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A Homozygous Ancestral SVA-Insertion-Mediated Deletion
in WDR66 Induces Multiple Morphological Abnormalities
of the Sperm Flagellum and Male Infertility

Zine-Eddine Kherraf,1,2 Amir Amiri-Yekta,1,2,3 Denis Dacheux,4,5 Thomas Karaouzène,1

Charles Coutton,1,6 Marie Christou-Kent,1 Guillaume Martinez,1,6 Nicolas Landrein,4 Pauline Le Tanno,1

Selima Fourati Ben Mustapha,7 Lazhar Halouani,7 Ouafi Marrakchi,7 Mounir Makni,7 Habib Latrous,7

Mahmoud Kharouf,7 Karin Pernet-Gallay,8 Hamid Gourabi,3 Derrick R. Robinson,4 Serge Crouzy,10

Michael Blum,9 Nicolas Thierry-Mieg,9 Aminata Touré,11,12,13 Raoudha Zouari,7 Christophe Arnoult,1

Mélanie Bonhivers,4,14 and Pierre F. Ray1,2,14,*

Multiple morphological abnormalities of the sperm flagellum (MMAF) is a severe form of male infertility defined by the presence of a

mosaic of anomalies, including short, bent, curled, thick, or absent flagella, resulting from a severe disorganization of the axoneme

and of the peri-axonemal structures. Mutations in DNAH1, CFAP43, and CFAP44, three genes encoding axoneme-related proteins,

have been described to account for approximately 30% of theMMAF cases reported so far. Here, we searched for pathological copy-num-

ber variants in whole-exome sequencing data from a cohort of 78 MMAF-affected subjects to identify additional genes associated with

MMAF. In 7 of 78 affected individuals, we identified a homozygous deletion that removes the two penultimate exons of WDR66 (also

namedCFAP251), a gene coding for an axonemal protein preferentially localized in the testis and described to localize to the calmodulin-

and spoke-associated complex at the base of radial spoke 3. Sequence analysis of the breakpoint region revealed in all deleted subjects

the presence of a single chimeric SVA (SINE-VNTR-Alu) at the breakpoint site, suggesting that the initial deletion event was potentially

mediated by an SVA insertion-recombination mechanism. Study of Trypanosoma WDR66’s ortholog (TbWDR66) highlighted high

sequence and structural analogy with the human protein and confirmed axonemal localization of the protein. Reproduction of the

human deletion in TbWDR66 impaired flagellar movement, thus confirming WDR66 as a gene associated with the MMAF phenotype

and highlighting the importance of the WDR66 C-terminal region.
Introduction

Male infertility is a common reproductive disorder charac-

terized by an extremely heterogeneous pathogeny mostly

due to altered sperm production during spermatogenesis.

Spermatogenesis is a complex process involving three suc-

cessive steps: the mitotic proliferation of spermatogonial

stem cells, the meiotic division of spermatocytes, and

finally spermiogenesis, a key post-meiotic event contrib-

uting to major morphological changes to the spermatids,

such as chromatin compaction, acrosome biogenesis, and

assembly of flagellar structures.1 Transcriptomic analyses

of germ cells has revealed the dynamic transcription of

over 4,000 genes during human spermatogenesis,2 but

the genetic basis of male infertility has so far not been

extensively studied.3 Monomorphic sperm defects, such

as globozoospermia, sperm macrocephaly, headless sper-

matozoa, and multiple morphological abnormalities of
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the sperm flagella (MMAF), have been demonstrated to

be caused by genetic defects affecting several testis-specific

genes.4 For affected men, intracytoplasmic sperm injection

represents a unique option for conception, but significant

efforts should be made to characterize the genetic causes

behind their sperm defects and to better understand the

nature of their molecular alterations.

In this study, we focused on subjects presenting a typical

MMAF phenotype characterized by the presence of immo-

tile sperm with short, bent, coiled, absent flagellum or fla-

gellum with an irregular width (Figure 1). In 2014, our

team first identified pathogenic mutations in dynein

axonemal heavy chain 1 (DNAH1 [MIM: 603332]) in

28% of the MMAF individuals analyzed.5 Recently,

whole-exome sequencing (WES) of 78 MMAF individuals

allowed us to identify bi-allelic mutations in CFAP43 (pre-

viously known as WDR96 [MIM: 617558]) and CFAP44

(previously known as WDR52 [MIM: 617559]) encoding
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Figure 1. Defective Formation of Sperm
Flagella in Individuals with WDR66 Muta-
tions
(A–D) Light-microscopy analysis of sperm
from control (A) and affected (B–D) indi-
viduals reveals MMAF in the individuals.
Scale bars, 10 mm.
(E andF)TEMmicrographsof cross-sections
through sperm cell midpieces. (E) Control
sperm show ahomogeneous ring-likemito-
chondrial sheath (MS) surrounding nine
outer dense fibers (ODFs, arrowheads) and
the central axoneme, characterized by the
typical presence of nine microtubule dou-
blets (MDs, arrows) and two central micro-
tubule singlets (MSs). (F) Representative
sperm from an affected man show a parti-
tioned MS, abnormally positioned and
assembled ODFs andMDs, and the absence
of the MS. Scale bars, 200 nm.
tryptophan-aspartate (WD)-repeat proteins of unknown

functions highly expressed in the testis.6 Mutations in

these genes have also been reported by others7,8 and ac-

count for 20.5% of the MMAF individuals of our cohort.3

Other rarer homozygous missense mutations have been re-

ported in single familial cases of MMAF in CEP135 (MIM:

611423)9 and AK7 (MIM: 615364),10 encoding for a cen-

triolar protein and an axonemal adenylate kinase, respec-

tively. These results highlight the genetic heterogeneity

associated with this phenotype and, importantly, they

indicate that additional genes are likely to be associated

with MMAF.

