figure 5).

The accumulation of heterozygous mutations on the four selected genes involved in MMAF 
syndromes induced qualitative spermatogenesis defects (illustrated in Appendix 1—figure 5), with 
progressive increased numbers of morphological anomalies (from 9.81% ± 2.48% for control mice to 
42.33% ± 3.78% for mice bearing four mutations, a 430% increase. Figure 5A), in particular defects 
of the head (from 6.56% ± 2.30% for control mice to 40.33% ± 3.78% for mice bearing four muta-
tions, a 615% increase. Figure 5B). Males harboring one mutation exhibited a significant increase in 
flagellar abnormalities (Figure 5C; see also 6 C). However, flagellar anomalies were not amplified as 
the number of mutated genes increased (t = −2.78, df = 2.41, p- value = 0.08, for control versus four 
mutations. Figure  5C). Nevertheless, accumulation of mutations had a negative impact on sperm 
motility parameters (illustrated in Videos 1–5). Although the decrease of the overall percentage of 
motile cells is not significant with increasing numbers of mutations (from 38.55 ± 11.50  µm/s for 
control to 29.13 ± 6.02 µm/s for mice bearing four mutations, t = 1.48, df = 4.78, p- value = 0.20. 
Figure 5D), the quality of sperm movement was strongly affected (Figure 5E–F). Thus, for sperm 
bearing two mutations, the average sperm velocity and straight- line velocity were halved (–44.6% and 
–46.1% respectively) compared to control mice (VAP: 92.31 ± 23.38–51.16 ± 16.59 µm/s,; VSL: 81.52 
± 20.84–43.96 ± 13.75 µm/s), and the decreasing trend continued as mutations accumulated (41.18 ± 
10.27 and 33.43 ± 8.62 µm/s for VAP and VSL of mice bearing four mutations, that is –55.4% and –59% 
versus control mice). It is worth noting that the deterioration of the morphological phenotype with the 
addition of new heterozygous mutations occurs even though the Ccdc146 and Armc2 heterozygous 
mutations alone had no impact on the sperm phenotype observed by optical microscopy (Figures 3A 
and 4A).

From the crosses performed to generate multi- heterozygous animals, other combinations of hetero-
zygous mutations were obtained. The sperm parameters of the corresponding animals were also 

Cfap43-/- (green) mice. The x axis represents an index of the percentage of the total perimeter as measured 
counterclockwise from the apex of the sperm hook. The y axis, corresponding to the angle profile, represents the 
interior angle measured across a sliding window centered on each index location. The y axis, corresponding to 
the variability profile, represents the Interquartile Range (IQR) value (the difference between the 75th and 25th 
percentiles). Specific regions of the nuclei are mapped on the profile and the graphical representation (from 
Skinner et al., 2019) with: 1- tip; 2- under- hook concavity; 3- vertical; 4- ventral angle; 5- tail socket; 6- caudal bulge; 
7- caudal base; 8- dorsal angle; 9–11- acrosomal curve. (C) Consensus nuclear outlines for each genotype alongside 
a merged consensus nucleus (blue = Cfap43+/+, yellow = Cfap43+/-, green = Cfap43-/-). The numbers assigned 
to each consensus outline correspond to the number of nuclei processed per condition. (D) Optical microscopy 
analysis showing a representative MMAF phenotype for Cfap43 KO mice (scale bar, 10 µm).

Figure 1 continued
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Figure 2. Sperm morphology analysis for the Cfap44 mouse strain. 
 (A) Histogram showing proportions of morphological anomalies (mean ± SD) for each Cfap44 genotype. Statistical 
significance was assessed by applying an unpaired Welch t- test; p- values are indicated. (B) Angle profiles (top) and 
variability profiles (bottom) for Cfap44+/+ (blue), Cfap44+/- (yellow), and Cfap44-/- (green) mice. The x axis represents 

Figure 2 continued on next page
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phenotyped. Interestingly, rates of morphological defect (Figure 6A–C, red dots) and motility param-
eters (Figure 6D–F, red dots) were very similar whatever the gene combinations. Taken together, 
these results show that it is not the specific combination of heterozygous mutations that leads to 
altered sperm morphology and sperm motility parameters, but rather their accumulation.

Despite a marked alteration of spermatocytograms, accumulation of mutations did not have a 
significant effect on quantitative spermatogenesis defects. For example, sperm production – repre-
sented by testis weight and sperm concentration – and overall fertility of the animals – based on the 
number of pups per litter and interval between litters – were not affected, whatever the combination 
and number of mutations (testis weight: t = −0.80, df = 2.33, p- value = 0.49; sperm concentration: t = 
−0.89, df = 5.68, p- value = 0.40; time/litter: t = 0.70, df = 25.98, p- value = 0.48; pups/litter: t = 0.80, 
df = 34.68, p- value = 0.42; for control versus mice bearing four mutations. Figure 7).

As for mouse lines bearing single mutations, we then used NMAS to help characterize head anom-
alies in multi- heterozygote mutated lines. Our results indicated a striking progressive deterioration in 
sperm head morphology as mutations accumulated (Figure 8). Each additional mutation progressively 
and significantly increased the variability and severity of the morphological defects observed in the 
nucleus, negatively influencing angle and consensus profiles (perimeter and max feret progressively 
decline from 49.12 ± 0.07 and 19.01 ± 0.03 µm to 44.23 ± 0.21 and 16.41 ± 0.11 µm between mice 
bearing one and four mutations for example). This negative effect was cumulative, and if a threshold 
or plateau effect exists, it was not reached upon accumulation of four mutations.

To extend our analysis, we then used the software to analyze sperm sub- populations by performing 
unbiased nuclear morphology categorization. Clustering based on angle profiles revealed a total of 
ten sub- groups of nuclei shape, which matched with the usual shapes of normal and abnormal mouse 
sperm, defined more than 30 years ago (Krzanowska, 1981). Mutation- accumulation progressively 
increased the frequency of all abnormal shapes and decreased the frequency of normal forms. The 
most unstructured forms were associated with the highest number of mutations (Appendix 1—figure 
6).

Discussion
The aim of this study was to determine whether the accumulation of several rare heterozygous vari-
ants in functionally connected genes affected fertility and sperm parameters in mice. Our results 
clearly demonstrated that spermatogenesis failure can arise from oligogenic heterozygosity in mice. 
Males bearing increased numbers of heterozygote mutations in genes involved in MMAF syndrome 
exhibited altered spermatocytogram, with significant increase of proportion of abnormal sperm and 
decreased sperm motility. Both defective sperm motility and abnormal sperm head morphology could 
negatively impact fertility. Concerning sperm motility, it has been clearly shown that the percentage of 
conception depends on the total number of motile sperm within the semen (Publicover and Barratt, 
2011). Sperm motility is indeed a key parameter for fertilization, which occurs deeply in the mamma-
lian female tract. Motility is necessary not only for the sperm to reach the oocyte in the oviduct, 
but sperm motility is also required for the sperm to cross the protective layers of the oocytes and is 
essential for gamete fusion (Ravaux et al., 2016). Concerning abnormal head morphology, there are 
numerous reports of a significant correlation between morphology and infertility and it is accepted 
that any increase in any sperm abnormality should be regarded as a possible cause of decreased 
fertility, and that precise analyses of sperm abnormalities is a useful approach for diagnosis or research 

an index of the percentage of the total perimeter, as measured counterclockwise from the apex of the sperm hook. 
The y axis corresponding to the angle profile is the interior angle measured across a sliding window centered on 
each index location. The y axis corresponding to the variability profile represents the Interquartile Range (IQR) 
value (the difference between the 75th and 25th percentiles). Specific regions of the nuclei are mapped on the 
profile and the graphical representation (from Skinner et al., 2019) with: 1- tip; 2- under- hook concavity; 3- vertical; 
4- ventral angle; 5- tail socket; 6- caudal bulge; 7- caudal base; 8- dorsal angle; 9–11- acrosomal curve. (C) Consensus 
nuclear outlines for each genotype alongside a merged consensus nucleus (blue = Cfap44+/+, yellow = Cfap44+/-

, green = Cfap44-/-). The numbers assigned to each consensus outline correspond to the number of nuclei 
processed per condition. (D) Optical microscopy analysis showing a representative MMAF phenotype for Cfap44 
KO mice (scale bar, 10 µm).

Figure 2 continued
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Figure 3. Sperm morphology analysis for the Armc2 mouse strain. 
 (A) Histogram showing proportions of morphological anomalies (mean ± SD) for each Armc2 genotype. Statistical 
significance was assessed by applying an unpaired Welch t- test; p- values are indicated. (B) Angle profiles (top) and 
variability profiles (bottom) for Armc2+/+ (blue), Armc2+/- (yellow), and Armc2-/- (green) mice. The x axis represents 

Figure 3 continued on next page
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purposes (Andrade- Rocha, 2001; Chemes and Rawe, 2003; Menkveld et al., 2011; Auger et al., 
2016). These findings are supported by the World Health Organization which concludes in its report 
that ‘categorizing all abnormal forms of spermatozoa may be of diagnostic or research benefit’.

However, despite significant sperm parameter alterations, we did not observe here effect on male 
fertility, suggesting that the threshold leading to the partial/complete collapse of the male reproduc-
tive function was not reached. This concept of threshold is strongly associated with oligogenicity. It 
is defined by the number of mutations within the same multiprotein complex or intracellular pathway 
beyond which a disease phenotype will be observed (Dipple and McCabe, 2000). In this study, we 
induced mutations in four genes coding for proteins participating in flagella formation and function. 
Although we did observe a negative cumulative burden, we did not reach the complex or system 
threshold that would lead to the emergence of a dichotomous severe infertility phenotype. This may 
be related to the fact that the mouse model has proved limitations to decipher the function of the 
proteins involved in sperm physiology and to assess the impact of their lack on fertilization. These 
limitations are the housing conditions, the mating protocol and the very high fertility of this model. 
For instance, concerning the housing conditions, the function of MAGE cancer testis antigens to 
protect the male germline is revealed only when males are subjected to an environmental stress (Fon 
Tacer et al., 2019). For mating protocol, the phenotyping is performed in particular conditions where 
mutated males are mated with wild- type females, without competition and in breeding conditions 
masking complex phenotypes. An example of such a limitation of classical reproductive phenotyping 
has been emphasized in the study on the importance of the Pkdrej protein in sperm capacitation 
(Sutton et al., 2008). Another remarkable exemple is the phenotype of Enkurin KO mice, with variable 
impact on litter size, despite the function of the protein in flagellum beating (Jungnickel et al., 2018). 
Overall, the highly significant increase of sperm defects (decrease of sperm motility and increase of 
head morphological defects) induced by the accumulation of deficient proteins shown in this study 
would probably impact male fertility in more challenging conditions in mouse. Moreover, the mouse 
model has much higher fertility than human. Human spermatogenesis is clearly less efficient than that 
of mice and the level of male infertility is around 15% whereas is less than 1% in mice. It is therefore to 
be expected that the various defects we noticed in this study will impact more severely human sperm 
fertilizing competence.

A similar mutational burden in humans, known to have the highest number of sperm defect among 
primates (Martinez and Garcia, 2020), could, however, be sufficient to reach the threshold for fertility 
collapse. It is worth noting that the probability of accumulating this type of heterozygous mutations in 
testis is considerable, because (i) thousands of genes are necessary to achieve spermatogenesis (Jan 
et al., 2017), (ii) expression of most spermatogenesis- associated genes is restricted to or strongly 
enriched in the testis (Uhlén et al., 2016), and consequently (iii) the risk of life- threatening impact of 
mutations is limited.

Moreover, mutant gene products retaining some residual function could be influenced by addi-
tional systemic perturbation (see review in Vander Borght and Wyns, 2018) that would lead to 
system collapse. For instance, environmental factors commonly responsible for milder alterations to 
spermatogenesis could play an important role by severely aggravating the genetic burden on the 
system. This type of multi- factorial input could explain the phenotypic continuum observed in patients 
with idiopathic infertility.

In this article, we showed that the haplo- insufficiency of several genes involved in flagellum biogen-
esis and associated with MMAF syndrome leads to head defects. When one thinks of MMAF patients, 

an index of the percentage of the total perimeter, as measured counterclockwise from the apex of the sperm 
hook. The y axis corresponding to the angle profile represents the interior angle measured across a sliding window 
centered on each index location. The y axis corresponding to the variability profile represents the Interquartile 
Range (IQR) value (the difference between the 75th and 25th percentiles). Specific regions of the nuclei are 
mapped on the profile and the graphical representation (from Skinner et al., 2019) with: 1- tip; 2- under- hook 
concavity; 3- vertical; 4- ventral angle; 5- tail socket; 6- caudal bulge; 7- caudal base; 8- dorsal angle; 9–11- acrosomal 
curve. (C) Consensus nuclear outlines for each genotype alongside a merged consensus nucleus (blue = Armc2+/+, 
yellow = Armc2+/-, green = Armc2-/-). The numbers assigned to each consensus outline correspond to the number 
of nuclei processed per condition. (D) Optical microscopy analysis showing a representative MMAF phenotype for 
Armc2 KO mice (scale bar, 10 µm).

Figure 3 continued

https://doi.org/10.7554/eLife.75373
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Figure 4. Sperm morphology analysis for the Ccdc146 mouse strain. 
 (A) Histogram showing proportions of morphological anomalies (mean ± SD) for each Ccdc146 genotype. 
Statistical significance was assessed by applying an unpaired Welch t- test; p- values are indicated. (B) Angle 
profiles (top) and variability profiles (bottom) for Ccdc146+/+ (blue), Ccdc146+/- (yellow) and Ccdc146-/- (green) 

Figure 4 continued on next page
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one immediately visualizes flagellar defects. However, the phenotype is more complex and head 
defects have been associated with the flagellar phenotype since the first publications (Coutton et al., 
2018; Dong et al., 2018). This is particularly the case for CFAP43/44 described in this report showing 
that the complete lack of these genes in KO males also strongly alters head patterning (Coutton 
et al., 2018). These head defects can actually be explained by the molecular function of the genes 
studied: CFAP43 is involved in intra- manchette transport (Yu et al., 2021) and it has been previously 
shown through the study of several genes such as Azh (Mendoza- Lujambio et al., 2002), Clip170 
(Akhmanova et al., 2005), Rim- bp3 (Zhou et al., 2009), or Azil (Hall et al., 2013), that manchette 
modifications impact the head shape of the sperm. The implication of ARMC2 in intraflagellar transport 

mice. The x axis represents an index of the percentage of the total perimeter as measured counterclockwise 
from the apex of the sperm hook. The y axis corresponding to the angle profile is the interior angle measured 
across a sliding window centered on each index location. The y axis corresponding to the variability profile 
represents the Interquartile Range (IQR) (the difference between the 75th and 25th percentiles). Specific regions 
of the nuclei are mapped on the profile and the graphical representation (from Skinner et al., 2019) with: 1- tip; 
2- under- hook concavity; 3- vertical; 4- ventral angle; 5- tail socket; 6- caudal bulge; 7- caudal base; 8- dorsal angle; 
9–11- acrosomal curve. (C) Consensus nuclear outlines for each genotype alongside a merged consensus nucleus 
(blue = Ccdc146+/+, yellow = Ccdc146+/-, green = Ccdc146-/-). The numbers assigned to each consensus outline 
correspond to the number of nuclei processed per condition. (D) Optical microscopy analysis showing a typical 
MMAF phenotype for Ccdc146 KO mice (scale bar, 10 µm).

Figure 4 continued
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Figure 5. Increasing the number of heterozygous mutated genes involved in the MMAF syndrome has a drastic effect on sperm morphology and 
motility. (A) Sperm morphological defects, (B) head defects, (C) flagellum defects, showing only slight impact. Increasing the number of heterozygous 
gene mutations had little effect on (D) Percentage of motile sperm, but considerably reduced sperm motility parameters including (E) average path 
velocity (VAP), and (F) curvilinear velocity (VCL). All data are presented simultaneously as box- plot and individual datapoints. Statistical significance was 
assessed using an unpaired Welch t- test. Each group was compared individually with all other groups one by one. For each histogram, plots sharing 
different small letters represent statistically significantly differences between the groups (p < 0.05), and plots with a common letter do not present 
statistically significantly differences between the groups (p > 0.05). The corresponding statistical data can be found in Figure 5—source data 2–3 and 
raw data can be found in Figure 5—source data 1.

The online version of this article includes the following source data for figure 5:

Source data 1. Raw data of Figure 5.

Source data 2. Statistical data linked to the Welch t- tests performed in Figure 5D–F.

Source data 3. Statistical data linked to the Welch t- tests performed in Figure 5A–C.

https://doi.org/10.7554/eLife.75373
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has also recently been shown (Lechtreck et  al., 
2022) and several previous reports associated sperm head malformations with IFT genes, like IFT20 
(Zhang et al., 2016), IFT25 (Liu et al., 2017), IFT27 (Zhang et al., 2017), or IFT88 (San Agustin et al., 
2015). Finally, CCDC146 was described as a centriolar proteins (Firat- Karalar et al., 2014) and other 
centriolar proteins are known to induce sperm head defects (Hwang et al., 2021). If the significant 
increase in head defects can be easily explained, we do not know why flagellar defects increase simul-
taneously very little.

As descriptions of animal reproductive phenotypes are becoming increasingly sophisticated and 
standardized (Houston et al., 2021), emerging tools such as the software used in this study to analyze 
nuclear morphology should be used to extensively study reproductive phenotypes, including studies 
of MMAF syndromes, to accurately document head defects.

