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Mutations in TTC29, Encoding an Evolutionarily Conserved Axonemal Protein, Result in Asthenozoospermia and Male Infertility
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Introduction

The mammalian sperm flagellum is an evolutionarily conserved organelle shaped on a microtubule-based cytoskeleton, called the axoneme, which also serves as the backbone of motile cilia [START_REF] Satir | Overview of structure and function of mammalian cilia[END_REF] . The core of the axoneme consists of nine peripheral doublets of microtubules surrounding a central pair of microtubules (CP), which confer the canonical (9+2) pattern.

The peripheral doublets are connected to each another by the nexin-dynein regulatory complex; in addition, multiprotein T-shaped structures, called the radial spokes (RSs), connect each peripheral doublet to the central pair. Beating of motile cilia and flagella is governed by multiprotein ATPases complexes, called the outer and inner dynein arms (ODAs and IDAs, respectively), which are both harbored by the peripheral microtubules and drive the sliding of the peripheral microtubules responsible for flagellar movement [START_REF] Ishikawa | Axoneme Structure from Motile Cilia[END_REF] . In contrast to motile cilia, the mammalian sperm harbors some peri-axonemal structures, such as the outer dense fibers (ODFs) and the longitudinal columns (LC), which associate to the axoneme nearly all along the flagellum [START_REF] Holstein | Atlas of Human Spermatogenesis[END_REF] . In addition, a mitochondrial helix specifically surrounds the sperm axoneme in the midpiece region and is replaced by the fibrous sheath (FS) in the principal piece of the flagellum. These two accessory structures are, in particular, required for energy production 4; 5 .

Structural and/or functional defects of the sperm flagellum induce asthenozoospermia, which in humans is defined by reduced number or absence of motile spermatozoa in the ejaculate (<32% of progressive sperm), according to the World Health Organization reference values [START_REF] Cooper | World Health Organization reference values for human semen characteristics[END_REF] . Asthenozoospermia may be associated with ciliary defects, as in Primary Ciliary dyskinesia (PCD [MIM 244400]), an autosomal recessive disease principally characterized by chronic airway infections 7; 8 but is also evidenced in many infertile men with no other symptomatology (i.e. isolated asthenozoospermia). Overall asthenozoospermia is found with variable degrees of severity in more than 80% of infertile men [START_REF] Curi | Asthenozoospermia: analysis of a large population[END_REF] . Herein we focused on isolated asthenozoospermia due to Multiple Morphological Abnormalities of the sperm Flagellum (MMAF), a phenotype also termed "short tails" or "stump tails" 10; 11 , which constitutes one of the most severe sperm morphological defects leading to male sterility [START_REF] Ray | Genetic abnormalities leading to qualitative defects of sperm morphology or function[END_REF] .

MMAF is defined by the presence of a mosaic of sperm cells with absent, short, irregular and coiled flagellum, associated with a severe disorganization of the peri-axonemal structures such as dysplasia of the fibrous sheath 10; 11 . The proportion of these anomalies is variable between MMAF individuals but all are constantly present at frequencies largely exceeding those found in fertile men [START_REF] Auger | Another look at human sperm morphology[END_REF] .

In the last five years, high-throughput genetic investigations of MMAF individuals from various ethnical origins, allowed the rapid identification of a dozen genes, whose lossof-function caused by biallelic variants account for over one third of the MMAF cases. Hence frequent mutations were identified in DNAH1 (MIM:603332) [START_REF] Ben Khelifa | Mutations in DNAH1, which encodes an inner arm heavy chain dynein, lead to male infertility from multiple morphological abnormalities of the sperm flagella[END_REF][START_REF] Sha | DNAH1 gene mutations and their potential association with dysplasia of the sperm fibrous sheath and infertility in the Han Chinese population[END_REF][START_REF] Wang | Homozygous DNAH1 frameshift mutation causes multiple morphological anomalies of the sperm flagella in Chinese[END_REF] , DNAH2 (MIM 603333) [START_REF] Li | DNAH2 is a novel candidate gene associated with multiple morphological abnormalities of the sperm flagella[END_REF] , CFAP43/WDR96 (MIM:617558) 18; 19 , CFAP44/WDR52 (MIM:617559) [START_REF] Coutton | Mutations in CFAP43 and CFAP44 cause male infertility and flagellum defects in Trypanosoma and human[END_REF][START_REF] Tang | Biallelic Mutations in CFAP43 and CFAP44 Cause Male Infertility with Multiple Morphological Abnormalities of the Sperm Flagella[END_REF][START_REF] Wu | NovelCFAP43 andCFAP44 mutations cause male infertility with multiple morphological abnormalities of the sperm flagella (MMAF)[END_REF] , CFAP69 (MIM:617949) [START_REF] Dong | Absence of CFAP69 Causes Male Infertility due to Multiple Morphological Abnormalities of the Flagella in Human and Mouse[END_REF] , CFAP251/WDR66 (MIM:618146) 22; 23 , FSIP2 (MIM:615796) [START_REF] Martinez | Whole-exome sequencing identifies mutations in FSIP2 as a recurrent cause of multiple morphological abnormalities of the sperm flagella[END_REF] , ARMC2 (MIM:618424) [START_REF] Coutton | Bi-allelic Mutations in ARMC2 Lead to Severe Astheno-Teratozoospermia Due to Sperm Flagellum Malformations in Humans and Mice[END_REF] , QRICH2 (MIM:618304) [START_REF] Shen | Loss-of-function mutations in QRICH2 cause male infertility with multiple morphological abnormalities of the sperm flagella[END_REF] , TTC21A (MIM:611430) [START_REF] Liu | Bi-allelic Mutations in TTC21A Induce Asthenoteratospermia in Humans and Mice[END_REF] and SPEF2 (MIM:610172) [START_REF] Liu | Homozygous mutations in SPEF2 induce multiple morphological abnormalities of the sperm flagella and male infertility[END_REF] in unrelated MMAF subjects. In addition, mutations in CFAP65 (MIM:614270) [START_REF] Tang | Biallelic Mutations in CFAP43 and CFAP44 Cause Male Infertility with Multiple Morphological Abnormalities of the Sperm Flagella[END_REF] , CEP135 (MIM:611423) [START_REF] Sha | A homozygous CEP135 mutation is associated with multiple morphological abnormalities of the sperm flagella (MMAF)[END_REF] and AK7 (MIM:615364) [START_REF] Lores | Homozygous missense mutation L673P in adenylate kinase 7 (AK7) leads to primary male infertility and multiple morphological anomalies of the flagella but not to primary ciliary dyskinesia[END_REF] were reported in single familial MMAF cases. With the aim to identify additional genetic causes of human asthenozoospermia related to MMAF, we further analyzed whole exome sequencing data from a cohort of 167 MMAF individuals previously established by our team [START_REF] Coutton | Bi-allelic Mutations in ARMC2 Lead to Severe Astheno-Teratozoospermia Due to Sperm Flagellum Malformations in Humans and Mice[END_REF] and report the identification and characterization of TTC29 bi-allelic truncating mutations in five unrelated individuals. In addition, by performing in silico, in vitro and in vivo studies, using T. brucei and M. Musculus mutant models, we demonstrate that TTC29 is a conserved axonemal protein required for correct flagellar beating and motility. in three evolutionary distant species.

