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Mutations in TTC29, Encoding an Evolutionarily
Conserved Axonemal Protein, Result
in Asthenozoospermia and Male Infertility
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In humans, structural or functional defects of the sperm flagellum induce asthenozoospermia, which accounts for themain sperm defect

encountered in infertile men. Herein we focused on morphological abnormalities of the sperm flagellum (MMAF), a phenotype also

termed ‘‘short tails,’’ which constitutes one of the most severe spermmorphological defects resulting in asthenozoospermia. In previous

work based on whole-exome sequencing of a cohort of 167 MMAF-affected individuals, we identified bi-allelic loss-of-function

mutations in more than 30% of the tested subjects. In this study, we further analyzed this cohort and identified five individuals with

homozygous truncating variants in TTC29, a gene preferentially and highly expressed in the testis, and encoding a tetratricopeptide

repeat-containing protein related to the intraflagellar transport (IFT). One individual carried a frameshift variant, another one carried

a homozygous stop-gain variant, and three carried the same splicing variant affecting a consensus donor site. The deleterious effect

of this last variant was confirmed on the corresponding transcript and protein product. In addition, we produced and analyzed

TTC29 loss-of-function models in the flagellated protist T. brucei and in M. musculus. Both models confirmed the importance of

TTC29 for flagellar beating. We showed that in T. brucei the TPR structural motifs, highly conserved between the studied orthologs,

are critical for TTC29 axonemal localization and flagellar beating. Overall our work demonstrates that TTC29 is a conserved axonemal

protein required for flagellar structure and beating and that TTC29 mutations are a cause of male sterility due to MMAF.
Introduction

The mammalian sperm flagellum is an evolutionarily

conserved organelle shaped on a microtubule-based cyto-

skeleton, called the axoneme, which also serves as the

backbone ofmotile cilia.1 The core of the axoneme consists

of nine peripheral doublets of microtubules surrounding a

central pair of microtubules (CP), which confer the canon-

ical (9þ2) 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 gov-

erned by multiprotein ATPases complexes, called the outer

and inner dynein arms (ODAs and IDAs, respectively),
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5234, Bordeaux, France; 5Institut Polytechnique de Bordeaux, Microbiologie F
6INSERM U1209, CNRS UMR 5309, Université Grenoble Alpes, 38000 Grenob
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which are both harbored by the peripheral microtubules

and drive the sliding of the peripheral microtubules

responsible for flagellar movement.2 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.3 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
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spermatozoa in the ejaculate (<32% of progressive sperm),

according to the World Health Organization reference

values.6 Asthenozoospermia may be associated with ciliary

defects, as in primary ciliary dyskinesia (PCD [MIM:

244400]), an autosomal-recessive disease principally char-

acterized by chronic airway infections7,8 but is also evi-

denced in many infertile men with no other symptom-

atology (i.e., isolated asthenozoospermia). Overall

asthenozoospermia is found with variable degrees of

severity in more than 80% of infertile men.9 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.12 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 struc-

tures such as dysplasia of the fibrous sheath.10,11 The pro-

portion of these anomalies is variable between MMAF-

affected individuals but all are constantly present at fre-

quencies largely exceeding those found in fertile men.13

In the last 5 years, high-throughput genetic investiga-

tions of MMAF-affected individuals from various ethnical

origins allowed the rapid identification of a dozen genes,

whose loss of function caused by biallelic variants account

for more than one third of the MMAF-affected case sub-

jects. Hence frequent mutations were identified in

DNAH1 (MIM: 603332),14–16 DNAH2 (MIM: 603333),17

CFAP43/WDR96 (MIM: 617558),18,19 CFAP44/WDR52

(MIM: 617559),18–20 CFAP69 (MIM: 617949),21 CFAP251/

WDR66 (MIM: 618146),22,23 FSIP2 (MIM: 615796),24

ARMC2 (MIM: 618424),25 QRICH2 (MIM: 618304),26

TTC21A (MIM: 611430),27 and SPEF2 (MIM: 610172)28

in unrelated MMAF-affected subjects. In addition, muta-

tions in CFAP65 (MIM: 614270),19 CEP135 (MIM:

611423),29 and AK7 (MIM: 615364)30 were reported in sin-

gle familial MMAF-affected case subjects. With the aim to

identify additional genetic causes of human asthenozoo-

spermia related to MMAF, we further analyzed whole

exome sequencing data from a cohort of 167 MMAF indi-

viduals previously established by our team25 and report

the identification and characterization of TTC29 bi-allelic

truncatingmutations in five unrelated individuals. In addi-

tion, by performing in silico, in vitro, and in vivo studies, us-

ing T. brucei and M. musculus mutant models, we demon-

strate that TTC29 is a conserved axonemal protein

required for correct flagellar beating and motility in three

evolutionary distant species.
Material and Methods

Study Participants andWhole-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.25 WES and bioinformatics analyses were performed
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according to our previously described protocol using the human

genome assembly GRCh38 as a reference sequence.18 All the re-

cruited individuals displayed isolated infertility with no other clin-

ical features; in particular, primary ciliary dyskinesia (PCD) syn-

drome 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 infer-

tility, and 32 individuals were recruited in France, mainly at the

Reproductive Department at Cochin Hospital in Paris. All individ-

uals presented with a typical MMAF phenotype, which is charac-

terized by severe asthenozoospermia (total sperm motility

below 10%; normal value over 40% according to theWorld Health

Organization reference values,6 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 individuals13).