For the first time, we were able to objectively document defects linked to MMAF using NMAS. This 
original method allows objective comparison of the impact of mutations on sperm head morphology. 
We found for Cfap43-/- and Cfap44-/- mice that sperm heads predominantly displayed a ‘pepper’ 
shape – characterized by a broadening of the base (median widths of body were 3.44 ± 0.09 µm and 
3.93 ± 0.09 µm for Cfap43-/- and Cfap44-/- respectively, versus 2.95 ± 0.06 µm and 3.09 ± 0.12 µm 
for Armc2-/- and ccdc146-/- mice, respectively) and that the flagellum insertion notch had a reduced 

Video 1. Representative video of living sperm cells 
from wild- type mouse provided by Computer Assisted 
Sperm Analysis device. Sperm were introduced into a 
Leja slide (100 µm thick) and maintained at 37 °C during 
recording.

https://elifesciences.org/articles/75373/figures#video1

Video 2. Representative video of living sperm cells 
from mouse bearing one heterozygous mutation 
provided by Computer Assisted Sperm Analysis device. 
Sperm were introduced into a Leja slide (100 µm thick) 
and maintained at 37 °C during recording.

https://elifesciences.org/articles/75373/figures#video2

Video 3. Representative video of living sperm cells 
from mouse bearing two heterozygous mutation 
provided by Computer Assisted Sperm Analysis device. 
Sperm were introduced into a Leja slide (100 µm thick) 
and maintained at 37 °C during recording.

https://elifesciences.org/articles/75373/figures#video3

Video 4. Representative video of living sperm cells 
from mouse bearing three heterozygous mutation 
provided by Computer Assisted Sperm Analysis device. 
Sperm were introduced into a Leja slide (100 µm thick) 
and maintained at 37°C during recording.

https://elifesciences.org/articles/75373/figures#video4

https://doi.org/10.7554/eLife.75373
https://elifesciences.org/articles/75373/figures#video1
https://elifesciences.org/articles/75373/figures#video2
https://elifesciences.org/articles/75373/figures#video3
https://elifesciences.org/articles/75373/figures#video4
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size. Armc2-/- sperm show moderate enlarge-
ment extending along the entire length of the 
head, including the hook (length of hook increase 
from 7.55 ± 0.03 µm to 8.23 ± 0.05 µm between 
Armc2+/+ and Armc2-/- mice), and an increase in 
circularity (increase from 0.55 to 0.61 between 
Armc2+/+ and Armc2-/- mice) resulting in a more 
rounded appearance. Ccdc146-/- sperm presented 
a total disorganization of the base with complete 
erasure of the flagellum insertion notch, and an 
overall decrease in size (mean area decrease from 
111.86 ± 0.41 µm² to 96.78 ± 1.08 µm² between 
ccdc146+/+ and ccdc146-/- mice), resulting in heads 
with a triangular aspect characteristic of the ‘claw’ 
shape. It is worth to note that the effect on sperm 
head shape was gene- dependent, with a milder 
effect observed for Armc2 and a stronger effect 
observed for Cfap43, Cfap44, and Ccd146. This 
result was notable as the flagellum phenotype of 
Armc2 is as severe as that observed with mutation 
of the other genes. Consequently, sperm head 

defects are not due to failed flagellum biogenesis. Thus, compared to the other proteins, Armc2 may 
be less involved in functions other than flagellum biogenesis. It should be noted that NMAS analysis 
is complementary to the human visual analysis made from optical microscopy and does not replace 
it because the nature of the detected defects is slightly different. Indeed, the software can detect 
fine nuclear shape anomalies that are undetectable to the human eye and thus reveals morphological 
variations that are not retained visually by the experimenter. In this study, NMAS revealed a head 
morphology variation of Armc2+/- versus Armc2+/+ sperm (Figure 3B) that had not been detected by 
visual analysis (Figure 3A). On the other hand, NMAS does not identify some abnormalities evidenced 
by light microscopy stains such as acrosome or flagellum insertion defects. For instance, this was illus-
trated by the similarity of the nuclear profiles observed between Cfap43+/-, Cfap44+/- and their wild- 
type counterparts (+/-), while abnormalities were clearly detected by light microscopy (Figures 1A 
and 2A). To summarize, we believe that NMAS will bring as much to the study of morphological 
defects of the head as CASA has brought to the study of defects of sperm motility.

Among the proteins encoded by previously identified MMAF genes, some belong to complexes 
involved in intraflagellar transport (Liu et al., 2019a; Liu et al., 2019b; Chung et al., 2014), protein 
degradation (Shen et al., 2019) or unknown processes (Coutton et al., 2019; Lorès et al., 2018) that 
could affect head formation, and subsequently sperm DNA. As there is a strong relationship between 
cytoskeletal and chromosomal effects, the question of the potential impact of the accumulation of 
mutations on sperm chromatin organization arises. Another interesting question would be to inves-
tigate whether the damaged heads correspond to those carrying the mutated alleles. Future studies 
will be eagerly awaited to elucidate the molecular basis of oligogenicity in male infertility. Therefore, 
we recommend that head morphology should not be overlooked when studying MMAF syndromes, 
despite an obvious focus on flagellum anomalies.Despite a strong focus on sperm head defects, we 
also showed that sperm motility was altered in the presence of ≥2 heterozygote mutations. Thus, the 
function of the flagellum is affected, and an absence of morphological defects should therefore not be 
considered synonymous with absence of functional defects. More importantly, these results support 
the hypothesis that idiopathic human asthenozoospermia may be due to an accumulation of hetero-
zygous mutations in genes known to be involved in flagellum biogenesis.

To date, the inheritance pattern of isolated male infertility was only known to be Mendelian – that 
is, based on a single locus – and the possibility of oligogenic inheritance had not been explored. 
In contrast, an oligogenic etiology for female infertility has been proposed to be associated with 
primary ovarian insufficiency (POI) by several groups, in particular due to the identification of hetero-
zygous mutations in several genes associated with POI (Patiño et al., 2017). Oligogenic inheritance 
has also previously been suggested in another reproductive disorder: congenital hypogonadotropic 

Video 5. Representative video of living sperm cells 
from mouse bearing four heterozygous mutation 
provided by Computer Assisted Sperm Analysis device. 
Sperm were introduced into a Leja slide (100 µm thick) 
and maintained at 37 °C during recording.

https://elifesciences.org/articles/75373/figures#video5

https://doi.org/10.7554/eLife.75373
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hypogonadism (Pitteloud et al., 2007), as well as in several non- reproductive disorders (Li et al., 
2017). Our results demonstrate that oligogenic inheritance may be linked to both male and female 
human infertility, and should therefore also be accurately measured when investigating male infertility.

In conclusion, in this article, we report the first evidence of oligogenic inheritance in altered sper-
matogenesis, leading to teratoasthenozoospermia. This mode of inheritance is crucial as oligogenic 
events could be behind the difficulties encountered by a significant proportion of infertile couples, for 
whom the current diagnosis is the somewhat unsatisfactory ‘unexplained’ or ‘idiopathic’ infertility. Our 
study was conducted in a context of teratozoospermia, a qualitative disorder of spermatogenesis. It 
paves the way for further studies on other male infertility disorders, including quantitative disorders, 
such as oligozoospermia or azoospermia for which the diagnostic yield remains very low. Current 
genetic tests to explore male infertility focus primarily on identifying low- frequency fully- penetrant 
monogenic defects, which are usually autosomal recessive and linked to the most severe cases of 
male infertility. However, investigation of oligogenic inheritance in the huge cohorts available should 
provide an estimate of the frequency of such events. These investigations could potentially identify 
new candidate genes involved in male infertility.
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Figure 6. Very similar head morphology defects and decreased motility parameters, whatever the combination of mutated genes. Black dots 
correspond to the different combinations (2 = Cfap43 and Cfap44; 3 = Cfap43, Cfap44 and Armc2; 4 = Cfap43, Cfap44, Armc2 and Ccdc146) of 
mutations presented in Figure 5; red dots correspond to alternative combinations obtained with the same four genes. The range of (A) sperm 
morphological defects, (B) head anomalies, and (C) flagellum defects was similar for black and red dots. Likewise, (D) percentage of motile sperm, 
(E) average path velocity (VAP) and (F) curvilinear velocity (VCL), showed similar ranges for black and red dots. All data are presented simultaneously 
as box- plot and individual datapoints. Statistical significance was assessed using unpaired Welch t- test. Each group was compared individually with all 
other groups one by one. For each histogram, plots sharing different small letters represent statistically significantly differences between the groups 
(p < 0.05), and plots with a common letter do not present statistically significantly differences between the groups (p > 0.05). Statistical significance 
of differences between means calculated for all black and red dots were also assessed by applying an unpaired Welch t- test and the corresponding 
statistical data can be found in Figure 6—source data 2–3 and raw data can be found in Figure 6—source data 1.

The online version of this article includes the following source data for figure 6:

Source data 1. Raw data and genotypes of Figure 6.

Source data 2. Statistical data linked to the Welch t- tests performed in Figure 6D–F.

Source data 3. Statistical data linked to the Welch t- tests performed in Figure 6A–C.

https://doi.org/10.7554/eLife.75373
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The discovery presented here is of major medical interest, and has implications for both clinical 
genetics and infertility management. First, the continuous and exponential characterization of new 
genes involved in infertility over the last decade offers the hope that, in the near future, an almost 
exhaustive list of genes and mutations involved in human infertility will be available. The identification 
of and screening for all known mutant alleles linked to male infertility at the heterozygous level should 
improve the diagnostic yield. Second, the discovery of multiple mutated genes will allow clinicians 
to provide more accurate genetic counselling to patients, and better guide them in their infertility 
journey. To improve patient management, future studies should look at potential correlations between 
patients’ mutational burden and their intracytoplasmic sperm injection (ICSI) success, pregnancies 
achieved, and live birth rates. It will also be essential to assess the impact of mutational load on 
parameters known to influence these outcomes.

Materials and methods
Animals
Generation of Cfap43 and Cfap44 KO mice is described in Coutton et  al., 2018, generation of 
Armc2 KO mice is described in Coutton et al., 2019. CRISPR/Cas9 gene editing was used to produce 
Ccdc146 KO mice (ENSMUST00000115245). To maximize the chances of producing deleterious muta-
tions, two gRNAs located in two distinct coding exons positioned at the beginning of the targeted 
gene were used. For each gene, the two gRNAs (5’-CCT ACA GTT AAC ATT CGG G- 3’ and 5’-GGG 
AGT ACA ATA TTC AGT AC- 3’) targeting exons 2 and 4, respectively, were inserted into two distinct 
plasmids also containing the Cas9 sequence. The Cas9 gene was driven by a CMV promoter and the 
gRNA and its RNA scaffold by a U6 promoter. Full plasmids (pSpCas9 BB- 2A- GFP (PX458)) containing 
the specific sgRNA were ordered from Genescript (https://www.genscript.com/crispr-cas9-protein- 
crRNA.html). Both plasmids were co- injected into the zygotes’ pronuclei at a concentration of 2.5 ng/
ml. It should be noted that the plasmids were injected as delivered by the supplier, thus avoiding the 
need to perform in vitro production and purification of Cas9 proteins and sgRNA. Several mutated 
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Figure 7. Increasing the number of mutated genes has little effect on overall fertility. (A) Sperm production data (B)Overall fertility of animals (measured 
as the interval between two litters and the number of pups per litter). All data are presented simultaneously as box- plot and individual datapoints. 
Statistical significance was assessed using unpaired Welch t- test. Each group was compared individually with all other groups one by one. For each 
histogram, plots sharing different small letters represent statistically significantly differences between the groups (p < 0.05), and plots with a common 
letter do not present statistically significantly differences between the groups (p > 0.05). The corresponding statistical data can be found in Figure 7—
source data 2 and raw data can be found in Figure 7—source data 1.

The online version of this article includes the following source data for figure 7:

Source data 1. Raw data and genotypes of Figure 7.

Source data 2. Statistical data linked to the Welch t- tests performed in Figure 7B.

Source data 3. Statistical data linked to the Welch t- tests performed in Figure 7A.

https://doi.org/10.7554/eLife.75373
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https://www.genscript.com/crispr-cas9-protein-crRNA.html
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Figure 8. Fine nuclear morphology analysis of multi- mutant mice with one to four heterozygous mutations. 
 (A) Consensus nuclear outlines for each strain alongside a merged consensus nucleus (blue = one mutation, yellow = two mutations, green = three 
mutations and pink = four mutations). The numbers assigned to each consensus outline correspond to the number of nuclei processed per condition. 
(B) Angle profiles for each strain focusing (black boxes) on positions of specific interest. The x axis represents an index of the percentage of the total 

Figure 8 continued on next page
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animals were obtained with different insertions/deletions spanning a few nucleotides. All the muta-
tions obtained induced a translational frameshift expected to lead to complete absence of the protein 
or production of a truncated protein. The reproductive phenotype of two mutated lines was analyzed; 
homozygous males were infertile and displayed the same MMAF phenotype. For this study, a strain 
with a 4 bp deletion in exon 2 was used (c.164_167delTTCG).

For each KO strain, mice were maintained in the heterozygous state, and males and females were 
crossed to produce animals for subsequent generations. Heterozygous and homozygous animals were 
selected following PCR screening, the primers used for each strain are indicated in Appendix 1—
figure 1B. To produce multi- heterozygous animals, homozygous females were crossed with hetero-
zygous males.

All animal procedures were conducted according to a protocol approved by the local Ethics 
Committee (ComEth Grenoble No. 318), by the French government (ministry agreement number 
#7,128 UHTA- U1209- CA), and by the Direction Générale de la Santé (DGS) for the State of Geneva. 
Guide RNA, TracrRNA, ssDNA, and Cas9 were purchased from Integrated DNA Technologies. Pronu-
clear injection and embryo transfer were performed by the Transgenic Core facility at the Faculty of 
Medicine, University of Geneva. All genotypes were obtained by conventional interbreeding.

Reproductive phenotyping
All adult male mice used were between 10 and 12 weeks old. After sacrifice by cervical dislocation, 
the testes were isolated and weighed, and sperm from caudae epididymides were allowed to swim for 
10 min at 37 °C in 1 ml of M2 medium (Sigma- Aldrich, L’Isle d’Abeau, France). The sperm concentration 
was measured and adjusted before CASA analysis. An aliquot of sperm suspension was immediately 
placed in a 100 μm deep analysis chamber (Leja Products B.V., Nieuw- Vennep, the Netherlands), and 
sperm motility parameters were measured at 37 °C using a sperm analyzer (Hamilton Thorn Research, 
Beverley, MA, USA). The settings used for analysis were: acquisition rate: 60 Hz; number of frames: 
45; minimum contrast: 50; minimum cell size: 5; low static- size gate: 0.3; high static- size gate: 1.95; 
low static- intensity gate: 0.5; high static- intensity gate: 1.3; minimum elongation gate: 0; maximum 
elongation gate: 87; magnification factor: 0.7. Motile sperm were defined by an average path velocity 
(VAP) >1, and progressive sperm motility was defined by VAP >30 and average path straightness >70. 
A minimum of 200 motile spermatozoa were analyzed in each assay. Remaining sperm was rinsed with 
PBS- 1X, centrifuged for 5 min at 500 g, spread on slides and allowed to dry at room temperature. 
Samples were then fixed in Ether/Ethanol 1:1 for Harris- Schorr staining (to assess overall morphology) 
or in 4% paraformaldehyde for DAPI staining (to assess nuclear morphology).

Morphology was visually assessed on a Nikon Eclipse 80i microscope equipped with a Nikon DS- Ri1 
camera with NIS- ElementsD (version 3.1.) software by trained experimenters. At least 200 sperma-
tozoa were counted per slide at a magnification of ×1000. Cells are classified as abnormal when they 
bear at least one morphological defect, either on the head or the flagellum. Normal head morphology 
is defined by a typical murine overall shape with a pointy kook tip, a well- defined flagellum insertion 
notch in continuation of a smooth central region, a prominent caudal buldge and a dorsal region 
without notches. Normal flagellum must be continuous, of regular size and caliber, without angulation 
or excessive curling. Examples of normal and abnormal morphologies are provided in Appendix 1—
figure 7.

Analysis of nuclear morphology
Nuclear morphology was precisely evaluated by NMAS (version 1.19.2, https://bitbucket.org/ 
bmskinner/nuclear_morphology/wiki/Home), according to the analysis method described in Skinner 
et al., 2019. The software processed images of DAPI- stained nuclei captured with a Zeiss Imager Z2 

perimeter, as measured counterclockwise from the apex of the sperm hook. The y axis shows the interior angle measured across a sliding window 
centered on each index location. (C) Variability profiles for each strain. The x axis is the same as for the angle profile, and the y axis represents the 
Interquartile Range (IQR) (the difference between the 75th and 25th percentiles). Specific regions of the nuclei are mapped on the profile and the 
graphical representation (from Skinner et al., 2019), with: 1- tip; 2- under- hook concavity; 3- vertical; 4- ventral angle; 5- tail socket; 6- caudal bulge; 
7- caudal base; 8- dorsal angle; 9–11- acrosomal curve. (D) Violin plots of nuclear parameters for each strain. Statistical significance of differences between 
populations were assessed by the software, applying a Mann- Whitney U test; significantly different populations are identified by distinct letters.

Figure 8 continued
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microscope, using a CoolCube 1 CCD camera, with a 100 x/1.4 Zeiss objective and Neon software 
(MetaSystems, Altlussheim, Germany). Nucleus detection settings were Kuwahara kernel: 3, and flat-
tening threshold: 100, for preprocessing; canny low threshold: 0.5, canny high threshold: 1.5, canny 
kernel radius: 3, canny kernel width: 16, gap closing radius: 5, to find objects; and min area: 1 000, max 
area: 10 000, min circ: 0.1, max circ: 0.9, for filtering. After acquisition of images of nuclei, landmarks 
were automatically identified using a modification of the Zahn- Roskies transform to generate an angle 
profile from the internal angles measured around the periphery of the nuclei. Angles were measured 
at every mouse pixel around the original shape. This method combines data from every possible 
polygonal approximation into a single unified trace, from which landmark features can be detected 
(under- hook concavity, tail socket, caudal bulge and base, acrosomal curve, etc.). Angle profiles are 
presented as angle degrees according to the relative position of each pixel along the perimeter, and 
variability profiles use the interquartile range (IQR, difference between the third and first quartile) 
as a dispersion indicator to measure the variability of values obtained for each point. Sperm shape 
populations were then clustered using a hierarchical ward- distance method without reduction, based 
on angle profiles.

Statistical analysis
The statistics relating to nuclear morphology presented in Figure 8 and Appendix 1—figure 4 were 
automatically calculated by the Nuclear Morphology Analysis Software. This analysis relied on a Mann- 
Whitney U test with Bonferroni multiple testing correction. p- values were considered significant when 
inferior to 0.05.

All other data were treated with R software (version 3.5.2). Histograms show mean ± standard devi-
ation, and statistical significance of differences was assessed by applying an unpaired Welch t- test. 
Statistical tests with two- tailed p- values ≤ 0.05 were considered significant.
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Armc2_KO-F TGGGACGCAGCCCTGTAA 59.8

Armc2_KO-R AACCCAAAGCTCCAGCATCTC 59.3
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Appendix 1—figure 1. Genetic data associated with strains creation. (A) Location of mutations and 
electropherograms from Sanger sequencing of mutated forms of murine Cfap43, Cfap44, Armc2, and Ccdc146 
compared to their respective reference sequences. We confirmed a 4 bp deletion in Cfap43 exon 21 (delAAGG), 
a 7 bp insertion in Cfap44 exon 3 (InsTCAGATA), a 1 bp insertion (InsT) in Armc2 exon 4, and a 4 bp deletion in 
Ccdc146 exon 2 (delTTCG). Red arrows indicate the CRISPR/Cas9 targeting sequence, mutations are highlighted 
in yellow, and the gray boxes indicate the position of the protospacer- adjacent motif (PAM) sequences used during 
mutagenesis. (B) List of the primers used for PCR screening of each strain.
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Appendix 1—figure 2. Comparison of fine nuclear morphology for wild- type animals produced from crosses of 
all strains studied. (A) Consensus nuclear outlines for each strain alongside a merged consensus nucleus (blue = 
Cfap43, yellow = Cfap44, green = Armc2 and pink = Ccdc146). The numbers assigned to each consensus outline 
correspond to the number of nuclei processed per condition. (B) Angle profiles for each strain focusing (black 
boxes) on positions of specific interest. The x axis represents an index of the percentage of the total perimeter, as 
measured counterclockwise from the apex of the sperm hook. The y axis shows the interior angle measured across 
a sliding window centered on each index location (C) Variability profiles for each strain. The x axis is the same as 
for the angle profile, and the y axis represents the Interquartile Range (IQR) (the difference between the 75th and 
25th percentiles). Specific regions of the nuclei are mapped on the profile and the graphical representation (from 
Skinner et al., 2019), with: 1- tip; 2- under- hook concavity; 3- vertical; 4- ventral angle; 5- tail socket; 6- caudal bulge; 
7- caudal base; 8- dorsal angle; 9–11- acrosomal curve.
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Appendix 1—figure 3. Comparison of fine nuclear morphology for heterozygous animals produced during 
crosses of all strains. (A) Consensus nuclear outlines for each strain alongside a merged consensus nucleus (blue = 
Cfap43, yellow = Cfap44, green = Armc2, and pink = Ccdc146). The numbers assigned to each consensus outline 
correspond to the number of nuclei processed per condition. (B) Angle profiles for each strain focusing (black 
boxes) on positions of specific interest. The x axis represents an index of the percentage of the total perimeter, as 
measured counterclockwise from the apex of the sperm hook. The y axis shows the interior angle measured across 
a sliding window centered on each index location (C) Variability profiles for each strain. The x axis is the same as 
for the angle profile, and the y axis represents the Interquartile Range (IQR) (the difference between the 75th and 
25th percentiles). Specific regions of the nuclei are mapped on the profile and the graphical representation (from 
Skinner et al., 2019) with: 1- tip; 2- under- hook concavity; 3- vertical; 4- ventral angle; 5- tail socket; 6- caudal bulge; 
7- caudal base; 8- dorsal angle; 9–11- acrosomal curve.
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Appendix 1—figure 4. Comparison of fine nuclear morphology for sperm heads from KO and WT animals. 