Copy-number variations (CNVs), structural variants

defined as large insertions, deletions, or duplications of

genomic segments of more than 1 kb,11 are important ele-

ments of human genetic diversity in healthy people12–14

but are also increasingly recognized as an important etiol-

ogy of many human diseases, including neuro-develop-

mental diseases, chronic inflammations, and cancers.15

WES is a cost-effective technique permitting the detection

of pathogenic mutations. Its efficiency at identifying sin-

gle-nucleotide variants (SNVs) and small indels has been

proven countless times. It also has recently been used for

detecting CNVs,16,17 but its performance and limitations

for detecting CNVs are still undefined. We reanalyzed the

WES data from our previously described cohort of 78

sequenced individuals6 by focusing on CNV detection us-

ing ExomeDepth software18 and identified a homozygous

8.4 kb intragenic deletion encompassing WDR66 (also

known as CFAP251 [cilia- and flagella-associated protein

251 (MIM: 612573)]) exons 20 and 21 (out of 22) in seven

individuals. WDR66 encodes a WD-repeat protein prefer-

entially localized in the testis. We characterized the extent

of the deletion at the nucleotide level and concluded that

the deletion was caused by an SVA-insertion-mediated

deletion (SIMD) mechanism.19 Using the Trypanosoma

brucei model, we confirmed the importance of the deleted

region including WDR66. Thus, we demonstrate that,

in addition to the MMAF-associated genes CFAP43 and

CFAP44, WDR66 is also associated with MMAF and
The American
confirm the importance of WD-repeat proteins in human

diseases and especially in male infertility.
Material and Methods

Study Participants
We included 78 subjects who sought treatment for isolated pri-

mary infertility between 2008 and 2016 and presented with asthe-

nozoospermia due to a combination of morphological defects of

the sperm flagella as follows: absent, short, bent, and/or coiled

flagella and/or flagella of an irregular width. Forty-six individuals

were of North African origin and consulted the Clinique des Jas-

min in Tunis for primary infertility. Ten individuals originated

from the Middle East (Iran) and were treated in Tehran at the

Royan Institute (Reproductive Biomedicine Research Center) for

primary infertility, and 22 individuals were recruited in France

(21 at the Cochin Hospital and one at Lille’s hospital). Saliva

and/or peripheral blood were obtained for all participants. During

their medical consultation, all subjects answered a health ques-

tionnaire focused on manifestations of primary ciliary dyskinesia

(PCD). All subjects had an isolated MMAF phenotype and no

mention of any other PCD symptoms. However, ciliary function

could not be examined (in nasal or lung cilia), and we cannot

exclude the possibility that some of the studied individuals could

have a sub-clinical alteration of ciliary function. The detailed

description of the cohort can be found in the report by Coutton

et al.6 Signed informed consent was obtained from all the subjects

participating in the study according to the local protocols and the

principles of the Declaration of Helsinki. The collection was

declared to the French Ministry of Health (DC-2015-2580) and

the French Data Protection Authority (DR-2016-392).

Study of Sperm Morphology, Spermograms, and

Transmission electron Microscopy
Sperm morphology was first analyzed on slides under a micro-

scope after modified Papanicolaou staining. Sperm analysis was

carried out in the source laboratories during the course of the

routine biological examination of the subjects according to World

Health Organization (WHO) guidelines.20 Then, transmission

electronmicroscopy (TEM) assessment was carried out. Sperm cells

from an affected individual with a WDR66 deletion were fixed

in PBS with 4% paraformaldehyde (PFA) for 60 min. They were
Journal of Human Genetics 103, 400–412, September 6, 2018 401



pelleted (1,000 3 g for 10 min) and resuspended in fixation

buffer (2.5% glutaraldehyde, 2% PFA, 100 mM phosphate buffer

[pH 7.4], and 50 mM sucrose) for 2 hr. Fixed cells were washed

in buffer for 10 min, post-fixed in 1% OsO4 for 1 hr, and washed

three times in water, and then samples were stained in 2% uranyl

acetate in water at 4�C overnight. Samples were next washed in

water, dehydrated in ethanol, embedded in Epoxy resin, and poly-

merized for 60 hr at 60�C. Sections were stained with 2% uranyl

and lead citrate and visualized in a transmission electron micro-

scope (JEOL 1200EX). Trypanosomes were prepared for TEM as

above with the exception that they were embedded in Spur resin.

WES and Data Processing
Genomic DNA was isolated from saliva with the Oragen DNA

Extraction Kit (DNA Genotech). Coding regions and intron-

exon boundaries were enriched with the All Exon V5 Kit (Agilent

Technologies). WES and initial data analyses were performed as

described previously.6 CNVs, which had not been analyzed previ-

ously, were analyzed with the ExomeDepth software package.18

We retained only overlapping CNVs found in at least two subjects

and not described as benign in Cathagenia. All data are based on

GRCh37 (UCSC Genome Browser hg19).

RT-PCR and qRT-PCR
qRT-PCRwas performed on a cDNApanel from testis, lung, kidney,

and heart tissues (Clontech) with a StepOnePlus Real-Time PCR

System (Life Technologies) using Power SYBR Green PCR Master

Mix (Life Technologies) according to the manufacturer’s protocol.

Quantification of the fold change in gene expression was deter-

mined by the relative quantification (RQ) method (2�DDCT) with

GAPDH as a reference. Data are shown as the mean RQ5 standard

deviation. Primers are described in Table S1.

Immunofluorescence and Confocal Microscopy on

Human Sperm Cells
Immunostaining was carried out on samples from individuals P7

and P9. Sperm was fixed in PBS and 4% PFA for 7 min. After being

washed in PBS, the sperm suspension was spotted onto slides pre-

coated with 0.1% poly-L-lysine (Thermo Fisher Scientific). After

attachment, sperm was permeabilized with 0.1% (v/v) Triton

X-100-DPBS (Triton X-100, Sigma-Aldrich) for 15 min at room

temperature (RT). Slides were then blocked in 5% normal serum

DPBS (normal goat or donkey serum; GIBCO, Invitrogen) and

incubated overnight at 4�C with primary antibodies. Polyclonal

rabbit anti-WDR66 antibody was purchased from Sigma-Aldrich

and diluted at 1:50. Monoclonal mouse anti-acetylated a-tubulin

antibody was purchased from Sigma-Aldrich and diluted at

1:2,500. The slides were then washed and incubated with second-

ary antibody diluted at 1:800 (Dylight-549-conjugated goat anti-

mouse immunoglobulin G [IgG] and Dylight-488-conjugated

goat anti-rabbit IgG, Jackson ImmunoResearch) and Hoechst

33342 (Sigma-Aldrich) for 1 hr at RT, rinsed, and mounted with

Dako Fluorescence Mounting Medium (Life Technology). Images

were acquired on a Zeiss LSM 710 confocal microscope and pro-

cessed with Zen 2009 software. The list of antibodies used in this

study is provided in Table S2.