Informed consent was obtained from all the individuals partici-

pating 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) ac-

cording 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); ana-

lyses were performed using SeqScape software (Applied Bio-

systems). 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 2

to 7 days of sexual abstinence. Semen samples were incubated at

37�C for 30 min for liquefaction; ejaculate volume and pH, sperm

concentration, vitality, morphology, and motility were evaluated

according to World Health Organization (WHO) guidelines.6

Sperm vitality was assessed by eosin staining, and sperm

morphology was analyzed on Schorr stained semen smears accord-

ing to David’s classification.31
Transmission Electron Microscopy Analysis of Sperm

Cells
Human or mouse sperm cells (10 millions) were fixed by incuba-

tion in 0.1 M phosphate buffer (pH 7) supplemented with 3%

glutaraldehyde (Grade I; Sigma-Aldrich) for 2 h at room tempera-

ture. 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), after which they were dehydrated by immersion in a

graded series of alcohol solutions and embedded in Epon resin

(Polysciences Inc.). 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) and

were then stained with uranyl acetate and lead citrate. Sections

were analyzed with a JEOL 1011 microscope and digital images
nal of Human Genetics 105, 1148–1167, December 5, 2019 1149



were acquired with a Gatan Erlangshen CCD camera and Digital

Micrograph software.

RT-PCR Analysis of Human Sperm Cells
200–800 ng of total RNAwere extracted from 5–10million human

spermatozoa using NucleoSpin RNA kit (Macherey Nagel) and sub-

jected to reverse transcription with High-Capacity cDNA Reverse

Transcription kit (Applied Biosystems, Fisher Scientific) following

the manufacturer’s instructions. PCR reactions were performed

with GoTaq DNA polymerase (Promega) using TTC29 specific

primers. Amplicons were gel purified and sequenced (Eurofins Ge-

nomics). 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 mL of semen samples were spread onto a Superfrost Plus slide

(Menzel Glasbearbeitungswerk, GmbH & Co. KG). Sperm was

fixed by incubation with PBS/4% paraformaldehyde for 10 min.

The slides were incubated 20 min at 95�C in citrate buffer (H-

3300, VectorLabs). The slides were next treated with 0.2% Triton

in PBS for permeabilization and then blocked by incubation in

1%BSA for 1 h. They were then incubatedwith primary antibodies

for 2 h at room temperature and then secondary antibodies for 1 h

at room temperature. The slides were mounted in Vectashield me-

dium (Vector Laboratories) supplemented with 0.5 mg/mL DAPI.

Slides were analyzed with a Zeiss Axiophot epifluorescence micro-

scope. Digital images were acquired with a cooled charge-coupled

device (CCD) camera (Hamamatsu Co.), under identical instru-

ment settings, with MetaMorph software (Molecular Devices). De-

tails of antibodies and dilutions used for immunofluorescence as-

says 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. Authorizations were obtained from

local and governmental ethical review committees: Authorization

APAFIS #14124-2017072510448522 v26, Touré (2018-2025).

TTC29 mutant mice were generated by the ‘‘Transgenesis and

Homologous Recombination’’ core facility of the Institut Cochin

(INSERM U1016, Paris, France), using CRISPR/Cas9 technique.

The RNA guide targeting Ttc29 exon 5, 50-CAAAGGGCTGTC

GAAAGAAG-30, was designed using CRISPOR selection tool.

gRNA was pre-incubated with Cas9 protein (RT, 10 min) to obtain

functional ribonucleoprotein (RNP) complexes. The final injec-

tion mix containing 0.6 mM of gRNA and Cas9 protein (1.5 mM)

in TE-0.1 buffer (10mMTris-HCl, 0.1mMEDTA) has been injected

into 210 fertilized oocytes of superovulated C57BL/6JRj females.

92 typical 2-cell stage embryos were subsequently implanted

into the oviduct of 5 pseudo-pregnant B6CBAF1 females. Subse-

quent genotyping of CRISPR edited founders was performed by
1150 The American Journal of Human Genetics 105, 1148–1167, Dec
PCR amplification (GoTaq DNA Polymerase, Promega) on DNA ex-

tracted from tail biopsies (NucleoSpin Tissue, Macherey-Nagel)

and PCR-product sequencing (Eurofins Genomics). Sequences of

primers used and expected product sizes are summarized in Table

S5. Mice carrying Ttc29 mutational events were bred with

C57BL6/JRj mice to ensure germline transmission and eliminate

any possible mosaicism.
Mouse Sperm Morphological Analysis
Spermatozoa were retrieved from cauda epididymes in PBS buffer

and spread onto a Superfrost Plus slide (Menzel Glasbearbeitungs-

werk, GmbH&Co. KG). Sperm cells were fixed by incubation with

PBS/4% paraformaldehyde for 10 min and stained following Papa-

nicolaou protocol (Hematoxylin, OG6, EA50).
Mouse Sperm Motility Analysis
Sperm motility was assessed by Computer Aided sperm Analysis