(A) Consensus nuclear outlines for each KO strain alongside a merged consensus nucleus, and (far right) 

superimposition of the outlines of the four strains (blue = Cfap43, yellow = Cfap44, green = Armc2, and pink = 

Ccdc146). The numbers assigned to each consensus outline corresponds to the number of nuclei processed per 

condition. (B) Angle profiles for each strain alongside an angle profile for wild- type mice (black), focusing (black 

boxes) on positions of specific interest. The x axis represents an index of the percentage of the total perimeter, 

as measured counterclockwise from the apex of the sperm hook. The y axis corresponds to the interior angle 

measured across a sliding window centered on each index location (C) Variability profiles for each strain. The x axis 
Appendix 1—figure 4 continued on next page
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is the same as for the angle profile, and the y axis represents the Interquartile Range (IQR) value (the difference 
between the 75th and 25th percentiles). Specific regions of the nuclei are mapped on the profile and the graphical 
representation (from Skinner et al., 2019), with: 1- tip; 2- under- hook concavity; 3- vertical; 4- ventral angle; 5- tail 
socket; 6- caudal bulge; 7- caudal base; 8- dorsal angle; 9–11- acrosomal curve. (D) Violin plots presenting mean 
data for representative nuclear parameters associated with each gene. Statistical significance of differences 
between populations was assessed by the NMAS software, applying a Mann- Whitney U test. Significantly different 
populations are identified by distinct letters.
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Appendix 1—figure 5. Light microscopy pictures of spermatozoa from mice bearing one mutation (A), two 
mutations (B), three mutations (C) or four mutations (D). Sperm with normal morphology are marked with a white 
arrow and those with a morphological abnormality are marked with a white asterisk.
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% 

abnormal 
cells 

Head shape Normal Drop Pepper Claw Sickle Hammer Cross Cap Lightning Needle 
No 

mutation 
98.33 0.53 0.00 0.82 0.07 0.18 0.00 0.00 0.00 0.07 1.67 

One het. 
Mutation 

95.55 1.48 0.11 1.83 0.30 0.34 0.11 0.04 0.04 0.19 4.45 

Two het. 
Mutations 

76.74 3.81 1.03 5.47 1.56 5.38 1.86 2.00 0.68 1.47 23.26 
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Mutations 

66.60 6.54 3.02 5.53 1.81 6.74 2.92 2.31 1.31 3.22 33.40 
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44.71 3.35 6.26 8.53 3.24 7.34 10.04 4.64 3.13 8.75 55.29 

Appendix 1—figure 6. Consensus and percentage distribution of the distinct sperm populations classified based 
on nuclear morphology and according to the number of heterozygous mutations.

A B C D

10 µm

Appendix 1—figure 7. Light microscopy pictures of Harris- Schorr stained spermatozoa with (A) typical 
morphology, (B) head abnormalities, (C) flagellum abnormalities or (D) head and flagellum abnormalities. Defects 
are pointed by white arrows.

Appendix 1—figure 4 continued
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Summary: 

In this review, we discuss the role of epigenetic factors during spermatogenesis and the potential 

roles of the epigenome and non-coding RNAs in embryo development and transgenerational 

inheritance. The histone-to-protamine transition during spermatogenesis includes a progressive 

replacement of histones by transition proteins and then by protamines. It is tightly regulated by the 

incorporation of histone variants and by post-translational histone modifications. Human 

spermatozoa are believed to retain 3-15% of histones, whose location and function remain debated 

(Bench et al. 1996; Samans et al. 2014). Non-coding RNAs (ncRNA) function during 

spermatogenesis, particularly regulating gene expression, RNA stability and decay, and transposon 

silencing (Gou et al. 2014; Song et al. 2011; Schuster et al. 2016). Sperm composition of ncRNAs 

dramatically changes during post-testicular epididymal maturation due to the incorporation of 

epididymosomes, vesicles that fuse with sperm during epididymal transit. The sperm especially 

incorporates micro RNA (miRNA) and transfer RNA-derived fragments (tRFs), and almost all 

piwi-interacting RNA (piRNA) are lost (U. Sharma et al. 2018; 2016). Mature spermatozoa contain 

numerous ncRNAs that are stored in both the nucleus and flagella, but their composition differs 

(U. Sharma et al. 2018). MiRNAs and small endogenous interfering RNAs (endo-siRNAs), as well 

as sperm mRNAs, that are present in mature spermatozoa, appear to be important for embryo 

development (Yue Yuan et al. 2017; Conine et al. 2018). A father’s diet, (environmental, 

hormonal, metabolic) stress, and exercise impact the ncRNA content (miRNAs, piRNAs, and 

tRFs) in both the testis and spermatozoa that can have transgenerational effects and modify the 

progeny’s susceptibility to various pathologies and disorders (Fullston et al. 2013; Ng et al. 2010; 
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Carone et al. 2010; de Castro Barbosa et al. 2016; Ingerslev et al. 2018; McPherson et al. 2017; da 

Cruz et al. 2018). Simultaneous changes were observed in DNA methylation (S. Liu et al. 2019). 

To conclude, spermatozoa not only bring half of the genetic material and activate the egg, but they 

also bear epigenetic marks and factors that are directly linked to their environment and can have 

intergeneration and transgenerational impact. 
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A B S T R A C T   

The spermatozoon is a highly differentiated cell with unique characteristics: it is mobile, thanks to its flagellum, 
and is very compact. The sperm cytoplasm is extremely reduced, containing no ribosomes, and therefore does not 
allow translation, and its nucleus contains very closed chromatin, preventing transcription. This DNA compac-
tion is linked to the loss of nucleosomes and the replacement of histones by protamines. Based on these char-
acteristics, sperm was considered to simply deliver paternal DNA to the oocyte. However, some parts of the 
sperm DNA remain organized in a nucleosomal format, and bear epigenetic information. In addition, the nucleus 
and the cytoplasm contain a multitude of RNAs of different types, including non-coding RNAs (ncRNAs) which 
also carry epigenetic information. For a long time, these RNAs were considered residues of spermatogenesis. 
After briefly describing the mechanisms of compaction of sperm DNA, we focus this review on the origin and 
function of the different ncRNAs. We present studies demonstrating the importance of these RNAs in embryonic 
development and transgenerational adaptation to stress. We also look at other epigenetic marks, such as DNA 
methylation or post-translational modifications of histones, and show that they are sensitive to environmental 
stress and transmissible to offspring. The post-fertilization role of certain sperm-borne proteins is also discussed.   

1. Introduction 

Our view of what sperm cells bring to the oocyte and its contribution 
to human reproduction has dramatically changed since it was first un-
derstood, and remains the subject of intense research. Sperm cells, 
simply called sperm, were identified in the 17th and 18th century, 
thanks to the development of the microscope by Dutch scientist Antoni 
Van Leeuwenhoek (1632–1723). Van Leeuwenhoek was the first to 
observe these strange moving objects within semen that he called “an-
imalcule” (1678, communication at the London Royal Society). At that 
time, it was hypothesized that the head of the animalcules (sperm) 
contained a whole tiny human curled up inside (homunculus at this 
time), whose development would be assured by the female, the egg was 
considered to act as the placenta. Nicolaas Hartsoecker (1656–1725) 
was the first to propose an illustration of this hypothesis in 1694 
(Hartsoecker, 1694) (Fig. 1). 

We now know that this hypothesis was incorrect, but it took more 

than 200 years to start to decipher the contribution of sperm cells to the 
new living organism, and important discoveries are still being made. The 
fact that a spermatozoon provides half of the genetic material, and is at 
the origin of one of the pronuclei during fertilization was actually 
discovered two centuries later by several biologists between 1873 and 
1883 using various animal models such as starfish (Fol, 1873), sea ur-
chin (Hertwig, 1876) and ascaris (van Beneden, 1883). The discovery 
that sperm contribute half of the heredity of the embryo was discovered 
simultaneously 20 years later by Theodor Boveri (1862–1915) and 
Walter Sutton (1877–1916). In 1902–1903, they proposed that chro-
mosomes bear hereditary factors in accordance with Mendelian laws – 
first described 37 years previously by the monk Augustin Mendel 
(1822–1884) – and that sperm provide half of the chromosomes found in 
the zygote. Soon after this breakthrough, Jacques Loeb (Loeb, 1913) 
rapidly recognized that the male gamete not only transmits the paternal 
characteristics to the developing embryo, but also induces development 
by activating the egg. A second major function of the male gamete, 
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essential for fertilization, was then identified. The characterization of 
the sperm-borne factor triggering egg activation was also an epic sci-
entific journey, and culminated in the discovery of PLCzeta (PLCZ1) by 
teams led by Karl Swann and Antony Lay in 2002 (Cox et al., 2002; 
Saunders et al., 2002). A description of this sperm factor is beyond the 
scope of this review, and for more information about this key protein, we 
refer readers to a recent review (Parrington et al., 2019). 

For decades, the function of sperm was considered to be limited to 
these two roles: providing half of the hereditary material in the form of 
the paternal DNA, and activating the egg. In this review, we will discuss 
the sperm epigenome, the modifications to the genome that do not affect 
the DNA sequence but are capable of influencing gene expression, 
including non-coding RNA, DNA methylation and posttranscriptional 
modification of histones. We will first present the characteristics of 
sperm chromatin and the main elements necessary for its organization 
and compaction. Then, we will describe the epigenetic events occurring 
in the sperm, the different RNA molecules (mRNAs, regulatory non- 
coding RNAs) contained in sperm and their origins, and also signifi-
cant sperm developmental factors including histones and proteins that 
are retained and transmitted. Finally, we highlight how environmental 
stress can alter epigenetic factors in sperm, such as DNA methylation 
and non-coding RNA, causing phenotypic changes in the offspring. 
These changes not only affect the phenotype of the F1 offspring, but also 
that of the following F2 generation, even though the F1 generation was 
not exposed to the initial environmental stress. Nevertheless, this 
transgenerational transmission of a new phenotype is not permanent 
and vanishes in most cases after the F3 generation. Readers should note 
that, “transgenerational transmission” is distinct from “intergenera-
tional transmission”, in that the latter only affects the F1 generation 

(Fig. 2). 

2. Sperm DNA compaction 

Sperm cells are produced during the spermatogenesis, a very com-
plex physiological process which can be split into three successive steps: 
mitosis, meiosis, and spermiogenesis and involves the expression of 
several thousands of genes (Hess and Renato de Franca, 2008). The 
spermatozoon is undoubtedly the most highly differentiated cell type in 
mammals, with the greatest number of specific or enriched genes 
necessary for its biogenesis (Uhlén et al., 2016). Among the many 
exceptional features of this cell, its DNA organization is unique, showing 
a high level of compaction leading to an arrest of transcription. Sperm 
DNA compaction involves replacing nucleosomes by donut-shaped 
DNA-protamine toroids, with each toroid containing 60 kbp of DNA. 
This rearrangement results in a highly compact and transcriptionally 
inactive sperm chromatin (Steger, 1999). For a long time, the 
histone-to-protamine transition in mammals was considered to take 
place in two successive stages, with a first stage involving the replace-
ment of histones by transition proteins, and a second stage during which 
transition proteins are replaced by protamines. However, discoveries in 
this field over the years revealed the process to be much more complex, 
and not as linear as it initially seemed. At the beginning of the transition, 
from spermatogonia to elongated spermatids, the canonical histones 
(H2A, H2B, H3 and H4) and the H1-linker histone undergo 
post-translational modifications to facilitate their progressive replace-
ment in nucleosomes by somatic or testicle-specific variants. Each his-
tone variant has its own expression window that is directly related to its 
specific role during the process of histone-to-protamine transition. The 
incorporation of histone variants induces chromatin instability that fa-
vors nucleosome disassembly. Moreover, post-translational modifica-
tions of the variants accentuate chromatin relaxation and allow DNA 
strand breaks that facilitate the progressive elimination of histone var-
iants and their replacement by transition proteins and protamines 
(Rathke et al., 2014; Wang et al., 2019). Recently, it was proposed that 
transition proteins and protamines could be added simultaneously, 
rather than successively, leading to the formation of a nucleo-protamine 
structure (Barral et al., 2017). 

2.1. Histone variants 

The core canonical histones (H3, H4, H2A and H2B) can be replaced 
by histone variants, changing the structural and functional features of 
the nucleosomes. Unlike canonical histones, which are incorporated 
during the S-phase of the cell cycle, histone variants are synthesized and 
incorporated throughout the cell cycle, in particular during spermio-
genesis. Many histone variants have been identified in mammals for 
H2A, H2B and H3 canonical histones, but none for H4. The H1-linker 
histone, which influences the degree of compaction of the chromatin, 
and whose eviction leads to decondensation, also has variants (Thoma 
et al., 1979). The variants are species-dependent, and human and mouse 
histone variants only partially overlap. 

Compaction of sperm DNA is associated with intense trafficking of 
histone and histone variants within the nucleosome and its linker, a 
process that is not fully understood. Histone H1 has at least 11 variants, 
including the testis variants H1T, H1T2 and HILS1 (TS H1.6, TS H1.7 
and TS H1.9, according to the new nomenclature) (El Kennani et al., 
2017). H1T is present from the spermatocyte I stage to the elongating 
spermatid stage (Drabent et al., 1996). H1T maintains a relatively open 
chromatin configuration, which is necessary for meiotic recombination 
and histone replacement (Delucia et al., 1994). H1T2 is present from the 
round spermatid stage to the elongated spermatid stage at the apical 
pole of the nucleus, under the acrosome. It is required for chromatin 
condensation, protamine incorporation and cell restructuring (Martia-
nov et al., 2005). HILS1, present from the elongated to the condensed 
spermatid stages, has a higher DNA binding capacity than other 

Fig. 1. Illustration of the homunculus hypothesis proposed by Antoni Van 
Leeuwenhoek in 1678 and illustrated by Hartsoecker in 1694 (Hartsoecker, 
1694). “Courtesy of The Linda Hall Library of Science, Engineering 
& Technology”. 
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histones. It could be involved in transcriptional regulation and also 
contribute to nuclear condensation through its interactions with tran-
sition proteins (Yan et al., 2003). 

Several variants of the histone H2A (tH2A, H2A.L.1-3, H2A.B.1-3, 
H2AP) and the histone H2B (tH2B) have been specifically identified in 
mouse testis, but their specific roles have not been fully described. The 
histone variants tH2A and tH2B (TS H2A.1 and TS H2B.1, according to 
the new nomenclature) are present from the spermatogonia stage and 
gradually disappear during condensation of spermatid nuclei (El Ken-
nani et al., 2017; Montellier et al., 2013; Trostle-Weige et al., 1982; van 
Roijen et al., 1998). They induce chromatin instability and could guide 
the placement of transition proteins and protamines. These variants also 
seem to play a role in epigenetic reprogramming (Padavattan et al., 
2015). The class of histone variants H2A.L and H2B.L are present from 
the round spermatid stage to the elongated spermatid stage, and H2A. 
L.1, H2A.L.2 and H2B.L.1 are still present in the mature sperm (Govin 
et al., 2007). H2A.L.2 allows the chromatin to open, and could play a 
crucial role in the incorporation of transition proteins and protamines 
(Barral et al., 2017). H2A.B.3 is present from the spermatocyte I stage to 
the round spermatid stage (Soboleva et al., 2012). H2A.B.3 could also 
promote the chromatin reorganization necessary for 
histone-to-protamine transition, by modulating the incorporation and 
removal of H2A.L.2 and TP1 from chromatin (Anuar et al., 2019). It 
could also play a role in pre-mRNA splicing (Soboleva et al., 2017). 

Histone H3 (H3.1 and H3.2) has a testicle-specific histone variant 
(H3t), and a testicle-enriched variant (H3.3) in mice. H3t (TS H3.4, 
according to the new nomenclature) is present from the spermatogonia 
stage to the early spermatid stage (El Kennani et al., 2017; Trostle-Weige 
et al., 1984). H3t could contribute to destabilizing chromatin, and play 
another as yet unknown role in later stages of spermiogenesis that 
cannot be compensated for by other members of the H3 family (Tachi-
wana et al., 2010; Ueda et al., 2017). H3.3 is a ubiquitous protein 
encoded by two genes, H3f3a and H3f3b. These genes have different 

nucleotide sequences, but produce the same protein. H3f3a transcripts 
are present in small amounts from the spermatogonia stage to the 
elongated spermatid stage, whereas H3f3b transcripts are only detected 
during the spermatocyte I stage (Bramlage et al., 1997). H3.3 allows 
destabilization of the chromatin, promotes transcription and plays an 
essential role in the histone-to-protamine transition by modulating the 
incorporation of TP1 and P1 in chromatin (Ahmad and Henikoff, 2002; 
Thakar et al., 2009; Yuen et al., 2014). Moreover, H3.3 is involved in 
Meiotic Sex Chromosome Inactivation (MSCI) at the pachytene stage. 
Sex chromosomes are located at the periphery of the nucleus in the 
sexual body and are inactivated during meiosis. Induction of MSCI is 
associated with both removal of conventional H3 and accumulation of 
H3.3 and γH2AX in the sexual body, suggesting that these histone var-
iants are needed for sex chromosome condensation and silencing 
(Mahadevaiah et al., 2001; van der Heijden et al., 2007). The 
human-specific H3.5 variant is present from the spermatogonia to the 
spermatocyte I stages (Urahama et al., 2016). H3.5 could also be 
involved in chromatin destabilization. Moreover, another, as yet poorly 
characterized, role related to DNA synthesis has been described (Shir-
aishi et al., 2018; Urahama et al., 2016). Overall, this short description 
of the numerous histone variants involved in sperm DNA compaction 
highlights the complexity of the process. 