Material and methods

Study Participants and Whole Exome Sequencing (WES)

We analyzed data obtained by WES performed for a total of 167 men affected by primary infertility associated with a MMAF phenotype [START_REF] Coutton | Bi-allelic Mutations in ARMC2 Lead to Severe Astheno-Teratozoospermia Due to Sperm Flagellum Malformations in Humans and Mice[END_REF] . WES and bioinformatics analyses were performed according to our previously described protocol using the human genome assembly GRCh38 as a reference sequence [START_REF] Coutton | Mutations in CFAP43 and CFAP44 cause male infertility and flagellum defects in Trypanosoma and human[END_REF] . All the recruited individuals displayed isolated infertility with no other clinical features; in particular, primary ciliary dyskinesia (PCD) syndrome was excluded. In this cohort, 83 individuals originated from North Africa (mainly from Algeria, Libya and Tunisia) and sought consultation for primary infertility at the "Clinique des Jasmins" in Tunis, 52 individuals originated from the Middle East (Iran) and were treated in Tehran at the Royan Institute (Reproductive Biomedicine Research Center) for primary infertility, and 32 individuals were recruited in France, mainly at the Reproductive Department at Cochin Hospital in Paris. All individuals presented with a typical MMAF phenotype, which is characterized by severe asthenozoospermia (total sperm motility below 10%; normal value over 40% according to the World Health Organization reference values [START_REF] Cooper | World Health Organization reference values for human semen characteristics[END_REF] , in association with increased level of the following sperm flagellar abnormalities : short, absent, coiled, bent, or irregular flagella, in comparison with the normal ranges observed in control fertile individuals [START_REF] Auger | Another look at human sperm morphology[END_REF] .

Informed consent was obtained from all the individuals participating in the study according to local protocols and the principles of the Declaration of Helsinki. The study was approved by local ethics committees, and samples were then stored in the CRB Germethèque (certification under ISO-9001 and NF-S 96-900) according to a standardized procedure or were part of the Fertithèque collection declared to the French Ministry of Health (DC-2015-2580) and the French Data Protection Authority (DR-2016-392).

Sanger sequencing

The selected mutations in TTC29 were validated by Sanger sequencing performed on ABI 3130XL (Applied Biosystems); analyses were performed using SeqScape software (Applied Biosystems).

Sequences of primers used and expected product sizes are summarized in Table S2.

Semen analysis

Semen samples were obtained by masturbation after a period of two to seven days of sexual abstinence. Semen samples were incubated at 37°C for 30 minutes for liquefaction; ejaculate volume and pH, sperm concentration, vitality, morphology and motility were evaluated according to World Health Organization (WHO) guidelines [START_REF] Cooper | World Health Organization reference values for human semen characteristics[END_REF] . Sperm vitality was assessed by eosin staining, and sperm morphology was analysed on Schorr stained semen smears according to David's classification [START_REF] Yamamoto | Novel 44-kilodalton subunit of axonemal Dynein conserved from chlamydomonas to mammals[END_REF] .

Transmission Electron Microscopy analysis of sperm cells

Human or mouse sperm cells (10 millions) were fixed by incubation in 0.1 M phosphate buffer pH 7 supplemented with 3% glutaraldehyde (Grade I; Sigma-Aldrich Co. Saint-Louis, MO, USA) for 2 h at room temperature. The samples were washed twice in PBS and resuspended in 0.2 M sodium cacodylate buffer. The samples were then post-fixed by incubation with 1% osmium tetroxide (Electron Microscopy Sciences, Hatfield, UK), after which they were dehydrated by immersion in a graded series of alcohol solutions and embedded in Epon resin (Polysciences Inc., Warrington, USA). Semi-thin sections were cut and stained with toluidine blue-Azur II. Ultra-thin sections (90 nm) were cut with a Reichert Ultracut S ultramicrotome (Reichert-Jung AG, Wien, Austria) and were then stained with uranyl acetate and lead citrate. Sections were analyzed with a JEOL 1011 microscope and digital images were acquired with a Gatan Erlangshen CCD camera and Digital Micrograph software.

RT-PCR analysis of human sperm cells

200-800 ng of total RNA were extracted from 5-10 millions of human spermatozoa using NucleoSpin RNA kit (Macherey Nagel, Düren, Germany) and subjected to reverse transcription with High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Fisher Scientific, Hampton, NH, USA) following the manufacturer's instructions. PCR reactions were performed with GoTaq® DNA polymerase (Promega, Madison, WI, USA) using TTC29 specific primers.

Amplicons were gel purified and sequenced (Eurofins Genomics, Les Ulis, France). Sequences of primers used and expected product sizes are summarized in Table S3.

Western blot analysis on sperm cells or testis extracts

Denaturized protein samples corresponding to equal amounts of spermatozoa (from human or mouse) or mouse testis extracts were loaded on SDS-PAGE (12% acrylamide/bisacrylamide (40% 37.5:1)) and transferred onto nitrocellulose membranes. The membranes were blocked in 5% milk in PBS-Tween 0.1% or 3% BSA in TBS-Tween 0.1%, and immunoblot analysis was performed using the indicated primary antibodies. Details of antibodies and dilutions used for western blot assays are provided in Table S4.

Immunofluorescence analysis of sperm cells

10 µl of semen samples were spread onto a Superfrost Plus slide (Menzel Glasbearbeitungswerk, GmbH & Co. KG, Braunschweig, Germany). Sperm was fixed by incubation with PBS/4% paraformaldehyde for 10 minutes. The slides were incubated 20 minutes at 95°C in citrate buffer (H-3300, VectorLabs, Burlingame, CA, USA). The slides were next treated with 0.2% Triton in PBS for permeabilization and then blocked by incubation in 1% BSA for 1 hour. They were then incubated with primary antibodies for 2 hours at room temperature and then secondary antibodies for one hour at room temperature. The slides were mounted in Vectashield medium (Vector Laboratories, Burlingame, USA) supplemented with 0.5 µg/ml DAPI. Slides were analyzed with a Zeiss Axiophot epifluorescence microscope. Digital images were acquired with a cooled chargecoupled device (CCD) camera (Hamamatsu Co. Japan), under identical instrument settings, with MetaMorph® software (Molecular Devices, Inc. USA). Details of antibodies and dilutions used for immunofluorescence assays are provided in Table S4.