(CASA) using CEROS II apparatus (Hamilton Thorne). Briefly,

mouse sperm cells expelled from the cauda epididymis were recov-

ered into M2 medium (Sigma-Aldrich). The movements of at least

500 sperm cells per sample were analyzed in 20 mm chambers (Leja

Products B.V.) with Zeiss AX10 Lab. A1 microscope (103 objec-

tive), using HT CASAII software.

The settings were as follows: acquisition rate, 60 Hz; number of

frames, 45; minimum head brightness, 175; minimum tail bright-

ness, 80; minimum head size, 10 mm2; minimum elongation gate,

1%; maximum elongation gate, 100%; objective magnification

factor, 1.2.

The principal motility parameters measured were: curvilinear

velocity (VCL), average path velocity (VAP), straight-line velocity

(VSL), beat/cross frequency (BCF), amplitude of lateral head

displacement (ALH). Progressive sperm cells were characterized

by average path velocity (VAP) > 45 mm/s and straightness

(STR ¼ VSL/VAP) > 45%, respectively.
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) 48 h apart. About 14 h 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) supple-

mented with 3% BSA (Sigma-Aldrich), andmaintained at 37�C un-

der 5% CO2 in air under mineral oil (Sigma-Aldrich). When exper-

iments 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 h to recover their

fertilization ability.

Capacitated sperm preparation: mouse spermatozoa were ob-

tained from the cauda epididymides of C57BL6/J male mice (8-

to 10-week-old) and capacitated at 37�C under 5% CO2 for

90 min in a 500 mL 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 h in a 100 mL

drop of Ferticult medium 3% BSA at a final concentration of 106

or 105 per mL, respectively. Then, they were washed and directly
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mounted in Vectashield/DAPI (Vector Laboratories) for observa-

tion under UV light (Nikon Eclipse E600 microscope). Only oo-

cytes 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 pro-

cyclic parental form T. brucei SmOxP427 strain, co-expressing the

T7 RNA polymerase and the tetracycline repressor.32 Cells were

cultured at 27�C in SDM79medium containing 10% (v/v) heat-in-

activated fetal calf serum, 10 mg/mL hemin, supplemented with

puromycin (1 mg/mL), and transfected as previously described33

using specific transfection buffer,34 and cloned by serial dilution.

The culture medium was supplemented, when required, with

blasticidin (10 mg/mL), neomycin (10 mg/mL), and phleomycin

(5 mg/mL). RNA interference (RNAi) was induced with tetracycline

(10 mg/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 analyzed and one clone was chosen

for further studies (cell line RNAiTbTTC29). To produce an endoge-

nous TbTTC29 with a carboxy-terminal 10TY1 epitope-tag,35

RNAiTbTTC29 cells were transfected with a tagging cassette that

was obtained by PCR using the pPOTv7-blast-10xTY1 as a

template (cell line TbTTC29::TY1/RNAiTbTTC29). A similar approach

was used to generate a cell line expressing TbTTC29-Nter::myc (aa

1–120 of TbTTC29) in the TbTTC29::TY1/RNAiTbTTC29 background,

using the pPOTv7-10myc-neomycin vector as a template (cell

line TbTTC29::TY1/TbTTC29-Nter::myc/RNAiTbTTC29). 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.36 Cytoskeletons were incubated 1 h at

RT with primary antibodies and then with secondary antibodies.

Nuclei and kinetoplasts were stained with DAPI (10 mg/mL). Im-

ages were acquired on a Zeiss Imager Z1 microscope, using a Pho-

tometrics Coolsnap HQ2 camera, with a 1003 Zeiss objective (NA

1.4) using Metamorph software (Molecular Devices), and pro-

cessed with ImageJ.

Trypanosoma Sedimentation Assays and Video-

microscopy
Sedimentation assays were performed as previously described.37

Briefly, the cultures of parental (WT), non-induced and RNAi-
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induced cells were placed in cuvettes at a density of 1.107 cells/

mL and incubated another 24 h without shaking. The optical den-

sity at 600 nm (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 calcu-

lated as 100 � (ODb/ODa) 3 100 and normalized with the

parental cells. Video-microscopy was carried out as previously

described.38 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 403 lens (NA 1.3).