Breakpoint Investigation
We conducted a walking PCR approach to get closer to the deleted

fragment. We performed long-range PCR to amplify the CNV

breakpoint junctions and analyzed the product by Sanger
402 The American Journal of Human Genetics 103, 400–412, Septem
sequencing to refine the breakpoints. To investigate the potential

mechanism causing the deletion, we aligned the sequences

around the breakpoints with each other by using the Basic Local

Alignment Search Tool (BLAST) and then analyzed them for

different repetitive elements by using RepeatMasker software.

PCR primers and protocols used for each individual are listed in

Table S3. Sequencing reactions were carried out with BigDye

Terminator v.3.1, sequence analysis was carried out on ABI

3130XL, and sequences were analyzed with SeqScape software

(all Applied Biosystems).
T. brucei Cell Lines, Culture, Transfection, and Western

Blotting
The trypanosome cell lines used in this study were derived from

the parental (wild-type [WT]) procyclic form (PCF) T. brucei 427

29-13 (present in the insect host) and bloodstream form (BSF)

T. brucei 427 90-13 strains (present in the mammalian host),

both co-expressing the T7 RNA polymerase and tetracycline

repressor.21 Cells were cultured, transfected, and cloned as previ-

ously described22,23 in medium supplemented with hygromycin

(25 mg/mL for PCF and 5 mg/mL for BSF), neomycin (10 mg/mL

for PCF and 2.5 mg/mL for BSF), and blasticidin (20 mg/mL for

PCF and BSF) for constitutive translation of 10TY1-tagged proteins

and with phleomycin (5 mg/mL for PCF and 2.5 mg/mL for BSF)

for RNAi-inducible cells. RNAi was induced with tetracycline

(10 mg/mL).

To produce transgenes at their endogenous loci encoding pro-

teins tagged at the C terminus with a 10TY1 tag (TbWDR66TY1
or TbWDR66-DCterTY1), we transfected WT cells with tagging cas-

settes obtained by PCR by using (1) a forward primer containing

80 nucleotides from the 30 end of the TbWDR66 or TbWDR66-

DCter open reading frame (ORF) and a sequence specific to the

pPOTv7-10TY1-neo vector24 to amplify the TY1 tag and (2) a

reverse primer containing 80 nucleotides from the 30 UTR of

TbWDR66 and a sequence specific to the vector to amplify a selec-

tion gene.24 For RNAi, a fragment of the TbWDR66ORF (base pairs

2,719–3,070, corresponding to amino acids 903–1,023 in the

C-terminal domain) was cloned into p2T7tiB25 and transfected

into the TbWDR66TY1 and TbWDR66-DCterTY1 background cell

lines. The primer sequences are presented in Table S4, and a sche-

matic of the constructs is provided in Figure S1. RNAi was induced

by tetracycline (10 mg/mL). For western blotting, samples were pre-

pared and treated as previously described.6
Immunofluorescence of T. brucei Cells
Cells were collected, washed, and processed for immunolabeling

as previously described.3 In brief, cells were pelleted and washed,

loaded on poly-L-lysine-coated slides, and air dried. After rehydra-

tion, cells were fixed and permeabilized in methanol at �20�C,
rehydrated in PBS, and then incubated with primary antibodies

in two steps: (1) anti-TY1 (BB2) followed by Alexa-594-conjugated

anti-mouse IgG1 (Thermo Fisher Scientific, A21125) and (2) anti-

PFR2 (rabbit polyclonal) and anti-tubulin TAT1 mouse IgG2a pri-

mary antibodies followed by anti-rabbit ATTO-N647-conjugated

(Sigma 40839) and anti-mouse IgG2a Alexa-conjugated (Thermo

Fisher Scientific A21131) secondary antibodies. Nuclei and kineto-

plasts were stained with DAPI (10 mg/mL) in epifluorescence exper-

iments. Epifluorescence images were acquired on a Zeiss Imager

Z1 microscope with a Photometrics Coolsnap HQ2 camera equip-

ped with a Zeiss 1003 objective (numerical aperture [NA] 1.4)

and Metamorph software (Molecular Devices) and were analyzed
ber 6, 2018



with ImageJ. Stimulated emission depletion microscopy (STED)

images were acquired on a Leica DMI6000 TCS SP8 X-STEDmicro-

scope with an HC PL APO CS2 1003/1.40 oil objective and de-

convolved with Huygens Pro 16.10. All antibodies used are listed

in Table S5.
Video Microscopy of T. brucei Cells
Video microscopy was carried out as previously described.26 In

brief, BSF cells (WT cells and cells induced with RNAi for 48 hr)

were washed, and cell mobility was recorded by phase contrast

on a Zeiss AxioImager with a 403 objective (NA 1.3). Fifty seconds

of digital video from separate regions was captured and analyzed

withMetamorphoh software (Molecular Devices) and video edited

with ImageJ (setting frame rate was 10 fps).
Electron Microscopy of T. brucei Cells
Cells were fixed in culture medium for 60 min through the addi-

tion of glutaraldehyde to a final concentration of 2.5%. They

were pelleted (1,000 3 g) for 10 min and resuspended in fixation

buffer (2.5% glutaraldehyde, 2% PFA, 100 mM phosphate buffer

[pH 7.4], and 50 mM sucrose) for 2 hr. Fixed cells were washed

in water for 10 min, post-fixed in 1% OsO4 for 1 hr, washed three

times in water, and then en bloc stained in 2% uranyl acetate in

water at 4�C. Samples were next washed in water three times for

15 min, dehydrated in ethanol, embedded in Spurr resin, and

polymerized overnight at 60�C. Sections (50–60 nm) were stained

with UranyLess for 1 min and then washed in water followed by

lead citrate. Sections were visualized on a TECNAI 12 transmission

electron microscope.
Results

Identification of the Identified CNV

Using the ExomeDepth software package,18 we re-analyzed

the WES data obtained from the 78 previously described

MMAF individuals.6 Only one homozygous deleterious

deletion was identified in several subjects and affected

a testis-expressed gene. It was found in seven apparently

unrelated North African individuals and removed

exons 20 and 21 out of 22 of WDR66. The deletion was

found in 7 of the 46 Tunisian MMAF subjects analyzed

here, indicating that in this population, the WDR66 dele-

tion is responsible for 15% of cases. The deletion was not

observed in the subjects recruited at the other centers

(France and Iran). We confirmed the presence of the dele-

tion in all affected individuals by using the Integrative

Genomics Viewer (IGV) (Figure 2A). The presence of the

deletion in the subjects was also confirmed by comparative

genomic hybridization array (Figure S2). Consistent with a

negative selection of homozygotes throughout evolution,

the identified variant was absent from public databases,

including DECIPHER,27 the Database of Genomic Vari-

ants,28 and Copy Number Variation in Disease,29 and was

found only in one heterozygous non-Finnish European

(NFE) from the 60,706 unrelated individuals aggregated

in the ExAC Browser. We note, however, that all affected

subjects were North African, a population that is not well

represented in these databases.
The American
WDR66 Description, Transcript Expression, and Protein