2.2. Transition proteins 

Transition proteins are basic nuclear proteins (more basic than his-
tones and less basic than protamines) that are synthesized during the 
advanced stages of spermiogenesis and disappear before the final stage 
of spermiogenesis (Alfonso and Stephen Kistle, 1993). There are four 
types of transition proteins: TP1, TP2, TP3 and TP4 (or TNP1, TNP2, 
TNP3 and TNP4). The first two are present in all species, and are 
consequently the best characterized. TP1 is a 54-amino-acid protein that 
is highly conserved in mammals. It is rich in serine, arginine, histidine 

Fig. 2. Stress (Nutritional, physical, …) induces epigenetic changes in the male reproductive organs, including testes and epididymides. These epigenetic modifi-
cations lead to an alteration of epigenetic information carried by the sperm and the progeny obtained from stressed male crossed with a non-stressed female exhibits 
phenotypic changes dependent of the nature of the stress. Epigenetic alterations can be maintained in the male germ cells up to F3 generation, even though the 
subsequent generations are not exposed to the initial (F0) environmental stress, a phenomena named “transgenerational transmission”. If the epigenetic alterations of 
the germ cells are not transmitted to the F2 generation, then the phenotypic change is named “intergenerational transmission”. 
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and lysine residues (Kremling et al., 1989). TP2 is a larger protein, with 
117–138 amino acids depending on the species, it is rich in the same 
basic amino acids as TP1, and also contains some cysteine residues 
(Kleene and Flynn, 1987; Schlüter et al., 1992). Its N-terminal part 
contains two zinc finger domains allowing it to bind to unmethylated 
CpG sites on DNA, whereas its C-terminal part is very basic (Baskaran 
and Rao, 1991; Cole and Kistler, 1987; Meetei et al., 2000). Animals 
lacking TP1 or TP2 produce normal sperm but have reduced fertility, 
demonstrating that there is some functional redundancy between TP1 
and TP2. The absence of both TP1 and TP2 causes male sterility, asso-
ciated with protamine defects and major DNA breaks. The cells pro-
duced are incompatible with fertilization, even by intracytoplasmic 
sperm injection (ICSI) (Shirley et al., 2004; Yu et al., 2000; Zhao et al, 
2001, 2004). Although the two proteins can partially compensate for 
each other, they play unique roles in the histone-to-protamine transi-
tion. During the histone-to-protamine transition, TP1 could be involved 
in DNA destabilization and thus promote histone removal; it could also 
contribute to DNA strand break repair (Caron et al., 2001; Singh and 
Rao, 1987). TP2 could be necessary for stabilizing and initiating DNA 
condensation (Baskaran and Rao, 1990). Finally, transition proteins also 
carry a significant number of post-translational modifications (acetyla-
tion, phosphorylation and methylation) on their serine, lysine, and 
arginine residues. These modifications are inserted at specific times 
during nuclear condensation in spermatids and are crucial for the 
histone-to-protamine transition (Gupta et al., 2015). 

2.3. Protamines 

Protamines were first isolated and discovered in salmon sperm at the 
end of the 19th century by Friedrich Miescher (Miescher, 1874). There 
are three types of protamines: protamine 1 (P1), protamine 2 (P2) and 
protamine 3 (P3), but only P1 and P2 are involved in sperm DNA 
compaction. P1 is expressed in all vertebrates, whereas P2 is expressed 
only in certain mammalian species (Primates, Rodents, Lagomorphs and 
equine and bovine species) (Balhorn, 2007; Corzett et al., 2002; Ham-
ilton et al., 2019b). Protamines, proteins of low molecular weight, are 
highly basic (more basic than histones and TPs), and containing exten-
sive proportions of arginine (47–70% of the amino acids) and cysteine 
(8–16% of the amino acids) residues in placental mammals (Balhorn, 
2007; Calvin, 1976; McKay et al., 1985; McKAY et al., 1986; Queralt 
et al., 1995). In placental mammals, P1 consists of around 50 amino 
acids organized in three characteristic domains. A central arginine-rich 
DNA binding domain, flanked on either side by short segments con-
taining phosphorylation sites composed of serine and threonine resi-
dues, and cysteine residues necessary for the formation of 
inter-protamine disulfide bridges (Balhorn, 2007; McKay et al., 1985; 
Queralt et al., 1995). P2 contains 54 to 63 amino acids depending on the 
species (McKAY et al., 1986; Yelick et al., 1987). Unlike P1, a precursor 
to P2 is synthesized with about 100 amino acids. The mature form of P2 
is obtained by cleavage, resulting in the removal of about 40% of its 
N-terminus (Balhorn, 2007; Carré-Eusèbe et al., 1991; Yelick et al., 
1987). In humans, two mature forms of P2 have been described, P2a 
with 57 amino acids and P2b with 54 amino acids (McKAY et al., 1986). 
Both bull and boar possess the PRM2 gene, and P2 mRNA transcripts 
have been detected, but no P2 protein has yet been identified in mature 
sperm from these animals (Ganguly et al., 2013; Maier et al., 1990; 
Mazrimas et al., 1986; Tobita et al., 1982). They are synthesized during 
the last stages of spermatogenesis to replace histones at the DNA, and 
highly contribute to its compaction (Rathke et al., 2014). 

2.4. Organization of sperm chromatin 

The presence of a large number of positively-charged amino acids in 
protamines, and in particular the arginine clusters, constitute zones for 
DNA tethering, thanks to the electrostatic bonds created by their 
opposing charges. These proteins therefore form very stable complexes 

with DNA (Balhorn, 2007; Brewer et al., 2003; DeRouchey and Rau, 
2011). Protamine binding will thus neutralize the charge on the DNA 
molecules and allow them to pack more closely. The structural organi-
zation of the protamine-DNA interaction is still unclear, but it seems that 
protamines wrap around the double-stranded DNA by positioning 
themselves in one of the grooves of the double helix (Balhorn, 2007; Fita 
et al., 1983; Hud et al., 1994). P1 can bind about 11 bp of DNA, whereas 
the larger P2 can bind up to 15 bp, at a rate of one protamine per turn of 
the helix (Bench et al., 1996). Protamine binding in the DNA grooves 
induces curvature, resulting in the formation of a toroidal loop-like 
structure or “donut loop”, with each toroidal loop connecting the DNA 
to the nuclear matrix (Allen et al, 1993, 1997; Balhorn, 2007; Björndahl 
and Kvist, 2010; Hud et al., 1993; Ward, 2010). Each toroidal loop can 
pack up to 60 kb of DNA, and the sperm nucleus can contain up to 50, 
000 toroidal loops by the end of spermiogenesis (Hud et al., 1993). 

Protamines also have cysteine residues, the thiol (-SH) groups of 
which are oxidized to disulfide (–SS–) by nuclear glutathione peroxidase 
4 (nGPx4) to form a three-dimensional network of disulfide bridges 
(Puglisi et al., 2012). The intra-protamine disulfide bridges stabilize the 
folding of different protamine domains and are essential for DNA 
condensation. The inter-protamine disulfide bridges, in complement, 
serve to increase the structural stability of the nucleoprotamines and to 
maintain the strained conformation of the structure, which further en-
hances the level of DNA compaction (Hutchison et al., 2017). The 
chromatin stability is proportional to the number of disulfide bridges 
formed, and this stabilization process is progressive, beginning in the 
testis and continuing as sperm transit through the epididymis (Balhorn 
et al., 1992; Gosálvez et al., 2011; Saowaros and Panyim, 1979; Yossefi 
et al., 1994). 

In P2, zinc finger domains composed of cysteine and histidine resi-
dues and stabilized by zinc salt bridges contribute to the formation of P2- 
DNA complexes (Bench et al., 2000; Bianchi et al., 1992). In addition to 
its role in stabilizing the nucleoprotamine structure as effectively as 
disulfide bridges, zinc also prevents superstabilization by reducing the 
availability of free thiol groups to form disulfide bridges (Björndahl and 
Kvist, 2010). Zinc salt bridges are also easier to disrupt than disulfide 
bridges, and could allow faster decondensation of the chromatin upon 
oocyte fertilization (Björndahl and Kvist, 2010). This setup probably 
explains why species expressing only P1 have the most extensively 
compacted chromatin, and why species expressing more P2 are more 
sensitive to DNA damage (Gosálvez et al., 2011). 

In addition to their structural and binding residues, protamines have 
serine and threonine residues which are phosphorylated immediately 
after protamine synthesis by SRPK1 (serine/arginine-rich protein- 
specific kinase-1) for P1 and Camk4 (Calcium/calmodulin-dependent 
protein kinase type IV) for P2 (Papoutsopoulou, 1999; Wu et al., 2000). 
These phosphorylation events are necessary to initially establish correct 
binding between the protamines and the DNA. Phosphorylation reduces 
the affinity of the protamines for DNA (by increasing the negative charge 
of protamines), to give the protamines time to position themselves 
optimally with respect to the DNA, thus reducing mismatching. Subse-
quently, the progressive dephosphorylation of protamines gradually 
increases the affinity of protamines for DNA and induces chromatin 
condensation (Green et al., 1994). Optimal positioning of protamines is 
essential for the appropriate formation of inter-protamine disulfide 
bridges (Marushige and Marushige, 1978). Other post-translational 
modifications of protamines have been identified and could contribute 
to the protamine-DNA binding or protamine removal process after 
fertilization, suggesting the existence of a protamine code equivalent to 
the histone code (Brunner et al., 2014). 

During spermatogenesis, not all histones are replaced by protamines, 
and variable fractions of histones remain associated with DNA in the 
mature sperm (1–8% for mouse (Balhorn et al., 1977; Jung et al., 2017), 
13% for bull (Samans et al., 2014), 3–15% for human (Bench et al., 
1996; Samans et al., 2014; Tanphaichitr et al., 1978), and 25% in some 
marsupial species (Soon et al., 1997)). These residual histones were first 
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considered a defect in the replacement of histones by protamines, but it 
is now clear that persistent histones (canonical or variant) in mature 
sperm are not randomly distributed and have a role to play. 
Histone-enriched regions appear to be distributed either in large 
10-100-kb regions corresponding to the solenoids present between 
toroidal loops, or in short domains dispersed throughout the genome, 
corresponding to stretches of DNA anchoring the toroidal loops to the 
nuclear matrix (Arpanahi et al., 2009; Hammoud et al., 2009; Ward, 
2010). The precise location of persistent histones in the genome remains 
a subject of debate. Some studies found that nucleosomes are enriched at 
the level of hypomethylated CpG sites corresponding to promoters and 
genes that are important for embryogenesis (transcription factors, 
signaling factors, Homeobox gene clusters, globin genes, imprinted gene 
clusters, genes encoding microRNAs, etc.) (Arpanahi et al., 2009; Erkek 
et al., 2013; Gardiner-Garden et al., 1998; Hammoud et al., 2009; Royo 
et al., 2016; Yoshida et al., 2018). Nevertheless, other authors have 
reported that the nucleosomes persist at intergenic regions, regions rich 
in repeated sequences (telomeres, subtelomeres, centromeres, pericen-
tromeres, LINE1 and SINE) and rRNA and SRP RNA (RNA component of 
Signal Recognition Particle) gene clusters (Carone et al., 2014; Hog-
houghi et al., 2020; Meyer-Ficca et al., 2013; Samans et al., 2014; Sil-
laste et al., 2017; Zalenskaya et al., 2000). These divergent results could 
be due to the fact that different protocols were used to isolate histones, 
but could ultimately be complementary: even if the majority of persis-
tent histones are localized in gene deserts, some of the histones are also 
deposited in specific regions that are important for embryonic devel-
opment (Yamaguchi et al., 2018). Importantly, histones retained in 
sperm carry epigenetic marks that are transferred to the embryo, and 
they could be involved in embryonic development (Bui et al., 2011; 
Ihara et al., 2014; van der Heijden et al., 2008). 

In summary, sperm DNA compaction is highly complex and involves 
a multitude of steps and molecules. Interestingly, the transition from 
nucleosome to nucleoprotamine does not result in total erasure of 
epigenetic markers, as evidenced by the presence of histones and histone 

variants in mature sperm. Histones are only one facet of epigenetic 
control over transcription/translation, and the question of the signifi-
cance of other markers in paternal inheritance remains to be evaluated. 

3. Paramutations in sperm and the discovery of the importance 
of RNA in paternal heritage 

Paramutations were first described in plants as an epigenetic modi-
fication of one allele induced by crosstalk between the two alleles of the 
same gene, giving rise to a new phenotype for the modified allele 
(Chandler, 2007). Importantly, despite its name, paramutation causes 
changes in the expression of the affected allele without any DNA mu-
tation. Nevertheless, the modified locus can induce a similar change in 
homologous sequences, and consequently this change of allelic expres-
sion is transmitted to future generations and is thus heritable. In fact, 
paramutation allows the transmission of heritable characteristics 
through epigenetic mechanisms. Paramutation was reported in mice for 
the Kit gene (Rassoulzadegan et al., 2006). The Kit gene, coding for a 
tyrosine kinase receptor, is essential for the maintenance of primordial 
germ cells (PGCs) in both sexes in the embryo, but it is also expressed in 
adult testis where it is required for DNA synthesis in differentiating 
spermatogonia (Rossi et al., 2000). In addition, Kit is expressed in me-
lanocytes and is necessary for melanin expression. Kit-null animals 
(insertion of a lacZ cassette within the gene, Kittm) are not viable, in 
contrast to heterozygous animals Kit+/tm, which have a white tail tip and 
white fingers (Rassoulzadegan et al., 2006). Interestingly, the authors 
reported that WT animals (Kit+/+) obtained from crosses between two 
heterozygote animals (Kit+/tm) or a heterozygote animal and a WT an-
imal also had a white tail tip and white fingers, despite their full WT 
genotype (Fig. 3). This observation suggests that the Kit+ allele from the 
heterozygous animal has been modified (called Kit*). The white-spotted 
phenotype was transmitted to the F2 generation, even though no Kittm 

allele was present, but vanished in subsequent generations. Levels of the 
polyadenylated messenger RNA for Kit were generally decreased in 

Fig. 3. Model for transgenerational inheritance of 
paramutated Kit. Heterozygous mice carry a wild-type 
(+) and a modified/inactivated Kit allele (tm), and 
bear a white-spotted phenotype with white fingers 
and white tale tips, while wild-type homozygotes 
have solid color. The heterozygote males produce 
abnormal Kit RNA from the Kittm allele, which are 
packaged in the sperm and delivered to the egg upon 
fertilization. Some resulting progeny with two wild- 
type alleles develop the heterozygote white-spotted 
phenotype (Kit*). The aberrant RNAs are trans-
mitted to the progeny and thought to regulate 
expression of the wild-type allele in the zygote, thus 
propagating the paramutation to the progeny. The 
establishment and transgenerational inheritance of 
the paramutation also requires the expression of an 
RNA methyltransferase Dnmt2 (Kiani et al., 2013), 
but its role remains unclear. The paramutation might 
gradually disappear over successive generations due 
to the reduction in aberrant Kit RNAs.   
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animals with white-spotted fur and a full WT genotype (paramutated 
animals), but spliced fragments of the full Kit transcript with multiple 
sizes were strongly expressed in the testis. More surprisingly, extensive 
deregulation of the temporal window of Kit mRNA expression was 
observed, with strong expression in postmeiotic cells in heterozygous 
males compared to WT animals, where Kit mRNA was barely detectable. 
Moreover, Kit mRNA is not eliminated in the residual bodies during the 
sperm cytoplasmic reduction, and remains present in mature epididymal 
sperm, suggesting a role for Kit mRNA fragments in the transmission of 
the white-spotted phenotype. This role for fragmented Kit mRNA in the 
paramutation was demonstrated by injecting sperm mRNA extracts from 
heterozygous males into WT oocytes. The offspring expressed the 
white-spotted phenotype, in contrast to offspring from WT males. The 
role of fragmented Kit mRNA was also supported by the fact that an 
injection of 2 microRNA species (miR-221 and miR-222) targeting Kit 
mRNA mimicked the effect of sperm RNA injection. Importantly, ani-
mals generated from WT sperm and miRNA-injected WT oocytes could 
transmit the white-spotted phenotype to the F2 generation. These results 
allowed the authors to propose that the modified phenotype is induced 
by the transfer of cleaved Kit RNA molecules to embryos. These findings 
demonstrated that microRNA injected into the zygote can induce para-
mutation by altering gene expression, and thus confirmed that sperm 
miRNA can alter the phenotype of the progeny. This idea was supported 
by Grandjean and coll. (Grandjean et al., 2009), who showed that in-
jection of miR-124 induced a large body size as a result of modification 
of Sox9 RNA, and Wagner and coll. (Wagner et al., 2008), who 
demonstrated that microinjection of miR-1 led to deregulation of the 
transcript Cdk9, a transcription factor, and cardiac hypertrophy in mice. 
In both cases, the phenotypes were transmitted to subsequent 
generations. 

4. Sperm contains numerous messenger RNA (mRNA) and non- 
coding RNA (ncRNA) 

The coding region of DNA represents only 2.5% of the genome. 
Nevertheless, most of the genome (~85%) can be transcribed as non- 
coding RNA (ncRNA). There are two types of ncRNAs, housekeeping 
RNA such as transferRNA (tRNA) and ribosomalRNA, and regulatory 
ncRNAs, which have many functions, including post-transcriptional 
regulation of mRNA. For a detailed review of the numerous classes of 
regulatory ncRNA and more detail on their structure and functions, we 
refer readers to (Hammond, 2015; Hombach and Kretz, 2016). Here, we 
will focus only on short ncRNAs, including Piwi-interacting RNA 
(piRNA), microRNA (miRNA), small interfering RNAs (endo-siRNAs), 
and transferRNA-derived fragments (tRFs). 

Short ncRNAs can be split into two classes: those coded at specific 
loci in the genome, and those resulting from endonucleolytic cleavage of 
other types of RNA. The first class corresponds to piRNA, miRNA, and 
endo-siRNA. piRNA and miRNA genes, located throughout the genome, 
are non-coding genes which exclusively generate ncRNA. Some miRNAs 
are located within introns or untranslated regions (UTR) of protein 
coding genes. Endo-siRNAs have only been mapped to genomic areas 
that produce transcripts capable of forming double-stranded RNA 
(dsRNA) structures, such as retrotransposons or bidirectional tran-
scription sites. tRFs, in contrast, are generated through the cleavage of 
transfer RNA by endonucleases such as Angiogenin, DICER, and prob-
ably some uncharacterized proteins. 

During the cytoplasmic sperm compaction occurring at the end of 
spermiogenesis, most of the cytoplasm, including ribosomes, the endo-
plasmic reticulum, and the Golgi apparatus, are discarded in the residual 
body. Moreover, as explained above, the sperm DNA becomes highly 
compacted as nucleosomes are replaced by protamines, eventually 
resulting in closed chromatin. As a result of these changes, transcription 
and translation are considered to be arrested in sperm. Nevertheless, 
RNA was first detected in sperm over 30 years ago (Pessot et al., 1989). 
The more recent development of high-throughput sequencing 

technologies has revealed the vast diversity of RNA present, with more 
than 10,000 distinct transcripts identified (El Fekih et al., 2017; Sel-
varaju et al., 2017; Sendler et al., 2013). Various types of RNA were 
identified, including messenger RNAs and several classes of ncRNAs, 
including short and long ncRNAs (Dadoune, 2009). Moreover, RNA-seq 
technology identified both full and truncated RNAs, which is an inter-
esting result when considering Kit-induced paramutation results. A 
multispecies sperm-borne RNA database to allow comparative annota-
tion of all sperm RNA has been established (Schuster et al., 2016). When 
sperm RNAs were discovered, they were at first considered to be rem-
nants of spermatogenesis. However, the studies showing that microin-
jections of RNAs into the zygote alter the heredity of the progeny over 
several generations (Grandjean et al., 2009; Wagner et al., 2008) stim-
ulated a reevaluation of the role of the various endogenous sperm RNAs 
in embryo development and epigenetic inheritance, as explained below. 