Twenty-five seconds of digital video from separate regions were

captured and analyzed using MetamorphH software (Molecular

Devices).
Western Blotting Analysis on Trypanosoma brucei Cells
Proteins from whole cell extracts (5.106 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 h-blocking step in 5%

skimmed milk in TBS-0.2% Tween-20 (blocking solution, BS),

the membranes were incubated overnight at 4�Cwith the primary

antibodies in BS. After 10-min washes in BS, then 1 M NaCl, then

BS, the membranes were incubated with the HRP-conjugated

secondary antibodies, washed twice 10 min in blocking buffer

and twice 5min in TBS. Blots were revealed using the ClarityWest-

ern ECL Substrate kit (Bio Rad) on a ImageQuant LAS4000 appa-

ratus and quantified using ImageJ. Stripping of the membranes

was performed when required by incubation in glycine 100 mM

(pH 3), SDS 1%, NP40 0.1% (23 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 mean5 SEM of at least three independent

experiments. The following statistical tests were performed, when

appropriate: one-tailed unpaired t tests, one-way ANOVA followed

by Tukey’s test, and chi-square t tests. Results were analyzed in

GraphPad Prism v.7.00 for Windows, GraphPad Software, www.

graphpad.com. Differences were considered as statistically signifi-

cant when p value < 0.05.
Results

Identification of TTC29 Bi-allelic Truncating Variants in

MMAF-Affected Infertile Individuals

Whole-exome sequencing (WES) data from a cohort of 167

MMAF-affected individuals were analyzed in order to iden-

tify 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 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
nal of Human Genetics 105, 1148–1167, December 5, 2019 1151

http://www.graphpad.com
http://www.graphpad.com


Figure 1. Identification of TTC29Mutations in Five Unrelated Infertile Men and Functional Consequences of the c.176þ1G>A TTC29
Variant
(A) Illustration of Sanger sequencing data for the TTC29 mutations identified in MMAF-affected infertile men: individuals TTC29_1,
TTC29_2, and TTC29_3 carried the c.176þ1G>A homozygous mutation; individual TTC29_4 carried the c.330_334delGGAGG homozy-
gous mutation; individual TTC29_5 carried the c.750C>A homozygous mutation.

(legend continued on next page)
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truncating variant in this gene. TTC29 is located on chro-

mosome 4 and contains 13 exons (ENST00000325106;

GenBank: NM_031956.3), predicting a 475-amino-acid

protein (UniProtKB: Q8NA56). The TTC29 protein com-

prises five tetratricopeptide repeats (TPR), which are 34

amino acid repeats present in a wide variety of proteins,

forming alpha helixes that behave as scaffolds for pro-

tein-protein interactions and assembly of multiprotein

complexes.39–41 Based on public tissue expression data-

bases (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 sper-

matid stage but not in the testicular somatic cells (i.e., Ley-

dig 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

proteome44 whereas it was near absent in human airway

cilia.45 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.176þ1G>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 vari-

ants on protein translation are shown in Figure 1B.

Lack of TTC29 Protein in Sperm from Individual

TTC29_1, Carrying the c.176þ1G>A Mutation

All three TTC29 identified variants are predicted to intro-

duce a premature stop codon in the first half of the protein

sequence, thereby potentially inducing mRNA decay and

if not, a truncated protein, which would lack most of the
(B) Schematic representation of TTC29 exons structure (top) and pred
Uniprot, with position of the three differentmutations identified in th
five tetratricopeptide domains (blue boxes).
(C) At the left, RT-PCR analysis on sperm sample from individual
reduced amount of TTC29 transcript compared to control individua
phoregram of Sanger sequencing of the amplified transcript in sper
boundary resulting in a premature stop codon, in comparison with
(D) Western blot and immunofluorescence analyses of sperm samp
which both indicates the absence of TTC29 protein compared to co
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TPR functional domains. In order to provide further argu-

ments for the pathogenicity of the identified variants, we

analyzed the transcript and levels of protein in semen sam-

ples available from individual TTC29_1 carrying the

c.176þ1G>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 in-

dividual 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 in-

dividuals (Figure 1C), indicating that the mutated tran-

script 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: anti-

body 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 individ-

ual but no protein was observable in sample from individ-

ual 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 inten-

sity 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

a-Tubulin staining (Figures 1D and S1B). Taken together,

the results confirm the deleterious effect of the

c.176þ1G>A splice mutation, which results in the total

absence of TTC29 protein in sperm from individual

TTC29_1.

Phenotypical Characterization of MMAF-Affected

Individuals Harboring 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 sex-

ual characteristics. Semen analysis revealed normal vitality
icted protein domains (bottom), according to SMARTwebtool and
e gene. TTC29 encodes a protein of 475 amino acids that contains