CRISPR mutant mouse engineering

Handling of mice and experimental procedures were performed in accordance with institutional and national guidelines for the care and use of laboratory animals. 

Gamete preparation and in vitro fertilization

Oocyte preparation: C57BL6/J female mice of 6-8 weeks-old (JANVIER LABS, France)

were superovulated with 5 IU of pregnant mare serum gonadotropin (PMSG) and 5 IU human chorionic gonadotropin (hCG) (Intervet, France) 48 hours apart. About 14 hours after hCG injection, the animals were sacrificed by cervical dislocation. Cumulus oophorus were collected by tearing the ampulla wall of the oviduct, placed in Ferticult medium (FertiPro N.V, Belgium) supplemented with 3% BSA (Sigma-Aldrich), and maintained at 37°C under 5% CO2 in air under mineral oil (Sigma-Aldrich). When experiments were performed with zona pellucida (ZP)-free oocytes, cumulus cells were removed by a brief exposure to hyaluronidase IV-S (15 mg/ml, Sigma-Aldrich). The ZP was then dissolved with acidic Tyrode's (AT) solution (pH 2.5) (Sigma-Aldrich) under visual monitoring. The zona-free eggs were rapidly washed five times and kept at 37°C under 5% CO2 in air for 2 to 3 hours to recover their fertilization ability.

Capacitated sperm preparation: mouse spermatozoa were obtained from the cauda epididymides of C57BL6/J male mice (8 to 10-week-old) and capacitated at 37°C under 5% CO2 for 90 minutes in a 500 µl drop Ferticult medium supplemented with 3% BSA, under mineral oil.

In vitro fertilization: cumulus-intact and zona-free eggs were inseminated with capacitated spermatozoa for 3 hours in a 100 µl drop of Ferticult medium 3% BSA at a final concentration of 10 6 or 10 5 per ml, respectively. Then, they were washed and directly mounted in Vectashield/DAPI (Vector laboratories, CA, USA) for observation under UV light (Nikon Eclipse E600 microscope). Only oocytes showing at least one fluorescent decondensed sperm head within their cytoplasm were considered fertilized and according to this the fertilization rate per cumulus-intact (FR) was evaluated. To assess the fertilization index (FI), the number of decondensed sperm heads per zona-free oocyte was recorded.

Mice Breeding Assay

To test the fertility, three pubescent Ttc29 -/-(L5 or L3 lines) and 5 wild-type littermates, aged of 8 weeks, were mated each with two C57BL/6 J female mice, during a 4-month period. The number of pups per litter and the number of litters per female were recorded throughout the breeding assay period.

Trypanosoma brucei culture and transfection

The trypanosome cell lines used in this study derived from the procyclic parental form T.

brucei SmOxP427 strain, co-expressing the T7 RNA polymerase and the tetracycline repressor [START_REF] Poon | A modular and optimized single marker system for generating Trypanosoma brucei cell lines expressing T7 RNA polymerase and the tetracycline repressor[END_REF] . Cells were cultured at 27°C in SDM79 medium containing 10% (v/v) heatinactivated foetal calf serum, 10 μg/ml hemin, supplemented with puromycin (1 μg/ml), and transfected as previously described [START_REF] Wirtz | A tightly regulated inducible expression system for conditional gene knock-outs and dominant-negative genetics in Trypanosoma brucei[END_REF] using specific transfection buffer [START_REF] Baker | Genome-wide RNAi screens in African trypanosomes identify the nifurtimox activator NTR and the eflornithine transporter AAT6[END_REF] , and cloned by serial dilution. The culture medium was supplemented, when required, with blasticidin (10 μg/ml), neomycin (10 μg/ml), and phleomycin (5 μg/ml). RNA interference (RNAi) was induced with tetracycline (10 μg/ml).

Trypanosoma brucei cell lines generated for this study

For RNAi, a fragment of the TbTTC29 ORF was amplified by PCR (bp 352-806, corresponding to amino acids 118-268) and cloned between the XhoI and XbaI sites of p2T7tiB. SmOxP427 cells were transfected with the NotI-linearized plasmid. After selection, several clones were analysed and one clone was chosen for further studies (cell line RNAi TbTTC29 ). To produce an endogenous TbTTC29 with a carboxy-terminal 10TY1 epitope-tag [START_REF] Bastin | A novel epitope tag system to study protein targeting and organelle biogenesis in Trypanosoma brucei[END_REF] , RNAi TbTTC29 cells were transfected with a tagging cassette that was obtained by PCR using the pPOTv7-blast-10xTY1 as a template (cell line TbTTC29::TY1/RNAi TbTTC29 ). A similar approach was used to generate a cell line expressing TbTTC29-Nter::myc (aa 1-120 of TbTTC29) in the TbTTC29::TY1/RNAi TbTTC29 background, using the pPOTv7-10myc-neomycin vector as a template (cell line TbTTC29::TY1/TbTTC29-Nter::myc/RNAi TbTTC29 ). Sequences of primers used and expected product sizes are summarized in Table S6.

Immunofluorescence analysis of Trypanosoma brucei

Cells were collected, washed, and processed for immunolabelling on methanol fixed detergent-extracted cells (cytoskeleton, CSK) as previously described [START_REF] Florimond | BILBO1 is a scaffold protein of the flagellar pocket collar in the pathogen Trypanosoma brucei[END_REF] . Cytoskeletons were incubated 1 hour at RT with primary antibodies and then with secondary antibodies. Nuclei and kinetoplasts were stained with DAPI (10 μg/ml). Images were acquired on a Zeiss Imager Z1 microscope, using a Photometrics Coolsnap HQ2 camera, with a 100X Zeiss objective (NA 1.4) using Metamorph software (Molecular Devices), and processed with ImageJ.