Localization

WDR66, also known as CFAP251, is located approximately

11 Mb from the telomere of 12q (chr12: 122,355,768–

122,441,833 [Ensembl: ENSG00000158023]) and contains

22 exons. Transcription of WDR66 leads to two iso-

forms: T1 (GenBank: NM_144668), which encodes 1,149

amino acids (UniProt: Q8TBY9-1), and T2 (GenBank:

NM_001178003), which encodes 941 amino acids

(UniProt: Q8TBY9-2). Because the deleted exons 20

and 21 are present only in T1, it is important to measure

the expression of both transcripts in tissues of interest to

confirm that T1 is expressed in the testis (Figure 2B). We

therefore measured the expression levels of the transcripts

by performing qRT-PCR in different human tissues by us-

ing specific primers for each isoform. Results showed that

T1 was highly and predominantly expressed in the testis

and moderately expressed in other ciliated tissues (espe-

cially the lung), whereas T2 had negligible expression in

all tested tissues (Figure 2C). These results indicate that

T1, the transcript affected by the identified deletion, is

the main physiological transcript and is highly expressed

in the testis (Figure 2C). In this article, we will therefore

refer to this transcript (Ensembl: ENST00000288912.8)

and to the protein it encodes. The consequence of the dele-

tion on the transcript is c.3007_3337del.

Using the InterPro domain annotation program, we

found that nine WD40-repeat domains are present in

both isoforms T1 and T2, and one calcium-binding EF-

hand domain is present only in isoform T1 in the C termi-

nus (Figure 2D and Table S7), indicating that the activity of

this isoform could bemodulated by calcium. In the protein

encoded by T1 (GenBank: NP_653269), the first amino

acid affected by the identified deletion is predicted to be

amino acid 1,003. Deletion of exons 20 and 21 induces a

frameshift, and translation of exon 22 is predicted to be

incorrect for the first 25 amino acids before a stop codon

is induced 26 nucleotides after the first abnormally coded

amino acid: p.Ile1003Lysfs26. Data on genetic variants

described here are available under accession number

ClinVar: SUB3375641.

We then wanted to determine whether the deleted tran-

script is present in sperm from individuals carrying the

genomic deletion or subjected to mRNA decay. Unfortu-

nately, we could not obtain enough biological material to

perform a reliable RT-PCR. However, mRNA decay has

been shown to be elicited by abnormally long 30 UTRs

and to be more efficient when a premature stop codon is

introduced near the 50 end of the transcript.30 The deletion

identified here removes the two penultimate exons and

creates a new stop codon in the last exon near the tran-

script’s 30 end. We therefore do not expect this mechanism

to be active here. Out of the four commercially available

antibodies, we observed that only one provided a specific

staining (Table S2). This antibody has been raised against

a 101 amino acid epitope overlapping with the subject’s

deletion. We observed that, although the staining was
Journal of Human Genetics 103, 400–412, September 6, 2018 403



Figure 2. Confirmation of the Presence of
theWDR66 Deletion in Affected Individuals
and Validation of Its Effect on mRNA and
Protein
(A) Compared with a control individual
(C1), affected individuals P1 and P2 show
a complete absence of sequence coverage
of exons 20 and 21, as illustrated by IGV.
(B) In humans, WDR66 encodes two tran-
scripts: T1 (Ensembl: ENST00000288912.8;
GenBank: NM_144668), in which 22 exons
code for a 1,149 amino acid protein, and T2
(Ensembl: ENST00000397454.2; GenBank:
NM_001178003), in which 18 exons code
for a 941 amino acid protein. Only T1 is
affected by the identified deletion (black
double arrow).
(C) Relative expression (2�DDCt) of both
transcripts (T1 and T2) was performed on a
human panel of cDNAs from two tissues ex-
pressing 9 þ 2 secondary motile axonemes
(testis and lung) and two tissues expressing
9 þ 0 primary immotile axonemes (kidney
and lung). GAPDH was used as a reference
gene, and the T2 expression level in the
brain was used as a reference sample. Data
are expressed as mean 5 SD.
(D) Representation of WDR66, encoded by
T1. We note the presence of nine WD40-
repeat domains and one calcium-binding EF
hand (a) in the C-terminal extremity. The
first deleted amino acid is number 1,003.
Deletion of exons 20 and 21 induces a frame-
shift. Translation of exon 22 is then incorrect
for the first 25 amino acids (orange line)
before a stop codon is induced26nucleotides
after the first abnormal amino acid. The pro-
tein encoded by the deleted T1 is therefore
expected to stop at amino acid 1,028.
(E) Double immunofluorescence labeling of
WDR66 and a-tubulin in human sperm cells.
In control sperm, the yellow stain resulting
from merged signals indicates the co-locali-
zation of both proteins within the flagellar
axoneme. Typical sperm from affected sub-
jects P1–P3 displayed abnormally shaped
flagella with weak and punctuated WDR66
staining. The images shown are representa-
tive of many cells examined in two indepen-
dent experiments. Scale bar, 10 mm.
weaker than in control sperm, the subject’s short and

abnormal flagella were immunodecorated along the

flagella, suggesting that the truncated protein is present

in the affected subjects and localized to the flagella

(Figure 2E). The intensity of the signal in sperm from

affected individuals is, however, very weak, and in the

absence of a negative control we cannot exclude the possi-

bility that it could be due to non-specific staining and thus

that the protein could be completely absent in subjects

with this deletion.

Breakpoint Characteristics and CNV Mutational

Mechanisms

Then, to unequivocally confirm the exact size and position

of the deletion, we performed a walking PCR approach.