TTC29_1, carrying the c.176þ1G>A mutation, which indicates a
l while HPRT transcript level was unaffected. At the right, electro-
m from individual TTC29_1, which shows an abnormal exon 4–5
control individual.
le from individual TTC29_1, carrying the c.176þ1G>A mutation,
ntrol individual.
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and normal sperm number, except for individual TTC29_1
who showed a moderate decrease of sperm number (16.8

million; normal value: 39 million) (Table 1). All five indi-

viduals presented with severe asthenozoospermia, with

nearly zero progressive spermatozoa present in the ejacu-

late (between 0% and 2%; normal value > 32%) and less

than 10% of total motile spermatozoa (normal value >

40%) (Table 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 irreg-

ular flagella in rates largely exceeding the distribution

ranges observed in control fertile men13 (Table 1). In addi-

tion, the global average of semen parameters from the

five individuals carrying mutations in TTC29 was found

similar to that of the other MMAF-affected 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 elec-

tron microscopy (TEM) and showed abnormal midpiece

and fibrous sheath together with severe axonemal disorga-

nization (Figure 2B), as previously described for MMAF-

affected 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 (9þ0

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-affected

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).18 Despite this observation, we could

confirm the extent of the axonemal anomalies, as im-

muno-marking of SPAG6, a component of the central

pair complex, gave nearly no signal in sperm from individ-

ual 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 ob-

tained in sperm from control individuals (Figures S2

and S3) while FS staining with AKAP4 antibody was unaf-

fected (Figures S2 and S3). Overall, this indicated that the

absence of TTC29 had a strong impact on the positioning

of other axonemal proteins.

Phenotypical Characterization of CRISPR-Engineered

Mice Lacking TTC29 Protein

In mouse, Ttc29 is located on chromosome 8 and contains

14 exons predicting a 471-amino-acid protein (UniProtKB:

Q80VM3; GenBank: NP_898919.3), which share 75% of

identity with human TTC29 protein. Similar to humans,
1154 The American Journal of Human Genetics 105, 1148–1167, Dec
information retrieved from public expression databases

and from the literature46 indicate a strong expression of

Ttc29 in rodent testis and germ cells, which prompted us

to further investigate the mouse ortholog. Using the

CRISPR-Cas9 technique, we generated and characterized

two different mouse lines, Ttc29 L5 and L7, with muta-

tional 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 transla-

tional frameshift and the production of a truncated pro-

tein, if any (Figures S4A and S4C). Heterozygous mutant

animals of L5 and L7 mutant lines were mated to generate

homozygous offspring, which were obtained at the ex-

pected Mendelian frequencies of 26.3% (n ¼ 81) and

22.7% (n ¼ 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 indi-

cated 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,47

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 recov-

ered from the mutant samples (n ¼ 4), thereby formally

excluding the production of a truncated protein, similar

to what was observed in individual TTC29_1 carrying the

c.176þ1G>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 addi-

tion, all stages of germ cells differentiation were observed

within the seminiferous tubules of the testes, indicating

that spermatogenesis occurred normally in those mutant

animals (Figures S5 and S6). Consistent with this, no in-

crease in germ cells apoptosis was detected in seminiferous

tubules of Ttc29 mutant testes (Figure S7) and epididymal

sperm counts 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 disjunc-

tion at midpiece-principal piece junction, a folding con-

cerning this same region and an increase of flagella with

irregular caliber (L5: 7.52% and L7: 6.00% compared to
ember 5, 2019



Table 1. Semen Parameters and Sperm Morphological Defects (Flagellum, Head, and Acrosome) of MMAF-Affected Individuals Carrying Mutations in TTC29

General Semen Characteristics Flagellum Defects Head Defects Acrosome Defects

Volume
(mL)

Total
Sperm
Count (106)

Total
Motility

Progressive
Motility Vitality

Typical
Forms Absent Short Irregular Coiled Bent Tapered Thin

Micro-
cephalic

Macro-
cephalic

Post-
acrosomal Acrosomal

TTC29_1

c.1761þG>A
2.8 16.8 4 1 57 0 15 11 23 10 18 4 55 8 0 31 95

TTC29_2

c.1761þG>A
4 168 10 2 64 0 12 42 60 8 ND 28 12 12 0 34 60

TTC29_3

c.1761þG>A
4,8 91.2 7 2 65 0 30 28 46 14 0 4 4 6 2 15 98

TTC29_4

c.330_
334delGGAGG

3 36 0 0 88 0 8 92 0 0 ND ND ND ND ND ND ND

TTC29_5

c.750C>A
6.5 38 0 0 80 0 0 90 0 0 ND 7 0 0 0 0 0

Reference
limitsa

1.5
(1.4–1.7)

39 (33–46) 40
(38–42)

32 (31–34) 58
(55–63)

23
(20–26)

5 (4–6) 1 (0–2) 2 (1–3) 17
(15–19)

13
(11–15)

3 (2–4) 14
(12–16)

7 (5–9) 1 (0–2) 42
(39–45)

60
(57–63)