Trypanosoma sedimentation assays and video-microscopy

Sedimentation assays were performed as previously described [START_REF] Bastin | Protein transport and flagellum assembly dynamics revealed by analysis of the paralysed trypanosome mutant snl-1[END_REF] . Briefly, the cultures of parental (WT), non-induced and RNAi-induced cells were placed in cuvettes at a density of 1.10 7 cells/ml and incubated another 24 h without shaking. The optical density at 600nm (OD) was then measured before mixing (ODb, the cell density reflecting the "swimming" cells) and after mixing (ODa, the cell density reflecting "swimming" and "sedimenting" cells). The graphs represent the percentage of sedimentation calculated as 100-(ODb/ODa)x100 and normalized with the parental cells. Video-microscopy was carried out as previously described [START_REF] Oberholzer | Approaches for functional analysis of flagellar proteins in African trypanosomes[END_REF] . Briefly, parental cells and 8-days-RNAi induced cells were washed in PBS. Cellular mobility was recorded by phase contrast on a Zeiss AxioImager Z1 with a 40x lens (NA 1.3). Twenty-five seconds of digital video from separate regions were captured and analysed using MetamorphH software (Molecular Devices).

Western-blotting analysis on Trypanosoma brucei cells

Proteins from whole cell extracts (5.10 6 cells per well) or from subcellular fractions (cytoskeleton or flagellum) were separated on 12% SDS-PAGE and semi-dry transferred (BioRad) for 45 min at 25V on PVDF membrane. After a 1 hour-blocking step in 5% skimmed milk in TBS-0.2% Tween-20 (blocking solution, BS), the membranes were incubated overnight at 4°C with the primary antibodies in BS. After 10-min washes in BS, then 1M NaCl, then BS, the membranes were incubated with the HRP-conjugated secondary antibodies, washed twice 10 min in blocking buffer and twice 5 min in TBS. Blots were revealed using the Clarity Western ECL Substrate kit (Bio Rad) on a ImageQuant LAS4000 apparatus and quantified using ImageJ. Stripping of the membranes was performed when required by incubation in glycine 100mM pH3, SDS 1%, NP40 0.1% (2x 10 min), followed by 3 washes in TBS; the membranes were then blocked in BS and incubated as described above with another primary antibody.

Statistical analysis

Results are expressed as mean ± SEM of at least three independent experiments. The following statistical tests were performed, when appropriated: one-tailed unpaired t-tests, oneway ANOVA followed by Tukey's test, and Chi-squared tests t. Results were analyzed in GraphPad Prism version 7.00 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com. Differences were considered as statistically significant when p-value < 0.05.

Results

Identification of TTC29 bi-allelic truncating variants in MMAF infertile individuals

Whole Exome Sequencing (WES) data from a cohort of 167 MMAF individuals were analyzed in order to identify new candidate genes for severe asthenozoospermia. Previous analyses of this cohort permitted to identify bi-allelic variants in a total of 58 men (35%) in confirmed MMAF associated genes (DNAH1, CFAP43, CFAP44, CFAP69, WDR66, FSIP2, ARMC2, TTC21 and SPEF2) 21; 25; 27; 28 alpha-helixes that behave as scaffolds for protein-protein interactions and assembly of multiprotein complexes [START_REF] Perez-Riba | The tetratricopeptide-repeat motif is a versatile platform that enables diverse modes of molecular recognition[END_REF][START_REF] Zeytuni | Structural and functional discussion of the tetratrico-peptide repeat, a protein interaction module[END_REF][START_REF] Blatch | The tetratricopeptide repeat: a structural motif mediating protein-protein interactions[END_REF] . Based on public tissue expression databases (EMBL-EBI Expression Atlas; NCBI and GTEx), TTC29 is found to be highly expressed in the testis and, to a much lesser extent in the lung. Quantitative single-cell RNA sequencing datasets from human adult testis (ReproGenomics Viewer) 42; 43 indicate an expression in the germ cells from zygotene spermatocyte to late spermatid stage but not in the testicular somatic cells (i.e.

Leydig and Sertoli cells), strongly suggesting a role in sperm cells differentiation and/or function. In addition, the TTC29 protein was positively detected in human sperm proteome [START_REF] Wang | In-depth proteomic analysis of the human sperm reveals complex protein compositions[END_REF] whereas it was near absent in human airway cilia [START_REF] Blackburn | Quantitative Proteomic Analysis of Human Airway Cilia Identifies Previously Uncharacterized Proteins of High Abundance[END_REF] (Figure 1C), indicating that the mutated transcript was subject to incomplete mRNA decay.

Sanger sequencing of the amplified transcript showed an abnormal exon 4/5 boundary with an additional 19 nucleotides retained from intron 4, inducing a premature stop codon one nucleotide after the end of exon 4 (Figure 1C). We then performed western blot experiments using two different antibodies raised against TTC29: antibody Ab73, binding amino acids 9-92 (N-terminus) and antibody Ab06, binding amino-acids 174-260 (middle region). When using antibody Ab73, the TTC29 protein was detected at the predicted molecular weight of 55 kDa in sperm protein extracts from the control individual but no protein was observable in sample from individual TTC29_1, whereas Lamin, a component of the nuclear membrane, was equally detected in samples from both individuals (Figure 1D). Similar results were observed when using the antibody Ab06, although the signal intensity was much lower (Figure S1A).

To confirm these results, we performed immunodetection assays using antibody Ab73; we observed that the TTC29 protein was detected along the sperm flagellum of the control individual but absent in sperm cells from individual TTC29_1, which were able to assemble a flagellum as visualized by α-Tubulin staining (Figure 1D; Figure S1B). Taken together, the results confirm the deleterious effect of the c.176+1G>A splice mutation, which results in the total absence of TTC29 protein in sperm from individual TTC29_1. 1). In addition, no spermatozoa with normal morphology were recorded (0% typical forms; normal value >23%) for any of the five individuals. As illustrated for individual TTC29_1 (Figure 2A), quantitative sperm morphological analysis confirmed a typical MMAF phenotype defined by sperm with absent, short and irregular flagella in rates largely exceeding the distribution ranges observed in control fertile men [START_REF] Auger | Another look at human sperm morphology[END_REF] (Table 1). In addition, the global average of semen parameters from the five individuals carrying mutations in TTC29 was found similar to that of the other MMAF individuals from the cohort with known or unknown genetic causes (Table 2). Ultrastructure analysis of the sperm cells from individual TTC29_1 was performed by transmission electron microscopy (TEM) and showed abnormal midpiece and fibrous sheath together with severe axonemal disorganization (Figure 2B), as previously described for MMAF individuals. Quantification on a total number of 23 transversal sections of sperm cells from individual TTC29_1, indicated 36% of abnormal axonemal structure including 27% of sections lacking the central pair (9+0 pattern) and a few sections displaying global microtubule doublets disorganization (Figure 2B). The percentage of sections with axonemal defects observed in sperm from individual TTC29_1 (36%) was however much lower than what was previously reported for MMAF individuals carrying mutations in CFAP43 and CFAP44, also encoding axonemal proteins (95% in average including 81.8 % and 66.7% of sections lacking the central pair, respectively) [START_REF] Coutton | Mutations in CFAP43 and CFAP44 cause male infertility and flagellum defects in Trypanosoma and human[END_REF] . Despite this observation, we could confirm the extent of the axonemal anomalies, as immuno-marking of SPAG6, a component of the central pair complex, gave nearly no signal in sperm from individual TTC29_1 (Figure 2C). In addition, although positive, immunodetection with a set of antibodies specifically marking other functional protein complexes of the axoneme, such as the ODAs (DNAI1), IDAs (DNALI1) and RSs (RSPH1), appeared weaker than the patterns obtained in sperm from control individuals (Figures S2,S3) while FS staining with AKAP4 antibody was unaffected (Figures S2,S3). Overall, this indicated that the absence of TTC29 had a strong impact on the positioning of other axonemal proteins.