We validated a PCR protocol that specifically amplified a
404 The American Journal of Human Genetics 103, 400–412, Septem
950 bp fragment in affected individuals by using the

primers F1 (located 5,209 bp upstream of exon 20) and

R1 (positioned 1,597 bp downstream of exon 21) (Figures

3A and 3B). As could be expected, the 8,541 bp interval

in control individuals could not be amplified and yielded

no signal, whereas a shorter band (950 bp) was obtained

from all affected individuals (Figure 3C). Sanger analysis

of the PCR sequence covering the breakpoint region

in the affected individuals allowed the characteriza-

tion of the breakpoint at single-nucleotide resolution

(Figure 3D). We observed that the deletion spanned

7,591 bp and exons 20 and 21 of WDR66 were completely

deleted (chr12: 122,432,883–122,440,629). All affected

individuals carried the same deletion with the same

nucleic acid sequence at the breakpoint locus, suggesting

that they had all inherited the same deleted allele from a
ber 6, 2018



Figure 3. Fine Characterization of the Deletion and Theoretical Description of the Initial Deletion Event
(A) Representation in control subjects of part of WDR66 (between exons 19 and 22) and localization of the deletion-specific primers F1
and R1.
(B) Representation of the same region in affected subjects. Detailed analysis of the deleted region withinWDR66 highlights the presence
of a type F SINE-VNTR-Alu (SVA) retrotransposon (SVA-F) positioned at the centromeric border of the identified WDR66 deletion
(orange box).
(C) PCR of the deleted region. In control subjects (C1–C3), F1 and F2 primers are too distant (8,541 bp) and do not yield any amplifi-
cation. PCR amplification with F1 and F2 in affected subjects (P1–P7) permits the amplification of a 950 nucleotide fragment.
(D) Sanger sequencing through the deletion breakpoints permits localization of the exact position of the breakpoints, indicating that a
total of 7,591 nucleotides were deleted. It also highlights the presence of a 165 nucleotide sequence (yellow) inserted at the junction
point.
(E) Blast analysis of the 165 nucleotide inserted sequence shows that an identical sequence (100% identity) is present within an SVA-D
sequence located 400 kb telomeric to SVA-F between exons 5 and 6 of CLIP1 (yellow box).
(F) SVA-D was most likely retrotransposed between WDR66 exons 21 and 22.
(G) An intra-chromatidien non-allelic homologous recombination (NAHR) was then initiated.
(H) The formation of a hybrid SVA-F/SVA-D sequence preceding the WDR66 exon 20 and 21 deletions.
common ancestor. The loss of exons 20 and 21 induces

a frameshift leading to a premature stop codon at the

beginning of the last exon (exon 22). Therefore, the

147 amino acids encompassing the C-terminal region of
The American
the protein (12.8% of the full-length protein) are predicted

to be lost.

To estimate the allelic frequency of this variant and to

confirm that it is not a frequent CNV in the North African
Journal of Human Genetics 103, 400–412, September 6, 2018 405



population, we carried out a multiplex PCR allowing the

co-amplification of the deleted allele (950 bp of product

size) with the normal allele (220 bp), thus including a pos-

itive control in all reactions. A total of 100 North African

individuals were analyzed (Figure S3). None of the tested

control individuals amplified the deletion, indicating

that the variant is also rare (allelic frequency < 1/200)

within the North African population. We then re-analyzed

the whole data from WES analysis (SNPs and indels) of the

78 individuals, but we did not identify any other WDR66

deleterious variants.

To investigate the origin of this complex rearrangement,

we carried out a series of bioinformatic analyses focusing

on the genomic region surrounding the deletion. Clus-

tering the deleted sequence by using RepeatMasker soft-

ware indicated that the deleted region is rich in transpos-

able elements and prone to genomic rearrangements. In

addition, the centromeric breakpoint of the identified

deletion was localized at the exact ending of an SVA_F

retrotransposable element (Figures 3A, 3B, and 3E). Intrigu-

ingly, detailed sequence analysis revealed that in the

affected subjects, the telomeric fragment of this element

(122,432,706–122,432,883) did not perfectly match the

expected SVA-F sequence (Figure S4). Alignment of this

sequence with BLAT showed 100% similarity to a distal

sequence of an SVA-D element (Figure S4) located in

intron 5 of CLIP1, a gene located 400 kb telomeric to

WDR66 (Figure 3E). In control individuals, the abnormal

telomeric end of the WDR66 SVA_F sequence perfectly

matched the reference sequence (GRCh37, UCSC Genome

Browser hg19), indicating that the short SVA_D sequence

observed only in affected subjects was specific to the dele-

tion event andmost likely came from the CLIP1 SVA_D ret-

rotransposable element. We conclude that SVA-Dwasmost

likely retrotransposed into WDR66 intron 21 (Figure 3F)

and initiated non-allelic homologous recombination

(NAHR) with the SVA-F element in intron 19 (Figure 3G)

to induce the formation of a single chimeric SVA-F/

SVA-D sequence, which preceded the WDR66 deletion

(Figure 3H). This indicates that WDR66-SVA-F recombined

at the following localization: 122,432,691–122,432,706.

Such a mechanism has already been observed and has

been described as an SIMD.19

Dating of the Identified Mutation

To compute the age of the deletion, we use the size of the

shared ancestral haplotypes surrounding the WDR66 dele-

tion locus (Table S6); if we assume a recombination rate of

1.30 cM/Mb,31 the size is equal to 0.26 cM. The probability

of observing an ancestral haplotype of size c (measured in

morgans) or larger around the WDR66 deletion is equal to

(1 � c)g, where g is the deletion’s age measured in genera-

tions.32 The probability that the 2n haplotypes carried by

the seven individuals is larger than c is (1 � c)2ng, which

can be approximated by e�2ngc. Therefore, the length of

the shared ancestral haplotype can be approximated by

an exponential distribution of rate 2ng. The parameter g
406 The American Journal of Human Genetics 103, 400–412, Septem
can be estimated by 1/2nL, which provides an estimate

of g ¼ 27 generations. However, Labuda et al. have shown

that dating arising from genetic clock methods is biased

downward because these methods do not account for pop-

ulation expansion.33 To account for an exponential expan-

sion of rate r per generation, the mathematical expression

(1/r)ln(c.er/(er � 1)) should be added to the estimates pro-

vided by genetic clock methods. If we assume that an up-

per bound for the expansion rate is given by the expansion

r ¼ 0.4, as was calculated for the Ashkenazi Jewish popula-

tions,34 the age of the mutation is in the range of 27–43

generations. Given 25 years for the generation time, the

mutation would have then arisen 675–1,075 years ago.