Values are expressed in percent, unless specified otherwise. Bold indicates abnormal values. ND, not determined.
aLower and upper reference limits (5th centiles and their 95% confidence intervals) according to the World Health Organization (WHO) standards6 and the distribution range of morphologically abnormal spermatozoa
observed in fertile individuals.13
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Figure 2. Characterization of the Sperm
Morphological and Ultra-structural Pheno-
type of Individual TTC29_1 Carrying the
c.176þ1G>A Mutation
(A) Schorr staining of semen smears
from individual TTC29_1, carrying the
c.176þ1G>A mutation, showing sperm
without normally constituted flagella such
as coiled flagella and flagella of irregular
caliber. Scale bars represent 10 mm.
(B) TEM analysis of spermatozoa from indi-
vidual TTC29_1, carrying the c.176þ1G>A
mutation, showing abnormal flagellum as-
sembly with a reduced mitochondrial
sheath and abnormal axonemal cross sec-
tions with a lack of the central pair. Ac, acro-
some; N, nucleus; M, mitochondria; Ax,
axoneme; FS, fibrous sheath. Black arrows
indicate abnormal structures. Scale bars
represent 1 mm and 100 nm.
(C) Immunofluorescence staining of sper-
matozoa from control and individual
TTC29_1, carrying the c.176þ1G>A muta-
tion, with SPAG6 antibody (in red) and
Tubulin (in green). Cells were counter-
stained with DAPI (blue) as nuclei marker.
Scale bars represent 5 mm.
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 supernu-

merary or missing outer microtubule doublets and global

microtubule disorganization (Figure 3B). Similar to sperm

from individual TTC29_1, we performed immunofluores-

cence 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 la-

bel-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 signif-

icant changes between the two genotypes (Table S7). Over-
1156 The American Journal of Human Genetics 105, 1148–1167, December 5, 2019
all, 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 per-

centages 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 (Figures

4A and 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 move-

ments assessed by the amplitude of lateral head displace-

ment (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 5 0.03 and 5.74 5 0.03, respectively,
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compared to 32.71 5 0.05 for control sperm (mean 5

SEM) (p values < 0.01 and 0.001). Similarly, the fertiliza-

tion index (FI; mean number of male nuclei per oocyte)

of Ttc29 L5 and L7mutant spermwere severely diminished

and of 0.64 5 0.08 and 0.55 5 0.09, respectively,

compared to 1.10 5 0.11 for control sperm (mean 5

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 5 0.65 and 4.00 5

0.71 for Ttc29�/� L5 and L7 males as compared to 6.50 5

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 5

0.48 and 0.67 5 0.21, in comparison with 3.40 5 0.27 for

control males (Figure 4C). Overall, we demonstrated that

in the mouse, Ttc29 homozygous loss of function is associ-

ated withminormorphological and ultra-structural defects

of the sperm flagella while it results in a profound

alteration of sperm flagellar velocity and beating fre-

quency, strongly impairing fertilization, both in vitro and

in vivo.

Localization of TTC29 Ortholog Protein in T. brucei

Flagella

In order to further assess the importance of the TTC29 pro-

tein in flagellar beating, we chose to investigate the locali-

zation and function of its ortholog in Trypanosoma brucei

(T. brucei), a flagellated protozoan, which has largely

contributed to elucidating the molecular pathogeny of hu-

man ciliopathies.48 The T. brucei axoneme is similar to that

of mammalian sperm flagella but its para-axonemal struc-

ture, 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 com-

plex structure connecting with axonemal doublets (4–

7).49 The PFR plays a role in flagellum motility50,51 and

serves as a platform for metabolic and signaling en-

zymes.52–54 By performing BlastP analysis on the T. brucei

genome database55 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 puta-

tive protein. We generated a trypanosome cell line express-

ing a tagged version of the endogenous TbTTC29 protein,

TbTTC29::TY1, and investigated the protein localization by

immunofluorescence on detergent-extracted cytoskeleton

preparations (CSK) (Figures 5 and S10). TbTTC29::TY1 was

found to localize to the flagellum with staining adjoined

to that of the paraflagellar rod protein PFR2. In addition,

TbTTC29::TY1 was labeled at both the old flagellum (OF)

and the new flagellum (NF), even when the latter has not

assembled a PFR structure yet. Our data therefore indicate
nal of Human Genetics 105, 1148–1167, December 5, 2019 1157
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that TbTTC29::TY1 is an axonemal-associated protein,

which localizes along the axoneme from the transition

zone, specifically labeled with anti-FTZC56 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/

RNAiTbTTC29 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 compari-

son with non-induced or parental cells (Figure 6A). In addi-

tion, when performing TEM analysis, the flagella appeared

normal in number and 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, quan-

titative sedimentation assays indicated that after 120 h of

tetracycline treatment, 70% of the RNAi induced cells

had sedimented compared to 30% for the non-induced

cells. Such an increase in sedimentation is directly corre-

lated to defects in flagellar motility and cell mobility,

which we confirmed by video microscopy (Videos S1 and

S2) and mobility tracking (Figure 6F). Overall, this func-

tional 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 andmotility.

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 utilize 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/RNAiTbTTC29

background cell line; thus generating the cell line

TbTTC29::TY1/TbTTC29-Nter::myc/RNAiTbTTC29. In this cell

line the RNAi was designed to specifically target the full-

length TbTTC29 protein with the N terminus 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 RNAiTbTTC29 was found to persist.