Phenotypical characterization of MMAF individuals harboring

Phenotypical characterization of CRISPR-engineered mice lacking TTC29 protein

In mouse, Ttc29 is located on chromosome 8 and contains 14 exons predicting a 471-aminoacid protein (UniProtKB: Q80VM3; NP_898919.3), which share 75% of identity with human (n=81) and 22.7% (n=68) for L5 and L7, respectively, thus excluding embryonic or perinatal lethality due to Ttc29 mutations. We first validate the mutant mouse models by performing western blot experiments on testes protein extracts from Ttc29 L5 and L7 homozygous mutant mice, which indicated the absence of TTC29 protein and of any truncated protein (Figure S4B). To confirm this result, we prepared purified sperm flagella preparations from wild-type versus mutant mice, following previously described protocols [START_REF] Hashemitabar | A proteomic analysis on human sperm tail: comparison between normozoospermia and asthenozoospermia[END_REF] , and performed tandem mass spectrometry (MS/MS) analysis. TTC29 peptides were readily identified in wild-type sperm preparations (Table S6), confirming that in the mouse TTC29 protein also locate to the flagellum. However, no peptides from TTC29 protein could be recovered from the mutant samples (n=4), therefore formally excluding the production of a truncated protein, similar to what was observed in individual TTC29_1 carrying the c.176+1G>A mutation (Table S1). We next analyzed the phenotype and the male reproductive functions of Ttc29 L5 and L7 homozygous mutant males. Both mutant males were viable and indistinguishable from their wild-type littermates in survival rate and general appearance. Normal body, testes and epididymides weights were also reported (Table 3). Histological analysis indicated normal cytoarchitecture of the testes and epididymides. In addition, all stages of germ cells differentiation were observed within the seminiferous tubules of the testes, indicating that spermatogenesis occurred normally in those mutant animals (Figure S5,S6). In consistence with this, no increase in germ cells apoptosis was detected in seminiferous tubules of Ttc29 mutant testes (Figure S7) and epididymal sperm count were normal (Table 3). Importantly, Ttc29 mutant sperm did not display a typical MMAF phenotype and appeared overall normal in length (Figure 3A). A significant increase in more subtle morphological defects of the flagellum was however observed in comparison with wild-type mice (Table 3). In particular Ttc29 L5 and Ttc29 L7 sperm flagella sometime displayed a disjunction at midpiece-principal piece junction, a folding concerning this same region and an increase of flagella with irregular caliber (L5: 7.52% and L7: 6.00% compared to wild type: 3.48%; p values <0.01 and 0.05, respectively) (Figure 3A). Ultra-structural analyses performed by TEM indicated an increased number of transversal sections with an abnormal axonemal organization such as supernumerary or missing outer microtubule doublets and global microtubule disorganization (Figure 3B). Similar to sperm from individual TTC29_1, we performed immunofluorescence detection of DNAI1, DNALI1, RSPH1 and SPAG6 axonemal proteins in sperm from Ttc29 mutant mice but we did not observe obvious differences compared to wild-type (data not shown). Furthermore, we analyzed the label free quantification intensity of DNAI1, DNALI1, RSPH1 and SPAG6 peptides, which we identified by MS/MS analyses on flagellum fractions from wild-type and mutant Ttc29 mice and did not observe statistically significant changes between the two genotypes (Table S7). Overall, this confirmed that in contrast to sperm from individual TTC29_1, the DNAI1, DNALI1, RSPH1 and SPAG6 proteins are present in sperm from ttc29 mutant mice, which is somewhat consistent with their minor axonemal defects.

Importantly, while the percentages of viable and total motile sperm in Ttc29 mutant mice were normal, the fraction of progressive sperm was reduced (Table 3; Figure S8) and detailed assessment of the sperm kinematic parameters by means of computer assisted sperm analysis (CASA) confirmed a severe alteration of sperm velocity and flagellar beating. The curvilinear velocity (VCL), the straight-line velocity (VSL) and the average-path velocity (VAP), which are three kinematics assessing sperm velocity, were strongly diminished in Ttc29 mutant sperm (Figure 4A; Figure S8). The beat/cross frequency (BCF), which is a measure of flagellar beating was also found slightly decreased in Ttc29 mutant sperm while the head movements assessed by the amplitude of lateral head displacement (ALH) were unaffected (Figure 4A). Notably, when sperm from Ttc29 L5 and L7 mutant mice were capacitated in vitro, they displayed the normal associated-tyrosine protein phosphorylation (Figure S9) but were not efficient in fertilizing intact or ZP-free oocytes collected from wild type females (Figure 4B). Hence the fertilization rates (FR; percentage of fertilized oocytes), of Ttc29 -/-L5 and L7 sperm were of 5.56 ± 0.03 and 5.74 ± 0.03, respectively, compared to 32.71 ± 0.05 for controls sperm ((mean ± SEM), p values <0.01 and 0.001). Similarly, the fertilization index (FI; mean number of male nuclei per oocyte) of Ttc29 L5 and L7 mutant sperm were severely diminished and of 0.64 ± 0.08 and 0.55 ± 0.09, respectively, compared to 1.10 ± 0.11 for control sperm (mean ± SEM), p values <0.01 and 0.001). In line with these results, when Ttc29 L5 and L7 mutant males were mated with wild-type females, they produced litters reduced in size and number, in comparison with their control littermates (Figure 4C). The number of pups per litter during a breeding period of 124 days was 3.57±0.65 and 4.00±0.71 for Ttc29 -/-L5 and L7 males as compared to 6.50±0.41 for control males (Figure 4C). In addition, over the same breeding period, the number of litters per female breeder crossed with Ttc29 -/-L5 and L7 males was 1.17±0.48 and 0.67±0.21, in comparison with 3.40±0.27 for control males (Figure 4C). Overall, we demonstrated that in the mouse, Ttc29 homozygous loss of function is associated with minor morphological and ultra-structural defects of the sperm flagella while it results in a profound alteration of sperm flagellar velocity and beating frequency, strongly impairing fertilization, both in vitro and in vivo.