4.1. MicroRNA (miRNA) and small interfering RNAs (endo-siRNAs) 

MicroRNA (miRNA) and small endogenous interfering RNAs (endo- 
siRNAs) are small ncRNAs characterized by transcript sizes smaller than 
200 nt. Single-stranded miRNAs are generally the most abundant class of 
small ncRNAs, mediating gene silencing at the post-transcriptional level. 
Double-stranded siRNAs are key players in the RNA interference (RNAi) 
pathway, an alternative pathway for post-transcriptional gene silencing. 
Considerable light into the molecular processes governing small RNA 
biogenesis pathways has been shed by several teams: for miRNA, the 
canonical pathway involves two endoribonucleases, DROSHA in the 
nucleus and DICER in the cytoplasm, which sequentially generate the 
active, ~22-nucleotide mature miRNA from the hairpin shaped primary 
miRNA (Hammond, 2015) (Fig. 4). siRNA is produced from 
double-stranded RNA by DICER, without input from DROSHA. Both 
ncRNA are loaded onto the RNA-induced silencing complex (RISC), 
which cleaves the target complementary mRNA to induce RNA decay 
and gene silencing (Fig. 3). As they target the 3′ untranslated regions of 
mRNAs, miRNA is not very specific, and a single miRNA is predicted to 
induce the cleavage of hundreds of mRNAs. In contrast, siRNAs are more 
specific. More than 2000 distinct miRNAs have been characterized so 
far, targeting around 1/3 of all mRNAs. 

RNA interference pathways, and particularly those involving miR-
NAs, are emerging as important regulators of spermatogenesis and 
epididymal maturation. Complete and ubiquitous deletions of DICER or 
DROSHA are lethal, but their deletion in germ cells only causes male and 
female infertility, demonstrating the importance of ncRNAs during 
gametogenesis. Around 600 distinct miRNAs have been described in the 
mouse testis (Schuster et al., 2016), and both miRNAs and siRNAs are 
abundantly expressed during spermatogenesis (Song et al., 2011). The 
nature and copy number of miRNAs changes during sperm maturation 
(Nixon et al., 2015); their origins and importance will be discussed 
below. 

4.2. Transfer RNA-derived fragments (tRFs) 

Transfer RNAs, key elements of the transcriptional/translational 
machinery, have a characteristic shape, with several domains, organized 
from 3′ to 5’: the TψC arm, variable loop, anticodon loop and the D arm. 
Endonucleases can generate two types of transfer RNA-derived frag-
ments (tRFs). In response to stress, Angiogenin cuts the anticodon loop 
and produces halved fragments. Other cleavage events, orchestrated by 
DICER, Angiogenin, and other uncharacterized enzymes near the D- or 
TψC-arms produce small RNA known as 5′ tRFs and 3′ tRFs, respectively 
(Keam and Hutvagner, 2015) (Fig. 5). Numerous functions have been 
attributed to tRFs. The first to be identified was a function similar to 
miRNA (see above), silencing gene expression by binding to the 3′ UTR 
of mRNAs. Other functions were since identified, such as direct regu-
lation of translation by tRFs binding to ribosomes. Finally, tRFs can also 
form complexes with RNA-binding proteins such as Ybx1 to regulate 
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RNA degradation and stability. Mature sperm from the cauda epidid-
ymis contain numerous ncRNA, and 80% of them are tRFs, mostly 5’ 
tRFs (Peng et al., 2012; Sharma et al., 2016). 

4.3. c Piwi-interacting RNA (piRNA) 

Numerous transposable elements, likely derived from viruses, are 
found in mammalian genomes. Their movement can disrupt gene 
expression when transposed into exons, introns, or into 5′ or 3’-UTRs. It 
is thus crucial to inhibit their dissemination to preserve the integrity of 
the genome (Parhad and Theurkauf, 2019). Dissemination is prevented 
in germ cells by the expression of 22-27-nt small-ncRNA, known as 
piRNA, the primary function of which is transposon silencing. piRNA, 
located in clusters, are expressed from the pre-pachytene stage, and their 
production is DICER-independent (Fig. 6). The piRNA silencing pathway 
involves several proteins from the PIWI clade of Argonaute proteins, 
such as MILI, MIWI2, and MIWI. Mutations that disrupt this pathway 
cause transposon overexpression, leading to sterility. Interestingly, a 
second wave of piRNA synthesis occurs over the course of the pachytene 
stage, during which several hundred piRNAs with unique sequences are 

expressed from piRNA clusters containing few transposons and repeat 
sequences. The piRNAs expressed during this second wave control the 
expression of genes coding for proteins involved in meiosis (Goh et al., 
2015), and massively eliminate the corresponding mRNAs at the elon-
gated spermatid stage (Gou et al., 2015). 

5. Origin of sperm ncRNA 

Some of these RNAs appear to be deeply embedded in the sperm 
nucleus, since harshly purified nuclei devoid of acrosomes, plasma 
membrane, perinuclear theca, and nuclear envelope still contain ncRNA 
and mRNA (Yan et al., 2008). Due to their deep localization, they are 
probably produced during spermatogenesis and not discarded during 
sperm cytoplasm compaction. Interestingly, when these purified sperm 
heads were injected into artificially activated oocytes, 2-cell embryos 
developed, 17% of which produced live pups when re-implanted in 
foster mothers. Furthermore, the purification of epididymal sperm heads 
and flagella indicate that ncRNAs are present in both subcellular com-
partments, but that the composition of these ncRNAs differs between the 
two compartments. Whereas the heads contain mostly tRFs, the flagella 

Fig. 4. The mechanism of miRNA and endo-siRNA 
biosynthesis and function. miRNA and endo-siRNA 
are involved in post-transcriptional gene silencing 
through translational inhibition and mRNA decay, or 
mRNA cleavage by Argonaute and subsequent 
degradation. (Adapted from (Chu and Rana, 2007; 
Lam et al., 2015), Chu CY, Rana TM (2007) and 
Clancy, S (2008)). AGO: Argonaute; endo-siRNA: 
endogenous small interfering RNA; miRNA: 
micro-RNA; pre-miRNA: precursor miRNAs; ORF: 
open reading frame; RISC: RNA-induced silencing 
complex.   
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are comparatively enriched in piRNA and miRNAs (Sharma et al., 2018). 
Sperm released into the lumen of the seminiferous tubules transit 

through the epididymis and are then stored in the cauda epididymis 
until ejaculation. The epididymis is separated into several functional 
areas. This very long epithelial tubule is composed of several cell types, 
including secretory cells. It is well known that during epididymal transit 
the composition of sperm changes dramatically, and that these changes 
are necessary for sperm to become competent. For instance, the lipid 
composition of the plasma membrane is extensively changed as a result 
of phospholipase A2 secretion, in addition group III sPLA2 (Sato et al., 
2010) and proteins important for sperm/egg binding are inserted into 
the plasma membrane of the sperm as it travels (Caballero et al., 2013; 
Da Ros et al., 2015). Epididymal proteins are transferred to the sperm by 
the fusion of small membrane vesicles known as epididymosomes. 
Interestingly, Belleannée and coll. (Belleannee et al., 2013) showed that 
these vesicles can transport miRNA, and hypothesized that via this route 
miRNA synthesized and secreted in one epididymal region could 
modulate the function of epididymal cells in another region. Since these 
epididymosomes can fuse with sperm, they could also provide new 
ncRNAs to sperm. To verify this hypothesis, several types of experiments 
were performed. 

First, the composition of ncRNA in sperm was measured using RNA 
sequencing on immature sperm (testicular sperm) and maturing sperm 
located in different regions of the epididymis. These analyses showed 
that the ncRNA composition of sperm changes dramatically, with loss 
and acquisition of ncRNA, mostly in the distal part of the epididymis 
(Nixon et al., 2015). A study tracking the composition of the ncRNA in 
the testis from pachytene spermatocytes to immature sperm cells, and in 
the epididymis from caput sperm to cauda sperm indicated that the 
predominant ncRNA in testis are piRNA, and that transit through the 
epididymis is associated with a loss of almost all piRNAs and a 
remarkable increase in tRFs (Sharma et al., 2018). The results of this 
study also confirmed a notable qualitative and quantitative increase in 
miRNAs during transit through the caput epididymis (Fig. 7A). 

Second, to demonstrate that these changes were due to uptake of 
epididymosomes, the concentration of ncRNA was measured in imma-
ture sperm before and after co-incubation with caput epididymosomes. 
Reilly and coll. (Reilly et al., 2016) showed that this co-incubation 

actually increased the RNA copy numbers for miR-191, miR-375, 
miR-467a, miR-467d, miR-467e demonstrating that the sperm RNA 
payload is strongly influenced by secretions in the epididymis. Similarly, 
another comparison of ncRNA content between testicular sperm and 
testicular sperm incubated with caput epididymosomes indicated that 
incubation with caput epididymosomes changes the composition of 
ncRNA, with notable increases in miRNA, tRFs and a decrease in piRNA 
(Sharma et al., 2016, 2018). 

Epididymosomes not only provide new epididymal ncRNA to sperm 
but also increase the copy number of ncRNA in sperm. These observa-
tions reinforce the overall potential epigenetic influence of sperm after 
fertilization. The composition of sperm ncRNA and their evolution from 
the testis to the cauda epididymis is shown in Fig. 7A. 

6. Functions of sperm-borne ncRNA 

6.1. Role of sperm-borne ncRNA in embryonic development 

Although the presence of several types of ncRNA, including tRFs, 
miRNA, siRNA, and piRNA was clearly demonstrated in mature cauda 
epididymis sperm, the function of the sperm ncRNA upon fertilization 
and early embryo development may not be so clear-cut because (i) the 
quantity of sperm-borne ncRNA delivered at fertilization into the oocyte 
remains very low compared to the amount already present within the 
oocyte, (ii) the most abundant sperm miRNA are also present in the 
oocyte before fertilization (Amanai et al., 2006), (iii) oocyte maturation 
and preimplantation embryonic development are not affected by com-
plete depletion of maternal miRNA, as demonstrated by Dgcr8 
oocyte-deficient females, (of note, this observation suggests that the 
miRNA-dependent gene silencing pathway is not activated at these 
stages (Suh et al., 2010)) and (iv) In several species including mouse and 
Human, injection of round spermatids and testicular sperm, with a very 
different miRNA contents than fully mature sperm, permits to obtain live 
healthy offspring (Tanaka et al., 2015) Altogether, these results raise 
questions about any role of sperm-borne ncRNA, and in particular 
miRNA function in the development of mammalian zygotes and 
embryos. 

To address these questions, several approaches were used to 

Fig. 5. tRNA fragments derived from mature tRNAs. 
Processing of mature tRNA can give rise to small RNA 
fragments. tRNA-derived fragments are shorter than 
tRNA halves and are produced by the action of 
Angiogenin and Dicer. In mammalian cells under 
stress, a cleavage in the anticodon loop produces 
tRNA halves by the action of the nuclease Angiogenin 
(ANG). tRNA fragments identified in mouse cauda 
sperm are predominantly enriched in fragments 
derived from the 5’ ends of tRNAs (in red), as shown 
by (Sharma et al., 2016).   
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investigate the role of sperm ncRNAs in fertilization and embryo 
development: 

Although tissue-specific inactivation of DICER or DROSHA in male 
germ cells leads to infertility, some non-motile and abnormal sperm are 
produced that can be used for ICSI. Interestingly, embryos generated 
with sperm lacking DICER or DROSHA and WT oocytes developed 
poorly in comparison to those generated with WT sperm and oocytes, 
but their development was improved when KO sperm were co-injected 
with small amounts of ncRNA from WT sperm (Yuan et al., 2016). The 
absence of DICER affected around 47% of sperm miRNAs and 8% of 
sperm siRNAs, and the absence of DROSHA had an impact on around 
52% of sperm miRNAs (DROSHA is not involved in siRNA biogenesis), 
suggesting that some ncRNAs produced during spermatogenesis play a 
crucial role in embryonic development. Interestingly, DICER and 
DROSHA-deficient sperm did not perform equally. Embryos generated 
with DICER-deficient sperm developed poorly at all stages (from 2-cell 
to blastocyst), whereas those generated with DROSHA-deficient sperm 
developed almost normally up to the 4-cell stage, from which point they 
showed marked developmental defects. These results suggest that 
sperm-borne siRNA plays a role in the early stages of embryonic 
development, whereas sperm-borne miRNA are more important at later 

stages, beyond the 4-cell stage. These results also highlight a long-term 
effect of these sperm-borne ncRNAs, after embryonic gene activation, 
which occurs at the 2-cell stage in mice. It is interesting to note that the 
improvement was greater when total WT RNA was injected than with 
small RNA only, suggesting that sperm not only deliver regulatory RNA 
molecules but also mRNA. 

To assess the importance of the different types of ncRNA in embryo 
development, and in particular ncRNAs provided by epididymosomes, 
embryos were generated by ICSI with testicular, caput and cauda sperm, 
and embryo development was studied. mRNA from embryos were 
sequenced at various stages (4-cell, 8-cell, morula, and blastocyst). 
Overexpression of transcripts coding for RNA-binding proteins 
(Hnrnpab, Hnrnpu, Pcbp1, Eif3b, Yrdc, Ythdf1, Srsf2, and Ybx1) and 
chromatin-associated factors (Smarcd2, Smarca5, Smarcc1, Trim28, and 
Ezh2) was observed only in embryos generated with caput sperm and 
not those generated with cauda sperm (Conine et al., 2018). These 
changes affected embryo development: 50% of embryos were absent at 
day 7.5 of gestation, suggesting that their post-implantation develop-
ment was abnormal, and finally no pups were obtained at term. This 
result suggests that the ncRNA gained as sperm pass through the caput 
transiently make sperm unable to sustain embryo development and that 

Fig. 6. A simplified mechanism of piRNA biosynthesis and function. OR The mechanism of piRNA biosynthesis and function. Mammalian piRNAs derive from distinct 
transposon sequences known as piRNA clusters. They can be transcribed in the sense or antisense direction, and give rise to single-stranded long non-coding RNA 
transcripts. The precursors are transported into the cytoplasm by an unknown mechanism and processed in a Dicer-independent manner. Sense and antisense 
transcripts are in turn loaded onto PIWI clade proteins and trimmed to the length of mature piRNA, their 5′ and 3′ ends are modified, and they are used in an 
amplification loop to generate other complementary mature sense and antisense piRNAs. Mature piRNAs are mainly involved in transposon silencing by repressing 
their transcription or by cleaving their mRNAs. Transposon transcriptional silencing is thought to occur when a piRNA-guided PIWI protein recognizes a nascent 
transposon transcript in the nucleus and recruits a DNA and histone methylation machinery to the transposon locus, which silences transcription. In the cytoplasm, 
piRNA induces post-transcriptional silencing of target transposon transcripts in an RNAi-like manner. In mouse spermatocytes, pachytene piRNAs are depleted of 
transposon sequences, and these piRNAs are thought to regulate gene expression during meiosis and late spermiogenesis, but the exact mechanism is unknown. 
(Adapted from (Meister, 2013; Ozata et al., 2019)). 
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the ncRNA payload is drastically modified in the cauda epididymis. 
Interestingly, co-incubation of caput sperm with epididymosomes pu-
rified from the cauda epididymis rescued the level of expression of 
transcripts for RNA-binding and chromatin-associated factors in em-
bryos, allowing the embryos to develop to term (Conine et al., 2018). 
Remarkably, only the injection of miRNAs, but not tRFs, purified from 
cauda sperm restored normal embryo development following fertiliza-
tion with caput sperm. This observation suggests that miRNAs gained 
during epididymal transit are involved in embryo development, and that 
the tRFs acquired play a distinct role. Several sperm-borne miRNAs were 
identified as crucial for early embryo development, such as miR-34c, 
which is involved in DNA synthesis and inhibition of Bcl-2 expression 
in the zygote. Inhibition of miR-34c leads to failure of the first mitosis 
(Liu et al., 2012). 

6.2. Roles of ncRNAs in the environmental stress-response 

Environmental injuries suffered by the parents and their impact on 
phenotypes in the next generation were first discovered by a study 
monitoring the health of adults whose mothers lived through the Dutch 
famine during the Second World War. The results showed that the adults 
exposed to famine in utero during the first trimester of pregnancy had a 
higher risk of obesity and those exposed in the third trimester had a 

lower risk (Ravelli et al., 1976). Most early studies on transgenerational 
effects of parental stress focused on the influence of metabolic stress 
over the course of pregnancy. The effects of preconceptional stress on 
female gametes were more difficult to demonstrate since any pre-
conceptional stress that affects oogenesis may also have an impact on the 
subsequent pregnancy. Nevertheless, a recent study showed that corti-
cotropin releasing factor type 1 (CRF1) mRNA, a key component in the 
stress response, is increased in eggs harvested from stressed female rats, 
and that offspring obtained after mating stressed females with control 
males exhibited higher levels of CRF1 in the brain and behavioral defects 
(Zaidan et al., 2013). Thus, female germ cells appear to be able to 
transmit stress-induced traits to their progeny. Similar experiments 
aiming to demonstrate transgenerational transmission of environmental 
stress by sperm were easier to carry out since stress suffered by the male 
impacts neither full embryo development nor the raising of pups, which 
are mother-dependent. 

Obesity is a significant health issue, and several epidemiologists have 
compared the increase in the rate of obesity in Western countries to an 
epidemic-like phenomenon, suggesting possible transmission of this 
condition. The first observations that a father’s diet can affect his 
daughters’ health, leading to obesity and diabetes, were reported quite 
recently (Ng et al., 2010). This paternal diet-induced phenotype is 
associated with reprogramming of metabolic gene expression in liver 
due to alteration of epigenetic marks (Carone et al., 2010). These first 
reports were followed by numerous studies investigating the trans-
generational impact of paternal diet on the progeny’s susceptibility to 
metabolic disorders, and seeking to identify the molecular basis for its 
transgenerational transmission. The transmission of the phenotype was 
observed up to the third generation. A high-fat diet (HFD) leads to 
extensive modifications to the ncRNA content in both testis and sperm 
cells (Fullston et al., 2013) and miRNAs, piRNAs, and tRFs were found to 
be differentially expressed in sperm from animals consuming the HFD, 
piRNA being the most likely (de Castro Barbosa et al., 2016). Interest-
ingly, Let-7c, one miRNA that is upregulated in sperm from males fed 
with HFD, was also upregulated in adipose tissues of their F1 offspring. 
This miRNA is known to regulate glucose homeostasis and insulin 
sensitivity, and has been linked to a predisposition for type-2 diabetes. 
The importance of ncRNA in paternal transmission of obesity and dia-
betes was also supported by an experiment where ncRNA were injected 
into zygotes: the injection of spermatic ncRNA from a male fed with the 
HFD into a control zygote led to metabolic disorders in the progeny, 
whereas injection of spermatic ncRNA from a male fed with the control 
diet had no effect (Grandjean et al., 2015). Interestingly, the injection of 
miR19b into a control zygote mimicked the phenotype observed after 
injection of ncRNA from the HFD male. It is worth noting that the 
various reports on miRNAs involved in the paternal transmission of 
metabolic disorders fail to agree. Even more surprisingly, the change in 
miRNA content induced by HFD is not observed in sperm from male 
progeny, despite the fact that they can transmit the metabolic phenotype 
to their own offspring, the grand-children of HFD males (Fullston et al., 
2016). This unexpected result strongly suggests that components other 
than miRNA are also important for transgenerational paternal effects. 
This hypothesis was recently confirmed by Sharma and coll. (Sharma 
et al., 2016), who showed that sperm from males consuming a 
low-protein diet contains higher levels of tRF-Gly-GCC, that regulates 
the endogenous retroelement MERVL. Importantly, the long terminal 
repeat (LTR) in MERVL regulates a subset of genes expressed at high 
levels in preimplantation embryos. The impact of the low-protein diet on 
gene expression in preimplantation embryos was reproduced by 
microinjection of a synthetic tRF-Gly-GCC oligo (Sharma et al., 2016). A 
HFD also deregulates several thousand long ncRNAs in sperm, and it was 
thus suggested that these long ncRNA could be involved in paternal 
heredity (An et al., 2017). Taken together, these results suggest that 
stress activates the production of numerous ncRNA types in the testis 
and/or epididymis, and that it consequently affects gene expression in 
post-fertilization embryos at multiple levels. 