However, in contrast to TbTTC29::TY1 that was detected

in the whole cell (WC), the detergent-extracted cell (cyto-

skeleton, CSK), and the flagellum (FG) fractions by means

of western blotting, the TbTTC29-Nter::myc protein was

detected only in the WC fraction (Figure 6D), therefore
ember 5, 2019



Figure 3. Characterization of the Sperm
Morphological and Ultra-structural Pheno-
type of Ttc29�/� L5 and L7 Mutant Mice
(A) Papanicolaou staining of epididymal
sperm from Ttc29�/� L5 and L7 mutant
mice, showing the presence of morpholog-
ical abnormalities (black arrows) such as
flagella bending, flagella of irregular caliber,
and midpiece-principal piece disjunction as
compared with control sperm (WT). Scale
bars represent 10 mm.
(B) TEM analysis of epididymal sperm from
Ttc29�/� L5 and L7 mutant mice, showing
abnormal cross sections of the axoneme
with ectopic peripheral doublets, lack of
the central pair, and global disorganization
of the structure as compared to control
sperm with (9þ2) canonical structure
(WT). Scale bars represent 100 nm.
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 deter-

gent-extracted cytoskeleton preparations (Figures 6E and

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 do-

mains 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.

Structural Analysis of HsTTC29, MmusTTC29, and

TbTTC29 Proteins

High preference for a-helicity in HsTTC29 protein can be

predicted on the basis of its primary sequence, with only

four strong helix-forming residues (alanine, glutamic
The American Journal of Human Genetic
acid, histidine, and leucine) account-

ing for a third of all residues.57,58 In

fact, five tandem helical repeats were

initially identified as TPR domains us-

ing SMART prediction software (aa

182–215, 234–267, 274–307, 314–347,

354–387) (Figure 1). As SMARTanalysis

is only based on primary sequence and

may provide incomplete information

on structural motifs, we performed a

secondary structure prediction59 fol-

lowed by manual alignment of suspect

peptides.41 By doing that, we identified

seven pairs of helices (36–40 amino

acids) compactly disposed throughout

the central part of the protein

sequence, flanked by unpaired N-ter-

minal and C-terminal helices. On the

basis of significant conservation both
within and outside of the consensus TPR sites (4, 7, 8,

11, 20, 24, 27, and 32),41 we hypothesize that HsTTC29

contains up to seven TPRs, which are stabilized by addi-

tional helices that have been referred to as ‘‘capping’’ or

‘‘solubilization’’ helices in the context of TPR proteins60

(Figure S11A). The N-terminal 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 pro-

tein involved in spindle orientation (e.g., PDB: 6HC2) at

18% sequence identity, which features 8 compactly

disposed TPRs with similar poor consensus retention at

the N-terminal repeat,61 thus confirming the identified

TPR domains in HsTTC29. In MsTTC29, which shares

75% of identity (85% of similarity) with HsTTC29, 7 TPR
s 105, 1148–1167, December 5, 2019 1159



Figure 4. Characterization of Sperm Motility and Fertilization Potential of Ttc29�/� L5 and L7 Mutant Mice
(A) Assessment of sperm kinematic movement of Ttc29�/� L5 and L7 mutant mice by CASA, indicating reduced curvilinear velocity
(VCL) and beat/cross frequency (BCF) as compared with controls (WT) while the amplitude of lateral head displacement (ALH)
was found unaffected. Data are represented as the mean 5 SEM p value < 0.05 (*); p value < 0.01 (**); p value < 0.001 (***); non-sig-
nificant (ns).
(B) In vitro fertilization assays with capacitated sperm from Ttc29�/� L5 and L7 epididymes, showing reduced fertilization rates and fertil-
ization index when inseminated with cumulus-intact oocytes and Zona-free oocytes, respectively, as comparedwith control sperm (WT).
The total number of analyzed oocytes is indicated above the histogram of each mouse genotype. Data are represented as the mean 5
SEM p value < 0.01 (**); p value < 0.001 (***); p value < 0.0001 (****). Each experiment was repeated three times.

(legend continued on next page)
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Figure 5. Localization of TTC29 Orthologous Protein, TbTTC29, in T. brucei Flagellar Axoneme
(A) Representative picture of detergent-extracted parental cells immunolabelling, with anti-PFR (red) that labels the para-axonemal par-
aflagellar rod structure and anti-TY1 (green) antibodies, as a negative experimental control.
(B) Representative picture of detergent-extracted TbTTC29::TY1 cell line immunolabelling with anti-PFR (red) and anti-TY1 (green) anti-
bodies, showing axonemal localization of the endogenous recombinant TbTTC29::TY1 at both the old flagellum (OF) and the new flagel-
lum (NF).
(C) Representative picture detergent-extracted TbTTC29::TY1 cell line immunolabelling with anti-FTZC labeling the transition zone (red)
and anti-TY1 (green) antibodies, showing localization of TbTTC29::TY1 from the transition zone to the distal tip of the axoneme. The
mitochondrial genome and the nuclei are stained with DAPI. Scale bars represent 5 mm in main figures and 1 mm in zoom insets. OF
and NF indicated the old flagellum and the new flagellum, respectively.
domains were similarly identified. In TbTTC29, the N-ter-

minal 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 ortho-

logs. 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
(C) In vivo breeding assays of Ttc29�/� L5 and L7 mutant mice with w
and of litters per female (right) over a breeding period of 124 days,
analyzed and the number of female breeders used for each genotype is
Data are represented as the mean 5 SEM p value < 0.05 (*); p value