Localization of TTC29 orthologue protein in T. brucei flagella

In order to further assess the importance of the TTC29 protein in flagellar beating, we chose to investigate the localization and function of its orthologue in Trypanosoma brucei (T.

brucei), a flagellated protozoan, which has largely contributed to elucidating the molecular pathogeny of human ciliopathies [START_REF] Vincensini | 1001 model organisms to study cilia and flagella[END_REF] . The T. brucei axoneme is similar to that of mammalian sperm flagella but its para-axonemal structure, although comparable in function, is different.

In T. brucei, the sperm FS and ODFs present in mammalian flagella, are replaced by the paraflagellar rod (PFR), a complex structure connecting with axonemal doublets (4-7) [START_REF] De Souza | The paraxial structure of the flagellum of trypanosomatidae[END_REF] . The PFR plays a role in flagellum motility 50; 51 and serves as a platform for metabolic and signaling enzymes [START_REF] Pullen | Protein targeting of an unusual, evolutionarily conserved adenylate kinase to a eukaryotic flagellum[END_REF][START_REF] Ridgley | Calmodulin-binding properties of the paraflagellar rod complex from Trypanosoma brucei[END_REF][START_REF] Oberholzer | The Trypanosoma brucei cAMP phosphodiesterases TbrPDEB1 and TbrPDEB2: flagellar enzymes that are essential for parasite virulence[END_REF] . By performing BlastP analysis on the T. brucei genome database [START_REF] Aslett | TriTrypDB: a functional genomic resource for the Trypanosomatidae[END_REF] using the human TTC29 protein sequence, we identified the T. brucei ortholog Tb927. 3.1990 (XP_843793.1), namely TbTTC29 in this study, which shares 22% of identity (40% of similarity) with the human ortholog. TbTTC29 is a 481 amino-acids protein and annotated as a Tetratricopeptide repeat putative protein. We generated a trypanosome cell line expressing a tagged version of the endogenous TbTTC29 protein, TbTTC29::TY1 and investigated the protein localization by immunofluorescence on detergent-extracted cytoskeleton preparations (CSK) (Figure 5, Figure S10). TbTTC29::TY1 was found to localise to the flagellum with staining adjoined to that of the paraflagellar rod protein PFR2. In addition, TbTTC29::TY1 was labelled at both the old flagellum (OF) and the new flagellum (NF), even when the later has not assembled a PFR structure yet. Our data therefore indicate that TbTTC29::TY1 is an axonemal-associated protein, which localises along the axoneme from the transition zone, specifically labelled with anti-FTZC [START_REF] Bringaud | Characterization and disruption of a new Trypanosoma brucei repetitive flagellum protein, using double-stranded RNA inhibition[END_REF] to the distal tip (Figure 5).

Phenotypical characterization of TbTTC29 RNAi-knockdown

To assess the functional role of TbTTC29 in the parasite, we used the tetracycline-inducible RNA interference (RNAi) system. We generated an RNAi inducible TbTTC29::TY1/ RNAi TbTTC29 cell line by targeting nucleotides 352 to 806 of the transcript sequence. Induction of the RNAi led to a substantial reduction of TbTTC29::TY1 expression, as demonstrated by western blotting analysis (Figure 6A insert). Functional analysis of RNAi induced cells showed that TbTTC29 knockdown did not dramatically affect the growth rate nor the morphology of the cells, in comparison with non-induced or parental cells (Figure 6A). In addition, when performing TEM analysis, the flagella appeared normal in number, length and their overall structure was preserved (data not shown). However, we observed that RNAi induced cells were more prone to sediment in comparison to non-induced cells (Figure 6B).

Hence, quantitative sedimentation assays indicated that following 120 hours of tetracycline treatment, 70% of the RNAi induced cells had sedimented compared to 30% for the noninduced cells. Such an increase in sedimentation is directly correlated to defects in flagellar motility and cell mobility, which we confirmed by video microscopy (movies S1 and S2) and mobility tracking (Figure 6F). Overall, this functional study demonstrated that in T. brucei, similar to what we observed in the mice and in humans, the TTC29 protein is involved in flagellar beating and motility.

Determination of the protein region required for localization and function of TTC29 protein in T. brucei

Based on the functional similarity observed between HsTTC29, MmusTTC29 and TbTTC29, we decided to further utilise the T. brucei model in order to investigate the role of the TPR domains in TTC29 protein localization and function. We generated a construct encoding the N-terminus domain of TbTTC29 protein (amino acids 1-120) and lacking the TPR repeats, TbTTC29-Nter::myc, which was expressed in the TbTTC29::TY1/ RNAi TbTTC29 background cell line; thus generating the cell line TbTTC29::TY1/TbTTC29-Nter::myc/RNAi TbTTC29 . In this cell line the RNAi was designed to specifically target the full-length TbTTC29 protein with the Nterminus construct, therefore, being not affected. The endogenous expression level of TbTTC29-Nter::myc did not further affect the cell growth (Figure 6C); the slight growth delay observed during induction of RNAi TbTTC29 was found to persist. However, in contrast to TbTTC29::TY1 that was detected in the whole cell (WC), the detergent-extracted cell (cytoskeleton, CSK), and the flagellum (FG) fractions by means of western-blotting, the TbTTC29-Nter::myc protein was only detected in the WC fraction (Figure 6D), therefore indicating that the N-terminus domain is not sufficient to position the protein within the axoneme. This was further confirmed by immunodetection of TbTTC29-Nter::myc, which showed its localization within the cytoplasm of non-extracted cells but not in the flagellum from detergent-extracted cytoskeleton preparations (Figure 6E 

Structural analysis of HsTTC29, MmusTTC29 and TbTTC29 proteins

High preference for α-helicity in HsTTC29 protein can be predicted on the basis of its primary sequence, with only four strong helix-forming residues (Alanine, Glutamic acid, Histidine and Leucine) accounting for a third of all residues 57; 58 . In fact, five tandem helical repeats were initially identified as TPR domains using SMART prediction software (aa 182-215, 234-267, 274-307, 314-347, 354-387) (Figure 1). As SMART analysis is only based on primary sequence and may provide incomplete information on structural motifs, we performed a secondary structure prediction [START_REF] Drozdetskiy | JPred4: a protein secondary structure prediction server[END_REF] followed by manual alignment of suspect peptides [START_REF] Blatch | The tetratricopeptide repeat: a structural motif mediating protein-protein interactions[END_REF] . By doing that, we identified 7 pairs of helices (36-40 amino-acids) compactly disposed throughout the central part of the protein sequence, flanked by unpaired N-terminal and C-terminal helices. On the basis of significant conservation both within and outside of the consensus TPR sites (