Fig. 7. Origin and functions of sperm ncRNA. A. The composition of sperm 
ncRNA changes dramatically as cells travel from the testis to the cauda 
epididymis. In the testis, the most abundant type of ncRNA is piRNA, which 
plays a crucial role in transposon control. After spermiation, sperm transit 
through the caput epididymis, where tRFs and miRNAs are gained. piRNAs are 
no longer present, but how they are eliminated remains unknown. In the cauda 
epididymis, the miRNA composition is also strongly modified. B. In the absence 
of miRNAs and tRFs, embryo development is abnormal. The miRNA are also key 
nucleic acids for transgenerational adaptation in response to paternal envi-
ronmental stress. Adapted in part from (Sharma et al., 2016, 2018). 
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It is worth noting the plasticity of ncRNA production. The trans-
generational metabolic phenotype can easily be reversed by exercise. 
Progeny produced from males fed a HFD exhibit metabolic disorders 
than can be restored when obese fathers engage in low-to moderate- 
intensity exercise for 2 months (McPherson et al, 2015, 2017). This 
phenotype reversion following exercise is supported by the fact that 
physical training modifies sperm ncRNA, and in particular a subset of 
piRNAs in humans (Ingerslev et al., 2018) as well as a subset of miRNA 
(miR-19b, miR-455 and miR-133a) and two species of tRF derived from 
tRNA-Gly and tRNA-Pro in mice (Short et al., 2017). As with diet, there 
is no consensus on the type and identity of the ncRNA induced in sperm 
by physical training. 

Transgenerational stress transmission by sperm is not restricted to 
metabolic stress, and several reports suggest that physical stress (loud 
noises, predator odor, physical constraints, etc.) or hormonal stress 
(cortisone injection) experienced by the father alters behavioral re-
sponses to stress in the progeny, partly due to deregulation of the 
hypothalamic-pituitary-adrenal axis (Rodgers et al., 2013; Short et al., 
2016). Importantly, the stress experienced by the father modifies a 
specific subset of spermatic miRNAs: nine miRNA (miR-193-5p, 
miR-204, miR-29c, miR-30a, miR-30c, miR-32, miR-375, miR-532–3p, 
and miR-698) were determined to be over-expressed by (Rodgers et al., 
2013), and three (miR-98, miR-144 and miR-190b) were reported by 
(Short et al., 2016). Another observation of the transgenerational impact 
of stress applied early during life reported effects on 73 miRNAs, 
including miR-375-3p and -5p, miR-200b-3p, miR-672-5p, and 
miR-466-5p, which were upregulated (Gapp et al., 2014). Yet another 
report indicated that more than 100 miRNAs were modified in response 
to hormonal stress (Chan et al., 2020). It is important to highlight that 
there was no overlap in deregulated miRNA expression in sperm be-
tween these reports, although all linked the effects to the 
hypothalamic-pituitary-adrenal axis. Furthermore, injection of the nine 
miRNA reported by Rodgers et al. (2013) into a control zygote fully 
reproduced the disruption of the hypothalamic-pituitary-adrenal axis 
observed with sperm from stressed fathers, confirming the importance of 
these miRNAs (Rodgers et al., 2015). Interestingly, injection of just one 
miRNA partly reproduced the stress phenotype, suggesting that the 
combination of several miRNAs is important for transgenerational stress 
adaptation. The injection of the nine miRNAs modified the expression of 
75 mRNAs present in oocytes, including genes playing roles in chro-
matin remodeling. This epigenetic control induced long-term modifi-
cations of gene expression in the target tissue, with 298 genes found to 
have altered expression in the paraventricular nucleus of the hypo-
thalamus (Rodgers et al., 2015). Interestingly, changes to miRNA levels 
were observed up to 12 weeks after a short initial stress, suggesting that 
stress has a long-term effect on the transcriptomic program of epidid-
ymal cells (Chan et al., 2020). Thus, physical stress experienced by the 
father induces altered stress responsivity in offspring, but physical ex-
ercise produces a compensatory anxiolytic effect in the progeny (Short 
et al., 2017). 

Finally, stress-induced ncRNA modifications of the father’s sperm 
modify the cancer susceptibility of the progeny, in particular for breast 
cancer following metabolic stress (da Cruz et al., 2018; Fontelles et al., 
2016), and medulloblastoma following irradiation (Paris et al., 2015). 

In conclusion, the composition of sperm ncRNA is very sensitive to 
environmental stress, and these changes can have long-term effects on 
the expression of genes in various tissues, allowing rapid adaptability of 
the progeny without the need for DNA mutations, which are rare and 
random and therefore require a large population and many generations 
to achieve efficient adaptability. 

The functions of the different ncRNAs are summarized in Fig. 7B. 

7. Importance of sperm DNA methylation in the environmental 
stress-response 

DNA methylation, which consists in the methylation of cytosine 

residues in CpG dinucleotides to form 5-methylcytosine, is a well- 
characterized mechanism driving gene expression. DNA methylation 
of a gene promotor is known to inhibit transcription of the corre-
sponding gene. Consequently, DNA methylation is an important regu-
lator of spermatogenesis, and its deregulation is associated with multiple 
forms of male infertility (Gunes et al., 2016). DNA methylation of male 
germ cells is mostly acquired in utero, and is completed by the end of the 
pachytene spermatocyte stage (Oakes et al., 2007). 

There is now some evidence that the sperm methylation profile in-
fluences the phenotype of the progeny. First, several researchers modi-
fied the level of folate in the paternal diet (Lambrot et al., 2013; Ly et al., 
2017). Folate is a precursor of co-enzymes necessary for several syn-
thetic pathways, including those producing purine bases or thymidine 
monophosphate. These co-enzymes are also methyl donors and are 
involved in DNA methylation among other things. When the paternal 
diet lacks folate, a significant change in sperm DNA methylation is 
observed, with 57 genomic regions showing altered methylation profiles 
(Lambrot et al., 2013). Notably, these different methylated sites are 
close to the TSS of genes involved in development. These changes were 
associated with developmental abnormalities in the progeny, supporting 
the importance of sperm DNA methylation in the phenotype of the 
progeny. Second, reproduction in dairy cattle mainly relies on artificial 
insemination, and the best bull sires can have several thousand 
offspring. It is thus possible to study any relationship between sperm 
methylation and complex phenotypes in the offspring. In the study by 
Liu et al. (2019), the levels of methylation of variably methylated re-
gions (VMRs) in sperm from 19 sires correlated with complex traits in 
their daughters including reproduction, milk production, and health. A 
high level of correlation was observed between methylation levels of 
VMR and reproductive traits, clearly demonstrating the intergenera-
tional transmission of traits through DNA methylation (Liu et al., 2019). 

We showed above that ncRNA are involved in the paternal epigenetic 
legacy, and in particular in the transgenerational transmission of envi-
ronmental insults. Is there any evidence showing that methylation of 
sperm DNA also contributes to the paternal legacy? First, the possible 
role of sperm DNA methylation in the transgenerational transmission of 
obesity was observed in several studies. Obesity in rats induces a change 
in the methylation profile of epididymal sperm, and 18 regions were 
identified as differentially methylated between control rats and rats fed 
a HFD. Interestingly, the same regions were also differentially methyl-
ated in sperm from F1 offspring, but not in control progeny. Some re-
gions were found to be hyper- or hypo-methylated (de Castro Barbosa 
et al., 2016). Similarly, physical training modified the methylation 
profile of sperm in humans, and around 300 differentially-methylated 
regions were identified following a 6-week exercise regimen (Ingerslev 
et al., 2018). Second, paternal stress can also modify the behavior of 
offspring in rodents. For instance, males separated from their mothers at 
an early age showed anxiety in adulthood. This separation anxiety 
induced a change in the methylation of genes, including MeCP2, 
cannabinoid receptor 1 (CB1), and corticotropin releasing factor re-
ceptor 2 (CRFR2) in sperm. The offspring and grand-offspring of these 
males, reared normally, also showed anxious behavior and similar al-
terations of the methylation of these genes in neural tissues (Franklin 
et al., 2010). 

The transgenerational transmission of methylation profiles and their 
contribution to the phenotype of progeny remain a mystery when 
considering the two waves of general erasing of methylation marks. The 
first wave occurs just after fertilization and preserves only imprinted 
marks (Abdalla et al., 2009; Jenkins and Carrell, 2012)), and the second 
wave of DNA demethylation occurs before meiosis in PGCs in the 
developing embryo, corresponding, respectively, to embryonic days 
E11.5 and E12.5 in mice (Yamaguchi et al., 2012); for review, see 
(Cantone and Fisher, 2013). It is worth highlighting that in most studies 
relating to transgenerational transmission of environmental stress 
through paternal germ cells, simultaneous changes were observed in 
both methylation profiles and ncRNA content in sperm. It is therefore 
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difficult to weigh up the respective contributions of DNA methylation 
and ncRNA in the paternal legacy. Surprisingly, the changes in ncRNA 
observed in the father are generally not observed in the subsequent 
generation even though the phenotype is transmitted to the 
grand-offspring (Gapp et al., 2014). It is therefore possible that the 
paternal stress-induced ncRNA signal is converted into DNA methylation 
or histone post-translational modifications. Are ncRNA and DNA 
methylation two sides of the same coin? If DNA methylation is involved 
in such a process, it suggests that specific methylation marks made in 
response to environmental events are protected from the first wave of 
demethylation occurring within the zygote, in a similar way to imprin-
ted marks, or that the transmitted ncRNA could contribute to apposing 
these marks after the demethylation wave. In contrast to most of the 
genome, which is compacted with protamines, imprinted genes remain 
associated with histones in nucleosomes. The presence of nucleosomes 
at these loci allows them to escape from the general erasing of marks. 
The localization of stress-dependent methylation marks in regions of 
compacted DNA in sperm with nucleosomes, and their escape from the 
first demethylation wave in zygotes remain to be formally demon-
strated. Moreover, it is expected that species such as humans containing 
a larger proportion of sperm chromatin packaged in nucleosomes are 
more sensitive to environmental stress than species with a more limited 
proportion of their DNA compacted in nucleosomes, such as murine or 
bovine species. This hypothesis deserves further exploration. 

8. Histones and other proteins as sperm-borne factors 

As indicated in the first paragraph above, nucleosomes retained in 
sperm are important for paternal genome activation, and subsequent 
embryo development. Histones play key roles in epigenetics, and their 
post-translational modifications (PTM) such as methylation, acetylation, 
crotonylation, …, allow transcription to be adapted by changing the 
relaxation state of DNA. The histones retained in sperm carry several 
types of PTM (La Spina et al., 2014; Steilmann et al., 2011), and these 
histone marks have been described as repressive or active (Brykczynska 
et al., 2010). 

As expected from the localization of the histones retained in the 
promotors of genes important for development (see above), changing 
the histone marks in sperm has a negative impact on embryo develop-
ment. For instance, reducing H3K4 and H3K9 methylation in sperm by 
overexpression of histone H3 lysine 4 demethylase (KDM1A) increased 
embryo resorption during pregnancy and the rate of morphological 
defects in live offspring (Perez-Cerezales et al., 2017; Siklenka et al., 
2015). More surprisingly, developmental and morphological defects 
were trans-generationally transmitted from the F1 to the F2 generation, 
even though germ cells in F1 males lacked KDM1A overexpression 
(Siklenka et al., 2015). This finding suggests that epigenetic marks at the 
histone level also support transgenerational adaptation to stress. Modi-
fication of histone marks was also observed with Vinclozolin, an agri-
cultural fungicide used as a model to study transgenerational 
inheritance of chemical stress. Vinclozolin is an endocrine disruptor that 
decreases sperm count and viability, causing decreased male fertility 
(Anway et al., 2005). In this model, the F1 generation is treated at 
embryonic stages, and thus the F2 is produced from treated sperm. 
Studying transgenerational inheritance in this model revealed extra 
areas of histone H3 retention in sperm from the F3 generation of 
Vinclozolin-exposed lineages compared to a control lineage (Ben Maa-
mar et al., 2018). Unexpectedly, the number of histone retention sites 
was normal in sperm from the F2 generation but increased in sperm from 
the F3 generation and beyond (Skinner et al., 2018), suggesting that 
histone modifications may be induced by other epigenetic factors. In 
addition to histone modifications, Vinclozolin treatment induces DNA 
methylation and alters the ncRNA payload (Skinner et al., 2018), and the 
various contributions and interactions of these epigenetic modifications 
to the infertility phenotype remain to be clarified. 

Finally, apart from the sperm factor PLCzeta, which triggers oocyte 

activation and the absence of which leads to human infertility (Escoffier 
et al., 2016; Parrington et al., 2019), other sperm-borne proteins have 
been shown to play a role in embryo development. For instance, 
glutathione-S-transferase omega 2 (GSTO2), localized in the perinuclear 
theca of the sperm head, in conjunction with GSTO from the oocyte 
speeds up sperm DNA decondensation. Selective inhibition of GSTO2 in 
sperm before ICSI delays sperm DNA decondensation, leading to 
abnormal cleavage timings, and ultimately to a decreased rate of blas-
tocyst formation (Hamilton et al., 2019a). 

9. Perspectives and discussion 

The discovery of the role of ncRNA in embryo development and 
adaptation to environmental stress has potentially significant medical 
consequences and technical applications. 

9.1. Medical implications 

Several reports indicated that analysis of the ncRNA composition of 
semen may be predictive of the fertilization competence of sperm (Cui 
et al., 2015; Munoz et al., 2015; Salas-Huetos et al., 2015). ncRNA 
profiling of infertile males may therefore be of interest to identify 
possible epigenetic causes for couples presenting with embryonic 
development failures after several cycles of ovarian stimulation. 
Nevertheless, all sperm-borne miRNAs necessary for optimal embryo 
development in humans remain to be characterized. Because of exten-
sive variability in ncRNA between species, the short list identified so far 
in mice may not be relevant for human fertility. This identification step 
is required before any attempt to rescue or optimize embryonic devel-
opment using synthetic ncRNA can be made. 

We have also shown above that environmental insults can modify the 
ncRNA load in sperm and have dramatic effects on the physiopathology 
of the progeny, including the emergence of metabolic disorders and 
stress responses. A transient change in lifestyle, with a balanced diet, 
physical exercise and stress management approaches will likely modify 
the sperm ncRNA payload and could be recommended to couples 
consulting for infertility, to optimize the chances of fertilization, embryo 
development, and the health of any child born. 

Finally, it would be interesting, for ICSI with testicular sperm to co- 
inject the most important and specific epididymal ncRNAs to improve 
embryo development. Again, this necessitates to characterize them in 
the human species because of species variability. 

9.2. Technical applications 

The most promising application of the discovery of the role of ncRNA 
in embryo development is in embryo cloning from somatic cells. It is 
well known that embryos obtained through somatic cell nuclear transfer 
(SCNT) show abnormal development, with disrupted kinetics of the first 
cleavage and defects in histone methylation, leading to low live birth 
rates and overweight offspring. Interestingly, co-injection of purified 
sperm ncRNAs along with a somatic cell nucleus decreases histone H3 
methylation (H3K9me3), and increases K40 acetylation of tubulin, both 
of which are associated with increased SCNT yields (Qu et al., 2019). 
Among the classes of miRNAs involved in embryo development, 
miR-449a seems to be relevant since, when SCNT is performed with 
co-injection of miR-449a, the cleavage rate increases, epigenetic 
reprogramming of the embryo is improved, and the apoptotic index of 
blastocysts decreases (Wang et al., 2017). Sperm ncRNA is also a marker 
of the quality of sperm and could be used in animal reproduction to 
select bulls with a high fertility index as, for example, the level of 
expression of miR-216b in sperm is inversely correlated with the fertility 
index for bulls (Alves et al., 2019). 
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10. Conclusion 

The data presented in this review show that the spermatozoon not 
only provides the paternal DNA component, but also a large number of 
epigenetic regulators, which influence embryonic development and 
allow rapid adaptation of the offspring to environmental stress. Much 
remains to be discovered, such as the identity and function of all the 
ncRNAs involved in embryonic development and stress adaptation. The 
targets of these ncRNAs and the signaling pathways activated have yet to 
be characterized, and also need to be investigated. 
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Fenaille, F., Curtet, S., Héry, P., Fernandez-Nunez, N., Shiota, H., Gérard, M., 
Rousseaux, S., Kurumizaka, H., et al., 2017. Histone variant H2A.L.2 guides 
transition protein-dependent protamine assembly in male germ cells. Mol. Cell 66, 
89–101.e108. 

Baskaran, R., Rao, M.R., 1990. Interaction of spermatid-specific protein TP2 with nucleic 
acids, in vitro. A comparative study with TP1. J. Biol. Chem. 265, 21039–21047. 

Baskaran, R., Rao, M.R.S., 1991. Mammalian spermatid specific protein, TP2, is a zinc 
metalloprotein with two finger motifs. Biochem. Biophys. Res. Commun. 179, 
1491–1499. 

Belleannee, C., Calvo, E., Caballero, J., Sullivan, R., 2013. Epididymosomes convey 
different repertoires of microRNAs throughout the bovine epididymis. Biol. Reprod. 
89, 30. 

Ben Maamar, M., Sadler-Riggleman, I., Beck, D., Skinner, M.K., 2018. Epigenetic 
transgenerational inheritance of altered sperm histone retention sites. Sci. Rep. 8, 
5308. 

Bench, G., Corzett, M.H., Kramer, C.E., Grant, P.G., Balhorn, R., 2000. Zinc is sufficiently 
abundant within mammalian sperm nuclei to bind stoichiometrically with protamine 
2. Mol. Reprod. Dev. 56, 512–519. 

Bench, G.S., Friz, A.M., Corzett, M.H., Morse, D.H., Balhorn, R., 1996. DNA and total 
protamine masses in individual sperm from fertile mammalian subjects. Cytometry 
23, 263–271. 

Bianchi, F., Rousseaux-Prevost, R., Sautiere, P., Rousseaux, J., 1992. P2 protamines from 
human sperm are zinc -finger proteins with one Cys2His2 motif. Biochem. Biophys. 
Res. Commun. 182, 540–547. 

Björndahl, L., Kvist, U., 2010. Human sperm chromatin stabilization: a proposed model 
including zinc bridges. Mol. Hum. Reprod. 16, 23–29. 

Bramlage, B., Kosciessa, U., Doenecke, D., 1997. Differential expression of the murine 
histone genes H3.3A and H3.3B. Differentiation 62, 13–20. 

Brewer, L., Corzett, M., Lau, E.Y., Balhorn, R., 2003. Dynamics of protamine 1 binding to 
single DNA molecules. J. Biol. Chem. 278, 42403–42408. 