Heterozygous individuals have apparently not been nega-

tively selected, and the deleted allele now seems relatively

frequent in Tunisia given that 7 of the 46 (15%) Tunisian

MMAF subjects analyzed here had a homozygous WDR66

deletion.

Phenotypic Analysis of MMAF Individuals Carrying a

Genomic WDR66 Deletion

The analysis of semen samples from the seven individuals

carrying the samemutation showed normal semen volume

and concentration, although with large inter-individual

variations (Table 1). A total absence of sperm motility

was observed for all individuals carrying the WDR66 dele-

tion (Table 1). Sperm morphology appeared seriously

altered under light microscopy, wherein 100% of sperma-

tozoa were abnormal, as illustrated in Figure 1. The most

common morphological defects observed in the semen

of all individuals concerned the flagellum dimensions

(reduced length and irregular caliber). A high rate

(56%–95%) of acrosomal abnormalities was also observed

in many affected subjects. We compared the sperm param-

eters of individuals with different genotypes (mutations in

DNAH1, CFAP43, CFAP44, and WDR66) but observed no

significant differences among the groups (Table S8).

Because an insufficient number of sperm cells were

collected from the affected individuals, only sperm cells

from one individual carrying the WDR66 deletion could

be analyzed by TEM (Figure 1). Longitudinal sections

showed severe axonemal and peri-axonemal defects

affecting the outer dense fibers (ODFs), the fibrous sheath

(FS), and the mitochondrial sheath (MS), which appeared

completely disorganized, resulting in aborted flagella or

their replacement by a cytoplasmic mass englobing unas-

sembled axonemal components (data not shown). Because

oligo-teratozoospermia was observed in this individual,

fewer than ten cross-sections were of a sufficient quality

for analysis. Among these sections, 100% were abnormal,

and the main defect constantly observed concerned the

axonemal and the peri-axonemal structures, such as the

unassembled FS (Figure 1F).

Functional Study of the T. brucei WDR66 Ortholog

To better characterize WDR66 localization and function,

we decided to use a tractable model organism, which could
ber 6, 2018



Table 1. Semen Parameters of the Seven MMAF Subjects

Affected Subjects

Mean 5 SD
Lower Reference
Limits (WHO 2010)P1 P2 P3 P4 P5 P6 P7

Geographical origin Tunisia Tunisia Tunisia Tunisia Tunisia Tunisia Tunisia – –

Consanguinity yes yes yes yes no yes yes – –

Age (years) 45 54 51 45 31 28 59 44.7 5 10.6 (n ¼ 7) –

Sperm volume (mL) 4 1.8 1.7 2.2 3.4 3 5 3.0 5 1.1 (n ¼ 7) 1.5

Sperm concentration
(million/mL)

11.3 6 56 56 60 7,8 15.5 30.3 5 23.5 (n ¼ 7) 15

Total motility after 1 hr (%) 2 1 5 0 5 5 4 3.1 5 1.9 (n ¼ 7) 40

Vitality (%) 53 80 73 79 62 NA 47 65.6 5 12.6 (n ¼ 6) 58

Normal spermatozoa (%) 0 0 0 0 0 0 0 0 (n ¼ 7) 4

Abnormal acrosome (%) 66 56 56 78 80 NA 95 71.8 5 15.3 (n ¼ 6) –

Abnormal head
morphology (%)

42 10 20 58 8 NA 7 24.1 5 25.1 (n ¼ 6) –

Abnormal base (%) 36 2 32 14 2 NA 3 14.8 5 15.6 (n ¼ 6) –

Absent flagella (%) 31 6 22 50 24 NA 30.5 27.2 5 13.1 (n ¼ 6) –

Short flagella (%) 34 32 59 32 50 NA 25 38.6 5 11.8 (n ¼ 6) –

Coiled flagella (%) 20 17 27 34 8 NA 27 21.1 5 8.3 (n ¼ 6) –

Flagella of irregular caliber (%) 4 68 37 50 68 NA 33 43.3 5 22.1 (n ¼ 6) –

Multiple anomalies index 2.5 2.3 2.7 3.4 2.5 NA 2.56 2.6 5 0.4 (n ¼ 6) –

The following abbreviation is used: NA, not available.
be used for forward and reverse genetics. We chose T. brucei

because this flagellated, pathogenic protozoan is a com-

mon model for studying the function of axonemal pro-

teins and has contributed to elucidating the molecular

pathogeny of human ciliopathies35 and more recently of

MMAF syndrome.6 BLASTp analysis of the T. brucei

genome database36 with the human WDR66 sequence

identified the T. brucei ortholog Tb927.3.1670 (named

TbWDR66 in this study). TbWDR66 is a 1,027 amino

acid protein. The sequence identity calculated with Clustal

Omega37 between the two proteins is 30.55%. Further-

more, alignment of the secondary structures of the human

and T. brucei proteins showed a near-perfect match

(Figure S5 and Table S7), suggesting that the different pro-

tein domains (including the C-terminal domain contain-

ing an EF-hand motif) have preserved their functionality

throughout evolution. Moreover, previous functional

genomics and proteomic studies identified TbWDR66 as

a flagellar protein.38,39 In addition, TbWDR66 is the

Tetrahymena and Chlamydomonas CFAP251 ortholog that

was shown to play a role in building radial spoke 3 (RS3)

in cilia.40

Because the localization and function of WDR66 in the

trypanosome flagellum is currently unknown, we localized

TbWDR66 in BSF (present in the mammalian host)

and PCF (present in the insect host) T. brucei by using

103 TY1-tagged protein and generating T. brucei cell lines

expressing endogenous levels of C-terminal-tagged
The American
TbWDR66 (TbWDR66TY1).
24,41 TbWDR66TY1 was found

in the axoneme in the BSF, as substantiated by double

labeling with antibodies against the paraflagellar rod struc-

ture (PFR) and TY1 (Figure 4A). We also used STED and

triple PFR-tubulin-TY1 labeling, which confirmed the

axoneme localization in the PCF (Figure S6). TbWDR66TY1
signal extended throughout the whole length of the flagel-

lum, as demonstrated by the TY1 labeling preceding the

PFR at the proximal end of the flagellum and along the fla-

gellum up to its distal end (Figure 4A, white boxes).We also

generated BSF and PCF cell lines expressing TbWDR66

without its C-terminal domain (deleted amino acids

907–1,027 [TbWDR66-DCterTY1]), corresponding to the

deletion of exons 20–22 in the human protein, and

showed that the absence of the C-terminal domain did

not affect protein localization (Figure 4A and Figure S6),

similar to our observations in the sperm of affected indi-

viduals with the WDR66 C-terminal deletion.