) [START_REF] Blatch | The tetratricopeptide repeat: a structural motif mediating protein-protein interactions[END_REF] , we hypothesize that HsTTC29 contains up to 7 TPRs, which are stabilized by additional helices that have been referred to as 'capping' or 'solubilization' helices in the context of TPR proteins [START_REF] D'andrea | TPR proteins: the versatile helix[END_REF] (Figure S11A). The Nterminal repeat 1 and 2, featuring non-canonical residues at the key 8 and 20 positions (e.g., F104 instead of G/A/S, K117 and R159 instead of A/S/E), were not recognized by SMART as TPRs. However, the peculiar helical pairing and significant conservation outside of the consensus sites make us hypothesize that these regions fold into TPR-like structures.

Furthermore, an attempt to identify a suitable template for creating a homology model of HsTTC29, yields an adaptor LGN protein involved in spindle orientation (e.g., PDB ID 6HC2) at 18% sequence identity, which features 8 compactly disposed TPRs with similar poor consensus retention at the N-terminal repeat [START_REF] Takayanagi | Structural basis for the recognition of the scaffold protein Frmpd4/Preso1 by the TPR domain of the adaptor protein LGN[END_REF] , thus confirming the identified TPR domains in HsTTC29. In MsTTC29, which shares 75% of identity (85% of similarity) with HsTTC29, 7 TPR domains were similarly identified. In TbTTC29, the N-terminal TPR was found severely truncated in the middle of the sequence, although some sequence conservation with the corresponding segments in human and murine orthologs persists (Figure S11B).

Overall, as illustrated in Figure S9B, HsTTC29, MmusTTC29 and TbTTC29 proteins display a significant level of conservation, particularly within the TPR regions internal to the protein, suggesting that in mammals and T. brucei, the TPR domains are likely to be critical for localization and function of TTC29 orthologs. The compact and extended nature of the TPR repeats in these proteins also indicates their ability to participate in protein-protein interactions via concave amphipathic super-helical structures; such repeats are known to selfassemble [START_REF] Yuzawa | Structural basis for interaction between the conserved cell polarity proteins Inscuteable and Leu-Gly-Asn repeat-enriched protein (LGN)[END_REF] , which is likely, responsible for functional roles displayed by these proteins.

Discussion

We report here the identification of bi-allelic mutations in TTC29 inducing a MMAF phenotype, asthenozoospermia and sterility in men. TTC29_2 and TTC29_3 individuals were born from related parents (2 nd and 1 st degree cousins respectively) but familial information was not available for the other three individuals. The presence of the described TTC29 homozygous truncating variants in five seemingly unrelated individuals is highly suggestive of recessive inheritance. Unfortunately, we could not test any other family member's to obtain additional genotype-phenotype correlation. However, all affected men were conceived spontaneously from very likely heterozygous fathers (and mothers) and the five mutated subjects had at least one sibling. This constitutes strong indirect evidence that men carrying a heterozygous TTC29 truncating variant are fertile, and that TTC29 associated MMAF is transmitted under a recessive mode of inheritance. Importantly, by analyzing TTC29 orthologs in the mouse and in the flagellated parasite T. brucei, we provide further demonstration of the importance of TTC29 proteins in flagellar beating and motility. We show that TTC29 mutations identified in the five infertile individuals result in the total absence of the protein or at best to truncated proteins lacking the critical TPR region. We demonstrated that this TPR region is important for TTC29 localization and function in T.

brucei, by using a truncated TbTTC29 protein, which failed to locate to the axoneme and to rescue the cell mobility defects induced by silencing the endogenous TbTTC29 expression.

To date, the precise function of TTC29 in humans and the details of its molecular interactions are unknown, but it is very likely that similar to T. brucei, the TPRs are important for TTC29 function in human sperm. TPR motifs are usually found in arrays of 2 to 20 repeats, which provide coiled and super-helical structures for protein interactions. The TPRcontaining (TTC) proteins are widely present from bacteria to humans and are involved in various important biological processes, such as intracellular transport, vesicle fusion, protein folding, cell cycle, and transcriptional regulation [START_REF] Zeytuni | Structural and functional discussion of the tetratrico-peptide repeat, a protein interaction module[END_REF] . By performing in silico structural analyses and alignment of human, mouse and trypanosome TTC29 protein, we provide a better characterization of TPR structural domains in human TTC29 protein and confirmed the high conservation of such domains in mouse and trypanosome. Most importantly, we identify TTC29 homology with LGN, which was described to associate with cytoplasmic dynein/dynactin that positions the spindle microtubules during cell division [START_REF] Pirovano | Hexameric NuMA:LGN structures promote multivalent interactions required for planar epithelial divisions[END_REF] .

Such similarity is in favor of a possible function of TTC29 in the transport and/or positioning of microtubules and axonemal proteins.

Interestingly, TTC proteins were described to be enriched in the Intra Flagellar Transport (IFT) and the BBSome complexes, both being critical for cilia and flagella assembly [START_REF] Xu | Characterization of tetratricopeptide repeat-containing proteins critical for cilia formation and function[END_REF][START_REF] Pazour | Chlamydomonas IFT88 and its mouse homologue, polycystic kidney disease gene tg737, are required for assembly of cilia and flagella[END_REF][START_REF] Taschner | Architecture and function of IFT complex proteins in ciliogenesis[END_REF][START_REF] Van Dam | Evolution of modular intraflagellar transport from a coatomerlike progenitor[END_REF] . Accordingly, in humans, some TTC loss of function mutations were described to induce defects in ciliary structure and function 68; 69 . In addition, recent work from Liu et al, reported the identification of MMAF infertile individuals with truncating mutations in TTC21A (MIM 611430), also known as IFT139A, encoding for an IFT-A subcomplex protein [START_REF] Liu | Bi-allelic Mutations in TTC21A Induce Asthenoteratospermia in Humans and Mice[END_REF] . So far, no experimental evidences indicating that TTC29 is part of IFT complexes have been reported in humans but in silico prediction software (String) identified TTC29 in the functional association network including TTC26 and TTC30A/B, two known components of the anterograde IFT-B complex. In line with these elements, work from Cheung et al identified Ttc29 in Xenopus as a direct target of RFX2, a transcription factor coordinating ciliogenesis and demonstrated that Ttc29 knockdown in multi-ciliated epithelial cells of Xenopus, strongly impacted the size and number of cilia, indicating that TTC29 was part of the IFT-B complex [START_REF] Chung | Coordinated genomic control of ciliogenesis and cell movement by RFX2[END_REF] . Taken together, these results suggest that in humans, the function of TTC29 is likely to be related to IFT, in line with the MMAF phenotype observed in individuals carrying TTC29 truncating mutations. The situation in the mouse and in T. brucei seems to be slightly different as the observed morphological and ultra-structural defects were less severe than in human although flagellar beating and motility were profoundly impaired.