The American Jour
super-helical structures; such repeats are known to self-

assemble,62 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 (2nd and 1st degree cousins,

respectively) but familial information was not available for

the other three individuals. The presence of the described
ild-type females, showing a reduced number of pups per litter (left)
as compared to control males (WT). The total numbers of litters
indicated at the top of the histograms (left and right, respectively).
< 0.01 (**); p value < 0.001 (***).

nal of Human Genetics 105, 1148–1167, December 5, 2019 1161



Figure 6. Characterization of the Cell Motility Phenotype Induced by TbTTC29 RNAi-Induced Knockdown in T. brucei
(A) Comparative growth curve of parental, non-induced, and RNAi-induced TbTTC29::TY1/RNAiTbTTC29 cells. Inset: Western blot analysis
of RNAi knockdown by immunolabelling of TbTTC29::TY1 at 0, 72, 96, and 120 h of induction with tetracycline. Anti-enolase was used
for loading normalization.
(B) Sedimentation assays at 48 and 120 h post-RNAiTbTTC29 induction. Percentages of sedimentation were normalized to basal levels of
sedimentation in the parental cells.
(C) Comparative growth curves for parental, non-induced, and RNAi-induced TbTTC29::TY1/TbTTC29-Nter::myc/RNAiTbTTC29 cells.

(legend continued on next page)

1162 The American Journal of Human Genetics 105, 1148–1167, December 5, 2019



TTC29 homozygous truncating variants in five seemingly

unrelated individuals is highly suggestive of recessive in-

heritance. Unfortunately, we could not test any other

family members to obtain additional genotype-phenotype

correlation. However, all affected men were conceived

spontaneously from very likely heterozygous fathers (and

mothers) and the fivemutated subjects had at least one sib-

ling. 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 demonstra-

tion 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 pro-

tein, which failed to locate to the axoneme and to rescue

the cell mobility defects induced by silencing the endoge-

nous 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 impor-

tant 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 TPR-containing (TTC) proteins are widely present

from bacteria to humans and are involved in various

important biological processes, such as intracellular trans-

port, vesicle fusion, protein folding, cell cycle, and tran-

scriptional regulation.40 By performing in silico structural

analyses and alignment of human, mouse, and trypano-

some 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 asso-

ciate with cytoplasmic dynein/dynactin that positions the

spindlemicrotubules during cell division.63 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 en-

riched in the intraflagellar transport (IFT) and the BBSome

complexes, both being critical for cilia and flagella assem-
(D) Western blot analysis of TbTTC29::TY1 and TbTTC29-Nter::myc in
flagella fractions (FG), showing the presence of TbTTC29::TY1 in all p
cell fraction. Anti-PFR2 was used as a control for CSK and FG fractio
(E) Representative picture of of TbTTC29-Nter::myc (anti-myc) and of
gent-extracted cytoskeleton preparations, showing the absence of ax
netoplasts and the nuclei are stained with DAPI. Scale bars represent
(F) Mobility graphs obtained frommovies of non-induced (Video S1)
plotted at 0.2 s intervals. Open circle: starting position of each cell.
Bars represent 10 mm. In (A), (B), and (C), data are represented as the

The American Jour
bly.64–67 Accordingly, in humans, some TTC loss-of-func-

tion 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-

affected infertile individuals with truncating mutations

in TTC21A (MIM: 611430), also known as IFT139A, encod-

ing for an IFT-A subcomplex protein.27 So far, no experi-

mental evidences indicating that TTC29 is part of IFT com-

plexes have been reported in humans, but in silico

prediction software (String) identified TTC29 in the func-

tional 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.70 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 ul-

tra-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.71 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 pheno-

type in the three studied models. All TTC29 mutated indi-

viduals 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
protein extracts from whole cells (WC), cytoskeleton (CSK), and
reparations while TbTTC29-Nter::myc is detected only in the whole
ns, anti-enolase was used as a control for the cytosolic fraction.
TbTTC29::TY1 (anti-TY1) immunolabelling on whole cells or deter-
onemal localization for the truncated N terminus protein. The ki-
5 mm.
and RNAiTbTTC29 (Video S2). The positions of individual cells are
Arrowhead: ending position.
mean 5 SEM.

nal of Human Genetics 105, 1148–1167, December 5, 2019 1163



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 or-

tholog, called p44, is a component of IDAs.31 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 hu-

man, mouse, and T. brucei are consistent with a function

of TTC29 in IFT and flagellar beating, in line with previ-

ously published data regarding TTC29 orthologs localiza-

tion and function in Xenopus and Chlamydomonas,

respectively. Further studies using those evolutionarily

distant and complementary study models should help in

precisely defining the molecular mechanisms underlying

TTC29 function in flagella assembly and beating.
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