To evaluate the impact of TbWDR66 knockdown on

flagellar structure and function, we generated a BSF cell

line expressing TbWDR66TY1 and inducible for TbWDR66

by RNAi targeting the sequence encoding the C-terminal

domain (Figure S1). Although RNAi induction did not fully

deplete the amount of WDR66TY1, as shown by immuno-

fluorescence and western-blot detection of the tagged pro-

tein (Figures 4A and 4B), it did lead to a decrease in cell

proliferation compared with that in WT or non-induced

cultures (Figure 4C). More importantly, RNAi induction
Journal of Human Genetics 103, 400–412, September 6, 2018 407



Figure 4. TbWDR66 Is an Axoneme
Protein, and Its C-Terminal Domain Is
Required for Function in BSF Trypano-
some
(A) Control BSF cells (WT) or cells express-
ing TbWDR66TY1 or TbWDR66-DCterTY1
were immunolabeled with anti-PFR
(white) and anti-TY1 (red); anti-TY1 deco-
rates the tagged proteins throughout the
full length of the flagellum. Induction of
RNAi for 48 hr (þRNAi) showed a decrease
in fluorescence intensity of TbWDR66TY1
labeling but not of TbWDR66-DCterTY1
labeling. Nuclei and kinetoplasts (mito-
chondrial genomes) were labeled with
DAPI (blue). Scale bar, 5 mm.
(B) Western-blot analysis of the presence
of TbWDR66TY1 and TbWDR66-DCterTY1
without (NI) and with 24, 48, and 72 hr
of RNAi induction shows a decreased
amount of TbWDR66TY1 (indicated by
the labeling percentage relative to the
non-induced condition), whereas the
amount of translated TbWDR66-DCterTY1
was not affected. Tubulin labeling was
used as loading control.
(C) TbWDR66 RNAi affects cell prolifera-
tion. Shown are growth curves for WT
cells, and RNAi-non-induced or -induced
cells expressing TbWDR66TY1 or
TbWDR66-DCterTY1. Cells were counted
every 24 hr. The graph represents the cu-
mulative number of cells per milliliter. Er-
ror bars represent the standard error from
three independent experiments.
(D) Electronmicroscopy images of thin sec-
tions of a WT cell (a) and a cell expressing
TbWDR66TY1 (b) or TbWDR66-DCterTY1
(c) and induced with RNAi for 48 hr show
that the decreased amount of TbWDR66
induces severe disorganization of the
axoneme and of the paraxonemal struc-
ture, which is not rescued by the presence
of TbWDR66-DCterTY1. Scale bars, 50 nm.
strongly affected flagellar motility, as shown by video mi-

croscopy (Video S1 forWTand Video S2 for cells expressing

TbWDR66TY1 and induced with RNAi for 48 hr). Anecdot-

ally but notably, electron microscopy revealed some

flagellar sections (2%, n > 149) showing a disorganization

of the axoneme with displaced doublet microtubules

(DMTs), a phenotype not observed in the WT control cells

(Figure 4D). Together, these data indicate that TbWDR66

plays an important role in flagellar motility and is also

likely to be involved in axoneme structure, two functions

that are in agreement with what has been described for

CFAP251 in Tetrahymena.40

To assess the role of the TbWDR66 C-terminal domain

in protein function, we generated a cell line expressing

TbWDR66-DCterTY1 and inducible for the RNAi targeting
408 The American Journal of Human Genetics 103, 400–412, September 6, 2018
only the endogenous TbWDR66

(Figure S1B). Cell proliferation was

not affected by the expression of

TbWDR66-DCterTY1 in RNAi non-
induced cells (Figure 4C). As expected, expression and

localization of TbWDR66-DCterTY1 was not affected by

the RNAi as shown by immunofluorescence and west-

ern-blot analyses (Figures 4A and 4B). However, flagellum

motility was impaired similarly to the phenotypes

induced by RNAi in the WDR66TY1 background cell line

(Video S3) demonstrating that expression of TbWDR66

deleted of its C-terminal domain cannot complement

for the downregulation of the full-length TbWDR66.

Further, cell proliferation decrease was slightly stronger

than in the WDR66TY1 background cell line suggesting

that, in the context of a protein complex, presence of a

non-functional protein might be more deleterious than

absence of the protein (Figure 4C). Together, these data

demonstrate that TbWDR66 is involved in flagellum



motility and that its C-terminal domain is required for

protein function.
Discussion

WDR66 Is Involved in Human Male Infertility and

Accounts for 15% of MMAF Cases in Tunisian Men

In the present study, we analyzed 78 MMAF individuals

by combining SNPs and indels with CNV analysis of WES

data and identified a homozygous intragenic deletion en-

compassing exons 20 and 21 of WDR66, which encodes a

WD-repeat protein. We previously showed that two other

WD-repeat proteins (CFAP43 and CFAP44) are responsible

for the MMAF phenotype and account for 20.5% of the

same cohort.6 In this study, we implicate another WD-

repeat protein in 15% ofMMAF subjects from Tunisia, indi-

cating that WDR66 is another important gene for this

phenotype. This suggests that WD-repeat proteins are en-

riched in axonemal and peri-axonemal structures. Interest-

ingly, we observed the exact same deletion in all seven indi-

viduals, all ofwhomwere ofNorthAfricanorigin, indicating

a founder effect. Study of the SNPs present around the

deleted regions confirmed this and showed that all affected

subjects shared an ancestral 0.26 cM haplotype, suggesting

that their common ancestor lived 675–1,075 years ago.
Efficiency of WES to Detect Pathological CNVs and