Interestingly, in Leishmania, deletion of TTC29 induced both shortening of the flagellum and motility defect [START_REF] Beneke | Genetic dissection of a Leishmania Web Resources BLAST[END_REF] . In keeping with TTC29 possible function in IFT, these observations would suggest a partial functional compensation of TTC29 deficiency in mouse and in the parasite.

In this regard, our observation that the sperm parameters and axonemal defects of individuals carrying mutations in TTC29 were less severe than those observed in individuals carrying mutations in two other MMAF-related genes, CFP43 and CFPA44, is stimulating as it could relate to similar redundancy in human TTC protein function.

Another essential point concerns the motility and flagellar beating defects, which constitute a shared phenotype in the three studied models. All TTC29 mutated individuals presented zero progressive motility, and the flagellar beating was profoundly impacted in the mouse and in T. brucei, precluding cell progression. This could be due to a direct consequence of the IFT defect, impacting the composition and functionality of protein complexes involved in beating activity and/or regulation. It also raises the hypothesis that in addition to structural function mediated through IFT, the TTC29 protein could also fulfill some specific functions required for flagellar beating itself. In line with this later hypothesis, studies performed in Chlamydomonas, previously reported that the TTC29 ortholog, called p44, is a component of IDAs [START_REF] Yamamoto | Novel 44-kilodalton subunit of axonemal Dynein conserved from chlamydomonas to mammals[END_REF] . TTC29 may therefore be directly involved in the dynein complexes, which are well-established as critical protein complexes orchestrating the beating of cilia and flagella.

Overall, the combination of our data obtained in human, mouse and 

  . Among the five TTC29 mutated individuals, two originated from North Africa, one from central Africa (Niger) and two from Iran. The three African subjects (TTC29_1, TTC29_2 and TTC29_3) were homozygous for the same variant c.176+1G>A (p.Tyr60*). This variant alters the canonical donor splice site of TTC29 exon 4 and was identified in gnomAD at a frequency of 3.42e-4. The two remaining Iranian individuals carried two different truncating variants. Individual TTC29_4 was homozygous for a five nucleotide deletion, c.330_334delGGAGG (p.Glu111Alafs*), which was found in gnomAD at a frequency of 1.21e-5, and individual TTC29_5 was homozygous for the c.750C>A (p.Tyr250*) variant, absent from the gnomAD database. These two variants are deleterious as they induce a premature stop codon (positions 113 and 250, respectively, in the 475-amino acid TTC29 protein sequence). The presence of all TTC29 homozygous variants was confirmed by Sanger sequencing on DNA samples from the five individuals, as illustrated in Figure 1A, and the consequences of the variants on protein translation are shown in Figure 1B. Lack of TTC29 protein in sperm from individual TTC29_1, carrying the c.176+1G>A mutation All three TTC29 identified variants are predicted to introduce a premature stop codon in the first half of the protein sequence, therefore potentially inducing mRNA decay and if not, a truncated protein, which would lack most of the TPR functional domains. In order to provide further arguments for the pathogenicity of the identified variants, we analyzed the transcript and levels of protein in semen samples available from individual TTC29_1 carrying the c.176+1G>A mutation, which affects exon 4 consensus splice donor site. We first amplified TTC29 transcripts in sperm cells from control individual and individual TTC29_1, using primers located in exons 3 and 5. The levels of TTC29 transcripts were reduced in sperm cells from individual TTC29_1, as compared to what was observed in a control individual while the expression levels of HPRT (an ubiquitous housekeeping gene) was similar in both individuals

  TTC29 protein. Similar to humans, information retrieved from public expression databases and from the literature[START_REF] Ohta | Regulation of rat tetratricopeptide repeat domain 29 gene expression by folliclestimulating hormone[END_REF] indicate a strong expression of Ttc29 in rodent testis and germ cells, which prompted us to further investigate the mouse orthologue. Using the CRISPR-Cas9 technique, we generated and characterized two different mouse lines, Ttc29 L5 and L7, with mutational events targeting Ttc29 exon 5, comparable to the region mutated in individual TTC29_1. The mutations generated in Ttc29 L5 and L7 mouse lines corresponded to a 1 nucleotide-insertion and 17 nucleotide-deletion, respectively, and were both expected to induce a translational frameshift and the production of a truncated protein, if any (FigureS4A,C). Heterozygous mutant animals of L5 and L7 mutant lines were mated to generate homozygous offspring, which were obtained at the expected Mendelian frequencies of 26.3%

  , Figure S10). Importantly, expression of TbTTC29-Nter::myc could not rescue the sedimentation phenotype induced by TbTTC29 RNAi knockdown, as shown in Figure 6B. Taken together, these experiments demonstrate that the TPR domains located in the second half of the TTC29 protein are required for proper localization of the protein into the axoneme and proper function in flagella beating and motility.
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  . We therefore consider that the cause of the MMAF phenotype is established for these 58 men, leaving 109 undiagnosed individuals. In these

remaining undiagnosed individuals, we identified TTC29 (Tetratricopeptide repeat domain 29; Gene ID: 83894) as a very good candidate since five unrelated individuals presented a homozygous truncating variant in this gene. TTC29 is located on chromosome 4 and contains 13 exons (ENST00000325106; RefSeq transcript NM_031956.3), predicting a 475-aminoacid protein (UniProtKB: Q8NA56). The TTC29 protein comprises five tetratricopeptide repeats (TPR), which are 34 amino acid repeats present in a wide variety of proteins, forming

TTC29 truncating variants

  

	All five individuals harboring TTC29 truncating mutations had a normal somatic karyotype
	(46, XY) with normal bilateral testicular size, hormone levels, and secondary sexual
	characteristics. Semen analysis revealed normal vitality and normal sperm number, except for
	individual TTC29_1 who showed a moderate decrease of sperm number (16.8 millions;

normal value: 39 millions) (Table

1

). All five individuals presented with severe asthenozoospermia, with nearly zero progressive spermatozoa present in the ejaculate (between 0 and 2%; normal value >32%) and less than 10% of total motile spermatozoa (normal value>40%) (Table
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