Brunner, A.M., Nanni, P., Mansuy, I.M., 2014. Epigenetic marking of sperm by post- 
translational modification of histones and protamines. Epigenet. Chromatin 7, 1–12. 

Brykczynska, U., Hisano, M., Erkek, S., Ramos, L., Oakeley, E.J., Roloff, T.C., Beisel, C., 
Schubeler, D., Stadler, M.B., Peters, A.H., 2010. Repressive and active histone 
methylation mark distinct promoters in human and mouse spermatozoa. Nat. Struct. 
Mol. Biol. 17, 679–687. 

Bui, H.-T., Wakayama, S., Mizutani, E., Park, K.-K., Kim, J.-H., Thuan, N.V., 
Wakayama, T., 2011. Essential role of paternal chromatin in the regulation of 
transcriptional activity during mouse preimplantation development. Reproduction 
141, 67–77. 

Caballero, J.N., Frenette, G., Belleannée, C., Sullivan, R., 2013. CD9-Positive 
microvesicles mediate the transfer of molecules to bovine spermatozoa during 
epididymal maturation. PLoS One 8. 

Calvin, H.I., 1976. Comparative analysis of the nuclear basic proteins in rat, human, 
guinea pig, mouse and rabbit spermatozoa. Biochim. Biophys. Acta (BBA) Protein 
Struct. 434, 377–389. 

Cantone, I., Fisher, A.G., 2013. Epigenetic programming and reprogramming during 
development. Nat. Struct. Mol. Biol. 20, 282–289. 

Caron, N., Veilleux, S., Boissonneault, G., 2001. Stimulation of DNA repair by the 
spermatidal TP1 protein. Mol. Reprod. Dev. 58, 437–443. 

Carone, B.R., Fauquier, L., Habib, N., Shea, J.M., Hart, C.E., Li, R., Bock, C., Li, C., Gu, H., 
Zamore, P.D., Meissner, A., Weng, Z., Hofmann, H.A., Friedman, N., Rando, O.J., 
2010. Paternally induced transgenerational environmental reprogramming of 
metabolic gene expression in mammals. Cell 143, 1084–1096. 

Carone Benjamin, R., Hung, J.-H., Hainer Sarah, J., Chou, M.-T., Carone Dawn, M., 
Weng, Z., Fazzio Thomas, G., Rando Oliver, J., 2014. High-resolution mapping of 
chromatin packaging in mouse embryonic stem cells and sperm. Dev. Cell 30, 11–22. 
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Biol. (Liege) 4, 265–640. 

van der Heijden, G.W., Derijck, A.A., Posfai, E., Giele, M., Pelczar, P., Ramos, L., 
Wansink, D.G., van der Vlag, J., Peters, A.H., de Boer, P., 2007. Chromosome-wide 
nucleosome replacement and H3.3 incorporation during mammalian meiotic sex 
chromosome inactivation. Nat. Genet. 39, 251–258. 

van der Heijden, G.W., Ramos, L., Baart, E.B., van den Berg, I.M., Derijck, A.A.H.A., van 
der Vlag, J., Martini, E., de Boer, P., 2008. Sperm-derived histones contribute to 
zygotic chromatin in humans. BMC Dev. Biol. 8, 34. 

van Roijen, H.J., Ooms, M.P., Spaargaren, M.C., Baarends, W.M., Weber, R.F., 
Grootegoed, J.A., Vreeburg, J.T., 1998. Immunoexpression of testis-specific histone 
2B in human spermatozoa and testis tissue. Hum. Reprod. 13, 1559–1566. 

Wagner, K.D., Wagner, N., Ghanbarian, H., Grandjean, V., Gounon, P., Cuzin, F., 
Rassoulzadegan, M., 2008. RNA induction and inheritance of epigenetic cardiac 
hypertrophy in the mouse. Dev. Cell 14, 962–969. 

Wang, M., Gao, Y., Qu, P., Qing, S., Qiao, F., Zhang, Y., Mager, J., Wang, Y., 2017. 
Sperm-borne miR-449b influences cleavage, epigenetic reprogramming and 
apoptosis of SCNT embryos in bovine. Sci. Rep. 7, 13403. 

Wang, T., Gao, H., Li, W., Liu, C., 2019. Essential role of histone replacement and 
modifications in male fertility. Front. Genet. 10. 

Ward, W.S., 2010. Function of sperm chromatin structural elements in fertilization and 
development. Mol. Hum. Reprod. 16, 30–36. 

Wu, J.Y., Ribar, T.J., Cummings, D.E., Burton, K.A., McKnight, G.S., Means, A.R., 2000. 
Spermiogenesis and exchange of basic nuclear proteins are impaired in male germ 
cells lacking Camk4. Nat. Genet. 25, 448–452. 

Yamaguchi, K., Hada, M., Fukuda, Y., Inoue, E., Makino, Y., Katou, Y., Shirahige, K., 
Okada, Y., 2018. Re-evaluating the localization of sperm-retained histones revealed 
the modification-dependent accumulation in specific genome regions. Cell Rep. 23, 
3920–3932. 

Yamaguchi, S., Hong, K., Liu, R., Shen, L., Inoue, A., Diep, D., Zhang, K., Zhang, Y., 2012. 
Tet1 controls meiosis by regulating meiotic gene expression. Nature 492, 443–447. 

Yan, W., Ma, L., Burns, K.H., Matzuk, M.M., 2003. HILS1 is a spermatid-specific linker 
histone H1-like protein implicated in chromatin remodeling during mammalian 
spermiogenesis. Proc. Natl. Acad. Sci. Unit. States Am. 100, 10546–10551. 

Yan, W., Morozumi, K., Zhang, J., Ro, S., Park, C., Yanagimachi, R., 2008. Birth of mice 
after intracytoplasmic injection of single purified sperm nuclei and detection of 
messenger RNAs and MicroRNAs in the sperm nuclei. Biol. Reprod. 78, 896–902. 

Yelick, P.C., Balhorn, R., Johnson, P.A., Corzett, M., Mazrimas, J.A., Kleene, K.C., 
Hecht, N.B., 1987. Mouse protamine 2 is synthesized as a precursor whereas mouse 
protamine 1 is not. Mol. Cell Biol. 7, 2173–2179. 

Yoshida, K., Muratani, M., Araki, H., Miura, F., Suzuki, T., Dohmae, N., Katou, Y., 
Shirahige, K., Ito, T., Ishii, S., 2018. Mapping of histone-binding sites in histone 
replacement-completed spermatozoa. Nat. Commun. 9, 3885. 

Yossefi, S., Oschry, Y., Lewin, L.M., 1994. Chromatin condensation in hamster sperm: a 
flow cytometric investigation. Mol. Reprod. Dev. 37, 93–98. 

Yu, Y.E., Zhang, Y., Unni, E., Shirley, C.R., Deng, J.M., Russell, L.D., Weil, M.M., 
Behringer, R.R., Meistrich, M.L., 2000. Abnormal spermatogenesis and reduced 
fertility in transition nuclear protein 1-deficient mice. Proc. Natl. Acad. Sci. Unit. 
States Am. 97, 4683–4688. 

Yuan, S., Schuster, A., Tang, C., Yu, T., Ortogero, N., Bao, J., Zheng, H., Yan, W., 2016. 
Sperm-borne miRNAs and endo-siRNAs are important for fertilization and 
preimplantation embryonic development. Development 143, 635–647. 

Yuen, B.T.K., Bush, K.M., Barrilleaux, B.L., Cotterman, R., Knoepfler, P.S., 2014. Histone 
H3.3 regulates dynamic chromatin states during spermatogenesis. Development 141, 
3483–3494. 

Zaidan, H., Leshem, M., Gaisler-Salomon, I., 2013. Prereproductive stress to female rats 
alters corticotropin releasing factor type 1 expression in ova and behavior and brain 
corticotropin releasing factor type 1 expression in offspring. Biol. Psychiatry 74, 
680–687. 

Zalenskaya, I.A., Bradbury, E.M., Zalensky, A.O., 2000. Chromatin structure of telomere 
domain in human sperm. Biochem. Biophys. Res. Commun. 279, 213–218. 

Zhao, M., Shirley, C.R., Mounsey, S., Meistrich, M.L., 2004. Nucleoprotein transitions 
during spermiogenesis in mice with transition nuclear protein Tnp1 and Tnp2 
mutations. Biol. Reprod. 71, 1016–1025. 

Zhao, M., Shirley, C.R., Yu, Y.E., Mohapatra, B., Zhang, Y., Unni, E., Deng, J.M., 
Arango, N.A., Terry, N.H.A., Weil, M.M., Russell, L.D., Behringer, R.R., Meistrich, M. 
L., 2001. Targeted disruption of the transition protein 2 gene affects sperm 
chromatin structure and reduces fertility in mice. Mol. Cell Biol. 21, 7243–7255. 
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DISCUSSION AND PERSPECTIVES 

Infertility is a growing global health problem. It touches approximately 9% of couples and its 

causes remain unexplained in around 40% of them (Sadeghi 2015). In this work we focused on a 

particular severe subtype of primary male infertility called the multiple morphological 

abnormalities of the sperm flagella (MMAF). This syndrome is characterized by a mosaic of 

flagellar abnormalities including short, coiled, bent, irregular, or absent flagella (Ben Khelifa et al. 

2014). Defects in sperm head morphology were also associated with the MMAF syndrome in men 

harbouring homozygous mutations in genes, including DNAH2 (Hwang et al. 2021), CFAP43/44 

(Charles Coutton et al. 2018), and CFAP69 (Dong et al. 2018). The flagellar defects have a 

negative effect on sperm motility and the syndrome is characterized by asthenozoospermia. It also 

has a strong genetic component, and it has been associated with more than 40 recessive genes. Our 

laboratory primarily focuses on the study of male infertility. Among our cohort of 167 MMAF-

affected patients, the team had already identified biallelic deleterious variants in 22 genes in 83 

subjects.  

Among this cohort of MMAF patients, we identified homozygous truncating mutations in gene 

Coiled coil domain-containing 146 (CCDC146) in two men. The primary focus of this thesis was 

thus to characterize the role of CCDC146 in male fertility. We used a mouse Ccdc146 knock-out 

(KO) model to describe the spermatogenic defects caused by the absence of CCDC146 and verified 

that the model reproduced the MMAF phenotype observed in humans. Our results showed that 

CCDC146 is centrosome-associated and flagellar protein that is essential for spermiogenesis, 

including flagellum assembly, manchette formation and proper HTCA connection to the sperm 

head.  

In the first part of the discussion, we will review our results and propose hypotheses about the 

function of CCDC146. In the following part, we will discuss the prognoses for patients harbouring 

mutations in MMAF-related genes to conceive with ICSI. And finally, we will talk about other 

actors that might influence male fertility including oligogenic inheritance. 
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1 THE FUNCTION OF CCDC146 

Characterizing the role of CCDC146 in male fertility was the primary objective of this thesis. We 

showed that in mice, CCDC146 is essential for correct spermiogenesis, including manchette 

formation and axoneme assembly. Its absence also led to multiplicated centrioles in spermatids 

and to an aberrant HTCA attachment to the sperm head. Because the manchette, head shaping, 

HTCA and flagellum formation are interlinked, it is difficult to distinguish the cause and its 

consequences only based on defects in these processes. Several experiments could help us gain 

more insight into the function of CCDC146 in both male germ cells and somatic cells. Below, we 

will discuss these experiments and hypotheses about the function of CCDC146. 

1.1 CCDC146 AND CENTRIOLES 

CCDC146 has been previously identified as a centriolar protein in bovine spermatozoa and was 

also detected at the mother centriole in HeLa and RPE1 cells (Firat-Karalar et al. 2014). We thus 

wanted to see if CCDC146 was also associated with centrioles in human and mouse spermatogenic 

cells, and if we could confirm its centriolar localization in another human somatic cell line 

(HEK293T).  

No centriolar signal was observed in neither mouse nor human spermatogenic cells by 

immunofluorescence (IF), and a CCDC146 signal was only associated with sperm flagella (Article 

1, Figures 7, 8). Interestingly, despite the absence of CCDC146 labeling at the HTCA in mouse 

spermatids, the protein’s absence had an impact on the structure. The centriole pair was observed 

correctly attached to the spermatid head in round spermatids, but it could often be seen in the 

cytoplasm at various distances from the head in elongating spermatids. Despite the abnormal 

distance of the HTCA from head, mature Ccdc146 KO spermatozoa were not decapitated, and 

centrioles were retained in the cytoplasmic sac. We were unable to say if centriole movement 

toward the nucleus during spermiogenesis or their attachment were somehow disrupted or whether 

their connection with the sperm head was too fragile and they detached during spermatid 

elongation.  

Moreover, we observed supernumerary centrioles or multiple pieces of centrioles in elongating 

spermatids. The last centriole duplication occurs in spermatocytes before they enter meiosis 

(Avidor-Reiss and Fishman 2019). It could be interesting to observe whether KO spermatogonia 
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and spermatocytes contain aberrant numbers of centrioles, or whether new centriole duplication 

occurs in spermatids. Defects in centriole number are generally associated with aneuploidy and 

cancer (Shin et al. 2021; Bühler and Stolz 2022; J. Z. Zhao et al. 2021). However, even-though we 

observed a significant increase in apoptosis in KO seminiferous tubules, no specific cell population 

appeared to be affected, suggesting that if supernumerary centrioles were already present in 

spermatogonia or spermatocytes, they did not systematically cause severe defects in cell division 

leading to cell death in most cells. Mice were viable and we did not observe an apparition of tumors 

or any other phenotype except for male infertility. For instance, aberrant centriole duplication was 

observed in humans for loss-of-function mutations in DZIP1, another MMAF-associated gene (Lv 

et al. 2020), and mouse Ccdc42 (Pasek et al. 2016). 

In human somatic cells, CCDC146 was associated with both centrioles throughout the cells cycle 

and with the basal body of primary cilia. We are unsure why our signal was always associated with 

both centrioles, while Firat-Karalar et al. showed that it is only present at the mother centriole 

(Firat-Karalar et al. 2014).  

A precise localization of the protein would allow us to gain a better understanding of its function. 

In somatic cells, CCDC146 was only partially co-localized with centrin, which is present within 

the inner scaffold of both centrioles. We could determine the localization of CCDC146 at 

centrioles (proximal or distal end, distal or subdistal appendages) in somatic cells using 

conventional IF though the co-localization with proteins belonging only to these subparts, or even 

more precisely (e.g. within the inner scaffold) using ultrastructure expansion microscopy (Huang 

et al. 2017; Le Guennec et al. 2020; T. T. Yang et al. 2018). We could also use immunogold 

labeling coupled with transmission electron microscopy in both somatic cells and spermatogenic 

cells. When applied to mouse and human testis cross-sections, it could show where CCDC146 

accumulates during spermiogenesis. Since CCDC146 is particularly expressed in spermatids and 

it influences the structure of the manchette, the HTCA and the assembly of the axoneme, it might 

be associated with these structures. 

1.2 CCDC146 AND MITOSIS 

During mitosis, CCDC146 was associated with centrioles at the mitotic poles, and it was also 

positioned at the midbody, suggesting that CCDC146 could be important for cell division and 
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cytokinesis. As was previously mentioned, centriolar defects including centriole loss and 

multiplication, can negatively affect cell division and chromosome segregation (Sir et al. 2013; 

Godinho and Pellman 2014; J. Z. Zhao et al. 2021), and a precise spatio-temporal control of 

midbody proteins is important for correct separation of daughter cells (Mierzwa and Gerlich 2014).  

Interestingly, a primary screen using RNAi against Ccdc146 was available at the Mitocheck 

website (Cai et al. 2018; “MitoCheck” n.d.). The Mitocheck database is based on large-scale RNAi 

screens, and automated microscopy and analysis. The knock-down of CCDC146 in HeLa cells did 

not seem to affect cell division in a very severe manner, but some cells could be seen dividing into 

3 daughter cells, suggesting that CCDC146 might play a minor role in mitosis. The regulation of 

centriole number could also be compromised in these cells and remains to be investigated. 

1.3 CCDC146 AS A CENTRIOLAR SATELLITE 

The IF signal for CCDC146 at the centriole was only partially co-localizing with the centriolar 

protein centrin, and showed a larger punctiform signal that was concentrated around both 

centrioles/ basal body (Article 1, Figure 4). The punctiform signal highly resembled centriolar 

satellites. To verify whether CCDC146 could be a centriolar satellite, we performed an IF co-

localization study with PCM1 that is believed to be the marker of the majority of centriolar 

satellites (Article 1, Supplementary figure 4). Again, we only observed a partial co-localization 

with PCM1, and CCDC146 was not identified as an interactor of PCM1 in proteomics studies 

(Quarantotti et al. 2019; Gheiratmand et al. 2019), suggesting that CCDC146 is not a centriolar 

satellite. 

1.4 CCDC146 AS A MICROTUBULE-ASSOCIATED PROTEIN 

We proposed that CCDC146 is a microtubule-associated protein (MAP), and our hypothesis is 

based on several observations in both human somatic cells and spermatogenic cells from WT and 

Ccdc146 KO mice. In human somatic cells undergoing mitosis, the localization of CCDC146 was 

dynamic. As was mentioned before, a part of the CCDC146 protein pool remained associated with 

the centrioles, but another part was mobile. A punctiform signal for CCDC146 concentrated on 

astral MTs in the proximity of the centrioles. During metaphase, CCDC146 relocated to 

microtubule tips, possibly to the kinetochores, but this interaction remains to be confirmed. 



  Discussion and perspectives 

Page | 212  

Subsequently, it was found co-localizing with MTs of the midzone/ central spindle, and then 

remained associated with this region and was seen at the midbody during cytokinesis. In 

spermatogenic cells, CCDC146 was present in the flagellum of both human and mouse 

spermatozoa. Its absence in the mouse also influenced MT-based structures: the axoneme, the 

manchette, and the HTCA. These results suggested that CCDC146 could be a MAP. 

We showed that CCDC146 is present in the sperm flagellum of humans and mice and appeared to 

be associated with outer microtubule doublets. To more accurately localize the protein within the 

sperm flagellum, we could use super-resolution microscopy with STORM and reconstruct a cross-

sectional view of the flagellum as was previously shown (Gervasi et al. 2018). 