Importance of SVA Retrotransposons Elements

CNVs are a common cause of disease but until now have

not been explored in WES data in the field of male infer-

tility, particularly the MMAF phenotype. In the current

study, we analyzed WES data by using ExomeDepth soft-

ware, which is based on the assessment of sequencing

read depth. We analyzed the breakpoints to elucidate the

mechanisms underlying the deletion. Results showed a

high density of Alu retrotransposons in the region flanking

the deletion breakpoints, suggesting that this region ex-

hibits a high degree of genomic instability. Interestingly,

we observed a single chimeric SVA element located pre-

cisely adjacent to the centromeric breakpoint, strongly

suggesting that the creation of this abnormal SVA and

the deletion event are the consequence of the same

NAHR between SVA_F in intron 19 of WDR66 and the

SVA_D retrotransposed from intron 5 of CLIP1 to

intron 21 of WDR66. This event resulted in the deletion

of a portion of each SVA element and of the intervening

DNA sequences (Figure 3). This mechanism was previously

described as SIMD.19 SVAs, originally named SINE-R, are

composite transposons that make up 0.2% of the human

genome and represent the youngest and currently the

most active retrotransposable elements of the human

genome.42 SVAs are mobilized by L1 enzymatic machinery

throughout the genome by a ‘‘copy-and-paste’’ mecha-

nism.43 It has been shown that retrotransposition of SVA

elements is a source of insertions, deletions, and rearrange-

ments within the target site and leads to various pathol-
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ogies.44 The spectrum of diseases that have been reported

in relation to SVA transposition, including Marfan syn-

drome, hemophilia B, neurofibromatosis types 1 and 2,

leukemia, and congenital muscular dystrophy, has been

increasing progressively.45–50 In this study, we report a ho-

mozygous CNV that is generated by an SVA transposition

event and causes MMAF, leading to male infertility.

WDR66 Function and the Effect of the Identified

Deletion

The axoneme, the internal cytoskeleton of motile cilia and

flagella, is a highly evolutionary conserved structure that

consists of nine DMTs circularly arranged around the cen-

tral-pair complex of microtubules (9 þ 2 structure).51 The

beating of cilia and flagella is orchestrated by multipro-

tein-ATPase complexes that are located on the peripheral

doublets, which provide the sliding force for sperm

motility. In addition, the sperm flagellum harbors specific

peri-axonemal structures that are not found in other

motile cilia: a helical MS in the midpiece, the FS in the

principal piece (PP), and ODFs in the midpiece and the

proximal part of the PP.52

Previous reports have shown that the WDR66 ortholog

(FAP251) in Chlamydomonas localizes to the CSC (calmo-

duline- and spoke-associated complex) at the base of

RS3.53 The CSC was recently identified as an axonemal

complex that associates the bases of RS2 and RS23 and

the N-DRC (nexin-dynein regulatory complex) and is

involved in the modulation of dynein activity and there-

fore in the regulation of flagellar motility.53 Recent work

in Tetrahymena has shown that, in the absence of

CFAP251, RS3 was either missing or incomplete, and the

protozoa had an altered swimming ability with an

abnormal ciliary waveform.40 Here, we studied the locali-

zation of the WDR66 ortholog in T. brucei and used this

model to confirm the deleterious effect of the identified

deletion. Immunofluorescence and STED microscopy

confirmed that TbWDR66 is an axonemal protein and

that in T. brucei, knockdown by RNAi affects flagellar

structure and motility. We then generated cell lines with

a deletion of the TbWDR66 C-terminal domain, corre-

sponding to the deletion identified in MMAF individuals.

We observed that the absence of the C-terminal domain

did not affect protein localization (Figure 4A and

Figure S6) but severely affected cell mobility, as was

observed for the sperm of affected individuals. This work

confirms that the WDR66 C-terminal domain, which con-

tains a calcium-regulating EF-hand domain, is critical for

maintaining flagellar function probably by regulating

flagellar beating; we also observed that WDR66 plays a

critical structural role, perhaps by consolidating the links

between RS3 and the microtubule doublets.

Impact of MMAF-Related Genes on Flagellar Structure

and Ultrastructure in Mammals and T. brucei

The seven subjects with a partial WDR66 deletion pre-

sented with a classical MMAF phenotype including its
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typical hallmarks: a near absence of motility (3%) and a

high proportion of short (39%), absent (27%), and coiled

(21%) flagella and of irregularly calibrated flagella (43%)

(Table 1 and Figures 1A–1D). These parameters are similar

to those found previously in individuals with mutations

in other MMAF genes, such as DNAH1, CFAP43, and

CFAP44 (Table S8), confirming the relative homogeneity

of the phenotype and underlining its genetic heterogene-

ity. Previous ultrastructural analyses of the sperm flagella

of subjects with mutations in the three initial genes high-

lighted a severe axoneme disorganization particularly

affecting the central-pair microtubules but also the other

doublets and even the extra-axonemal structures. For

instance, we have shown that the absence of DNAH1, a

protein located in the inner dynein arm facing RS3 (and

thus a putative partner of WDR66), induces a strong

disorganization of the axonemal structure. Similarly, the

absence of CFAP43 and CFAP44, two proteins playing a

role in the interaction between the axoneme and peri-

axonemal structures, leads to a strong disorganization

of the axonemal structure in human and mouse sperm.

Here, we showed that the absence of a functional

WDR66 also induces a spectacular disorganization of

the flagellar ultrastructure (Figure 1 E). Interestingly, we

observed that the level of flagellar disorganization was

much more pronounced in human and mouse sperm

than in a flagellate protozoan depleted of theMMAF ortho-

logs (as illustrated by the study of CAFAP43, CFAP44, and

WDR66 orthologs in T. brucei). In the studied mammals,

the absence of these axonemal proteins seemed to have

a profound destabilizing effect during flagellar growth

whereby it induced the different morphological anomalies

described above, including malformations of the FS and

other peri-axonemal structures. The lack of structural

defects in T. brucei could indicate that axonemal growth

and intraflagellar transport (IFT) are more resilient in the

parasite, suggesting that IFT differs between sperm and

parasite flagella. Moreover, in T. brucei the flagellum is

attached to the body of the parasite, and we can speculate

that the axoneme is not subjected to the same constraints

during flagellar formation, thus perhaps also explaining

the absence of marked ultrastructural alterations.

Overall, we have shown that the deletion of the

WDR66 C-terminal domain is a common genetic cause

of male infertility in Tunisian men affected by MMAF.

This finding highlights the importance of this domain

and of WDR66 for flagellar structure, assembly, and

beating. We confirmed that WES is efficient at identifying

small CNV events (here, a deletion of two exons) and

could eventually replace or at least complement conven-

tional microarray analysis. Importantly, as previously

observed for CFAP43 and CFAP44, we showed the high

level of conservation of flagellar proteins between hu-

mans and T. brucei, confirming that this organism is an

excellent model for investigating the molecular function

and pathogeny of genes associated with flagellar dysfunc-

tion in humans.
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