1.5 CCDC146 AS A MICROTUBULE INNER PROTEIN 

Then, we hypothesized whether CCDC146 could also be a microtubule inner protein (MIP). The 

Chlamydomonas orthologue of CCDC146 called MBO2 was also shown to be a flagellar protein 

(Tam and Lefebvre 2002). In the absence of MBO2, microtubule doublets 5 and 6 lack “beak-like 

projections” in the B-tubule. These projections are MIPs that are present in MT doublets 1, 5 and 

6 in the proximal and central regions of the axoneme. They are important for correct flagellar 

beating, but their composition is unknown (Ma et al. 2019). Moreover, we had difficulties 

solubilizing CCDC146 and sarkosyl, a known detergent that destabilizes microtubules, was 

efficient to solubilize the protein. Based on these results, we hypothesized that CCDC146 could 

be a MIP in the sperm axoneme. Sarkosyl has been shown to disrupt axonemal microtubule 

doublets in isolated Chlamydomonas axonemes, where a concentration >0.3% dissolved most B-

tubules while singlet A-tubules remained, and a treatment with sarkosyl for 1h at 0.7% disrupted 

A-tubules (Kirima and Oiwa 2018). A treatment with 0.2% showed that some unknown proteins 

dissociated from the axoneme. An overnight treatment with 0.7% sarkosyl cleaved microtubule 

doublets and resulted in the formation of a sarkosyl-insoluble ribbon composed of tubulin and two 

MIPs, Rib72 and Rib43 (Kirima and Oiwa 2018; Ma et al. 2019). In our case, CCDC146 was 

already solubilized at 0.2% sarkosyl concentration from mouse flagella and we wondered whether 

mouse sperm flagella were more fragile and susceptible to the treatment that Chlamydomonas 

axonemes. These hypotheses could be verified by treating mouse (or human) sperm flagella with 

increasing sarkosyl concentrations and observing the structure of microtubule doublets by electron 
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microscopy. SDS-PAGE would reveal the presence and molecular weight of proteins that would 

be released from the MT doublets. If we knew the MIP composition of mouse and human sperm 

axonemes, which is largely unknown, we could detect specific B-tubule- or A-tubule-associated 

MIPs by western blotting as they were being released. Further confirmation that CCDC146 is 

located on the inside of MT doublets could be performed by immunogold labelling of sperm 

axonemes that were lightly treated by sarkosyl in order to partially splay open some microtubule 

doublets. Immunogold labelling might localize the protein in these regions, as was shown for an a 

Chlamydomonas MIP called FAP85 (Kirima and Oiwa 2018). If CCDC146 is a MIP, it could also 

co-immunoprecipitate with tubulin. To our knowledge, no MIPs were yet described to cause male 

infertility in mice or humans. 

1.6 THE INTERACTOME OF CCDC146 

The identification of CCDC146’s molecular partners could give key insights into its function. 

Since the protein’s localization is dynamic, we could use co-immunoprecipitation coupled with 

mass spectrometry to investigate its molecular partners in both spermatids and somatic cells. It 

would be interesting to see whether and how the molecular partners would differ in these cell types 

and in the different locations within the cells (centrioles, midbody, axoneme). 

Based on the human interactome of CCDC146 on the STRING website, human CCDC146 has 2 

physical interactors (Figure 70): Geminin (GMNN) and Rab-3A-interacting protein (RAB3IP) also 

known as Rabin8 (“STRING: Functional Protein Association Networks” n.d.; Szklarczyk et al. 

2021; Huttlin et al. 2017). The interactome of CCDC146 in the mouse was not available at the 

time of writing. Figure 70 shows other physical interactors (purple) of Geminin and Rabin8. These 

proteins are associated with the centriole (violet; CCDC146, CEP164, RAB8A), the centrosome 

(yellow; BBS1, RAB3IP, CEP164, RAB8A, RAB11A, RAB11FIP3), the ciliary basal body (red; 

RAB3IP, BBS1, RAB8A) and the midbody (green; EXOC6, RAB11FIP3). 
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Geminin is a multifunctional coiled-coil protein that ensures that genome replication only occurs 

once per cell cycle (McGarry and Kirschner 1998) and is linked to cell fate decisions (Patmanidi 

et al. 2017). Geminin also plays a role in pre-meiotic DNA replication and its absence results in 

infertility due to undifferentiated spermatogonia, a sharp decrease in the number of spermatocytes, 

and DNA damage and low motility of elongating spermatids (Yue Yuan et al. 2017). In embryos, 

Geminin is essential during the first embryonic divisions and knock-out blastocysts fail to develop 

the inner cell mass. Geminin family members GemC1 and McIdas form heterodimers with 

Geminin in vitro and in vivo. GemC1 and McIdas act as transcriptional co-regulators of genes 

involved in centriole amplification and (multi)ciliogenesis and are inhibited by Geminin (Arbi et 

al. 2018). Geminin is a nuclear protein that relocates to the cytoplasm during a part of the G1 phase 

and is returned back to the nucleus by Cdt1 (Dimaki et al. 2013). The possible association(s) of 

Geminin and CCDC146 remain unclear. 

RAB3IP/Rabin8 is a guanine nucleotide-exchange factor that activates the Rab8/Rab8a GTPase. 

Rabin8 stimulates an ejection of guanosine diphosphate (GDP) and loading of guanosine 

triphosphate (GTP) onto Rab8. The Ras-related protein (Rab) GTPase family proteins cycle 

Figure 70: The interactome of human CCDC146 based on physical interactions from STRING. The colors are 

associated with protein localization or function in cellular structures including the centriole (violet), the centrosome 

(yellow), the ciliary basal body (red), and the midbody (green). From “STRING: Functional Protein Association 

Networks” n.d.; Szklarczyk et al. 2021; Huttlin et al. 2017. 
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between a soluble GDP-bound state and a membrane-associated GTP-bound state. In the GTP-

bound state, the proteins directly recruit effector proteins (Frémont and Echard 2018). The Rab 

family has regulatory roles in vesicle formation, trafficking, and fusion. Rabin8 and Rab8 are also 

involved in multiple steps of ciliogenesis (Blacque, Scheidel, and Kuhns 2018). 

A signaling cascade of Rabin8, Rab8 and Rab11 is involved in vesicular trafficking in primary 

ciliogenesis where they are believed to regulate the delivery and docking of secretory vesicles to 

the cilium membrane (Figure 34). When the cell exits from mitosis, Rabin8 is recruited by Rab11 

to small cytoplasmic vesicles (preciliary vesicles) originating from the trans-Golgi and the 

recycling endosomes. The vesicles are transported via a dynein-mediated transport along 

microtubules. They accumulate around distal appendages of the mother centriole, where they 

appear to dock, and form the primary ciliary vesicle (Sorokin 1962). At the mother centriole, 

Rabin8 interacts with a distal appendage protein CEP164 and is believed to participate in vesicle 

docking. Rab11-GTP activates Rabin8 towards Rab8-GDP, forming Rab8-GTP (Knödler et al. 

2010; Sánchez and Dynlacht 2016). An actin motor Myosin-Va is also associated with preciliary 

vesicles which may be derived from the trans-Golgi and are transported to the pericentriolar 

region. A branched actin filament network is formed around the distal end of the mother centriole. 

Near the distal end, myosin-Va moves along the actin filaments is believed to transport the 

associated preciliary vesicles to the distal appendages for docking (C.-T. Wu, Chen, and Tang 

2018). Following the recruitment of Rabin8 to the centriole, Rab8-GFP starts to accumulate in the 

membrane of forming and elongating primary cilia (Westlake et al. 2011). Rab8 is involved in 

ciliary membrane biogenesis through vesicle- and non-vesicle-mediated mechanisms (Figure 71A) 

(Blacque, Scheidel, and Kuhns 2018; L. Lu and Madugula 2018; Morthorst, Christensen, and 

Pedersen 2018; Knödler et al. 2010; Chiba et al. 2013). 



  Discussion and perspectives 

Page | 216  

Rabin8 and Rab8 also interact with the BBSome, a complex of Bardet-Biedl syndrome proteins 

that are essential for ciliogenesis. The BBSome complex is a cargo adaptor for the IFT machinery 

that promotes the export of signalling receptors and membrane proteins from the cilium. The IFT 

machinery is docked at the distal appendages of the mother centriole. Rabin8 is thought to interact 

with BBS1 and recruit the BBSome from centriolar satellites to the centrosome/ basal body 

(Nachury et al. 2007; Morthorst, Christensen, and Pedersen 2018). 

Rab8, and therefore possibly also Rabin8, Rab11 and its effector FIP3 also participate in midbody 

formation and cytokinesis. Rab8 and Rab11 are associated with endosomal vesicles and Rab8 

vesicles are thought to participate in targeted delivery of membrane components to the midbody 

ring (Figure 61) (Pohl and Jentsch 2008; Frémont and Echard 2018). Rab8 and Rabin8 also interact 

with DCDC5, a mitotic MAP present at metaphase and midbody microtubules, that appears to 

mediate dynein-dependent transport of Rab8 vesicles during cytokinesis (Figure 71B). Cargos of 

Rab8-associated endosomes are unknown but they are believed to promote the stability of the 

intercellular bridge before abscission (Kaplan and Reiner 2011). 

A B 

Figure 71: Cellular localization of Rab11, Rab8 and Rabin8 in hTERT-RPE1 cells (A) and co-localization of Rab8 

and DCDC5 in HeLa cells (B). (A) Rab11a accumulates at the base of primary cilia where it co-localizes with Rabin8 

present at the centrosome. Rab8a marks the ciliary membrane. Scale bars: 10 µm. From Knödler et al., 2010. (B) 

Rab8 and DCDC5, a mitotic MAP, co-localize at the midbody during cytokinesis. Scale bars: 30 µm. From Kaplan 

and Reiner 2011. 
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In male germ cells, some Rab proteins (Rab2A, Rab3A) participate in acrosome biogenesis and 

the acrosomal reaction. In mouse sperm, Rab8 (Rab8a isoform) is present at the acrosome and the 

signal reduces after capacitation (Bae et al. 2019). The double knock-out of Rab8 (Rab8a and 

Rab8b isoforms) in mice is lethal by 3 weeks after birth and the knock-out of Rab8a is lethal by 4 

post-natal weeks, however the Rab8b knock-out is viable. The double knock-out did not lead to a 

ciliogenesis phenotype in studied organs (liver, kidneys, cerebellum, small intestine) (Sato et al. 

2013) and the fertility status was not investigated or discussed. 

1.7 CCDC146 AND VESICLE TRAFFICKING 

The Mitocheck screen also showed severe secretion defects following the knock-down of 

CCDC146 (Cai et al. 2018; “MitoCheck” n.d.). The test was based on following the transport of a 

CFP-tagged cargo molecule tsO45G from the endoplasmic reticulum, via the Golgi and endosomal 

system, to the cell surface in a period of one hour. As was previously mentioned, human CCDC146 

was shown to interact with Rabin8, a guanine nucleotide exchange factor, which activates the Rab 

GTPase Rab8 (“STRING: Functional Protein Association Networks” n.d.; Szklarczyk et al. 2021). 

Rabin8, Rab8 and Rab11 participate in vesicle trafficking from the trans-Golgi to the plasma 

membrane, the basal body in early steps of ciliogenesis and to the midbody during cell division. 

Similarly, Rab8 and Rab11 endosomes also accumulate at the midbody and Rab8 vesicles are 

thought to promote the stability of the intercellular bridge (Kaplan and Reiner 2011; Blacque, 

Scheidel, and Kuhns 2018; C.-T. Chen, Hehnly, and Doxsey 2012; Frémont and Echard 2018). 

The knock-down of CCDC146 might have a negative impact on vesicle transport mediated by 

Rab8, Rabin8 or Rab11 and could disrupt cell division by destabilizing the midbody.  

Moreover, CCDC146 signal resembled Rab11a around the basal body and Rab8 at the midbody 

(Figure 71). A co-localization with Rab11, as well as Rab8 and Rabin8 might reveal whether 

CCDC146 is implicated in vesicle trafficking in these pathways. 

1.8 CONCLUSION 

To conclude, these results suggest additional and complementary hypotheses about the function of 

CCDC146. Similar spermiogenic defects as in Ccdc146 KO mice, including manchette and 

axoneme malformations, were observed in IFT/ IMT proteins (M S Lehti and Sironen 2016) and 
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MT-regulatory proteins (Dunleavy et al. 2017; O’Donnell et al. 2012). The absence of CCDC146 

in mice caused defects in MT-based organelles and processes, and CCDC146 was positioned along 

microtubules in somatic cells, suggesting that CCDC146 could be a MAP or possibly a MIP. The 

aforementioned similarities in localization with Rabin8, Rab8 and Rab11 and secretion defects due 

to the knock-down of CCDC146 also suggest that it could be implicated in vesicle trafficking. 

Could CCDC146 mediate vesicle transport along microtubules? Could it be a cargo, a MAP that 

regulates microtubule dynamics at centrioles and at spindle microtubules? Or a MIP that is 

transported as cargo into sites of microtubule polymerization and is necessary for the stability of 

sperm axonemal microtubules? These questions remain to be answered. 

2 PROGNOSIS OF ICSI IN MMAF PATIENTS 

In the previous part, we discussed the implication of CCDC146 in male fertility and hypothesized 

about its function. The homozygous loss-of-function of mutations in CCDC146 led to MMAF, a 

syndrome that is characterized by a severely decreased sperm motility due to flagellar defects. 

CCDC146 is one among more than 40 MMAF-related genes that have been identified. 

Spermatozoa from MMAF patients are typically immotile and require ICSI to conceive. 

Currently, the only treatment for fertility issues is the use of assisted-reproductive technologies 

(ART). Despite their availability, about half of all couples fail to achieve pregnancy (C. Coutton 

et al. 2015). ICSI prognoses of MMAF patients are mainly favorable (Touré et al. 2021). Positive 

outcomes were reported in cases with DNAH1, CFAP43 and CFAP44 (Wambergue et al. 2016; 

Yan-Wei Sha, Wang, Su, et al. 2019) that represent the most common MMAF-related mutations. 

Favorable results were also observed with variants in CCDC39 (Antony et al. 2013), CFAP47 (C. 

Liu et al. 2021), CFAP54 (Tian et al. 2023), CFAP58 (Yankun Sha et al. 2021), CFAP74 (Yanwei 

Sha, Wei, Ding, Ji, et al. 2020), CFAP251 (J. Wang, Zhang, et al. 2022), WDR63 (S. Lu et al. 

2021), SPAG6 (Xu et al. 2022), ARMC2 (J. Wang, Liu, et al. 2022), DNAH2 (Y. Gao et al. 2021; 

Y. Li et al. 2019), and DNAH8 (C. Liu et al. 2020), while poor outcomes were associated with 

CEP128 (Xueguang Zhang et al. 2022), CEP135 (Yan-Wei Sha et al. 2017), DNAH17 (Whitfield 

et al. 2019; R. Zheng et al. 2021), AK7 (Xiang et al. 2022), and AKAP3 (C. Liu et al. 2022). ICSI 

results were variable among patients with mutations in TTC29 (Dai et al. 2022; C. Liu et al. 2019) 
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and FSIP2 (Yuan Yuan et al. 2022; W. Liu et al. 2019), possibly due to the presence of variants 

that had different impact at the protein level. 

Understanding of the chances of successful ICSI are important factors for medical counseling for 

couples that consider ART. Undergoing IVF or ICSI are lengthy and expensive processes, 

especially when multiple rounds are necessary, and are associated with physical difficulties due to 

invasive processes and hormonal treatments (A. Sharma and Shrivastava 2022). When the 

procedures are not working, and especially in cases of idiopathic infertility, couples can find 

themselves in states of distress, hopelessness and depression. Therefore, in the case of poor 

prognosis, obtaining counseling and a diagnosis might be psychologically beneficial for couples 

who might opt for other solutions such as adoption or sperm donation to fulfill their wish to have 

a child. 

For the moment, most of the abovementioned studies report results from only one or several 

patients for each mutation. Larger cohorts are difficult to obtain but are necessary to confidently 

predict the most probable outcome of ICSI, and to know when the presence of a specific mutation 

is very likely not compatible with embryo development. Despite some differences in 

spermatogenesis and embryo development, studies using knock-out mice for the different MMAF 

genes could be highly beneficial and allow us to gain more information about the ICSI outcome. 

3 IDENTIFICATION OF NEW ACTORS IN MALE FERTILITY 

In the previous part, we discussed our results on the implication of a single gene that was found to 

be important for male fertility. Spermatogenesis is a highly complex process, and it involves 

hundreds to thousands of genes that contribute to proper sperm formation. Identification of new 

genes involved in male fertility has been on the rise in the recent years due to an increased use of 

massive parallel sequencing technologies, especially of whole-exome sequencing (WES) (Houston 

et al. 2021). The identification and functional characterization of these genes is important for our 

fundamental comprehension of spermatogenesis as well as for improving medical diagnostic, 

counselling, and infertility treatment. 

In about half of MMAF patients, however, a biallelic pathogenic variant in a single gene cannot 

be identified using WES (Touré et al. 2021). Some of these negative results might be linked to 

technological and analytical limitations due to the presence of variants in deep intronic regions, 
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copy number variations, complex structural chromosomal rearrangements, and due to 

bioinformatics pipelines used for analysis that might not be able to confidently distinguish 

deleterious variants from genetic diversity. Whole-genome sequencing might be an alternative to 

WES for patients with negative WES results that could overcome some of these difficulties 

(Meienberg et al. 2016; Hoffman-Andrews 2017). Moreover, the identification of pathogenic 

variants, improved statistical and bioinformatic analysis as well as functional validation of genes, 

has been the focus of the international groups of researchers and clinicians called the International 

Male Infertility Genomics Consortium (Houston et al. 2021; “IMIGC | Male Infertility 

Consortium” n.d.). 

Studies usually focus on finding monogenic biallelic variants in rare and severe diseases including 

male infertility. However, patients with the same mutation(s) in various other diseases can also 

show different phenotypes (Messaoud et al. 2021). Emerging evidence shows that some cases in 

many different diseases might be oligogenic, including ciliopathies such as the Bardet-Biedl 

syndrome; obesity; neurodevelopmental disorders such as schizophrenia, autism and epilepsy; and 

endocrine, cardiac and renal disorders. Oligogenism is poorly understood and highly complex. It 

postulates that two or several genes are functionally linked and participate in a similar pathway or 

a cellular process, and specific gene variants must be inherited together to allow a disease 

phenotype to arise. In other words, one gene or an allele can influence the phenotypic outcome of 

a second gene/ locus (Kousi and Katsanis 2015). These variants can be homozygous or 

heterozygous. An interaction between two genes might be complex and also involve genetic 

modifiers that can impact the penetrance and/ or expressivity of specific alleles.  

In our second study (Chapter Results: Paper 2), we focused on heterozygous oligogenic 

inheritance in genes whose proteins are important for a correct assembly of sperm flagella and 

their absence leads to the MMAF syndrome. We showed that an accumulation of heterozygous 

loss-of-function mutations in these genes was inversely correlated with sperm head morphology 

and led to a decrease in sperm motility. These results suggest that various types of oligogenic 

inheritance might also play a role in male infertility and could explain some cases of idiopathic 

infertility where a monogenic cause could not be identified. New studies could identify new 

specific combinations of genes and their variants that could lead to (male) infertility. 
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Effort in the study of oligogenic diseases led to the formation of the Oligogenic Disease Database 

(OLIDA) that will hopefully continue to be updated to serve as a useful tool to deepen our 

understanding of oligogenic diseases (Nachtegael et al. 2022). 

CONCLUSION 

In this work, we discussed multiple factors that can affect male fertility and were associated with 

the multiple morphological abnormalities with the flagella (MMAF) syndrome. We identified a 

new monogenic cause of male infertility due to the biallelic disruption of Ccdc146 that leads to 

MMAF in both humans and mice. We have also shown that an accumulation of rare heterozygous 

variants in genes that are important for proper axoneme assembly (Ccdc146, Armc2, Cfap43, and 

Cfap44) leads to a progressive degradation of sperm head morphology and has an impact on sperm 

motility, suggesting that oligogenic inheritance could be implicated in some cases of idiopathic 

male infertility. Finally, in our review article, we discussed several aspects of the sperm 

epigenome, the importance of non-coding RNAs on sperm formation, embryo development, and 

their potential roles in inter- and transgenerational inheritance that could mediate the adaptation of 

the progeny to the environment. 
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