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Ricardo Gutiérrez, Buenos Aires, Argentina 9Foundation for Research in Genetics and Endocrinology, Institute of Human Genetics,
Ahmedabad, India

*Correspondence address. Biosciences Institute, Faculty of Medical Sciences, Newcastle University, Newcastle upon Tyne NE1 4EP, UK.
E-mail: joris.veltman@newcastle.ac.uk

Submitted on August 14, 2020; resubmitted on March 30, 2021; editorial decision on April 7, 2021

STUDY QUESTION: What are the causative genetic variants in patients with male infertility due to severe sperm motility disorders?

SUMMARY ANSWER: We identified high confidence disease-causing variants in multiple genes previously associated with severe sperm
motility disorders in 10 out of 21 patients (48%) and variants in novel candidate genes in seven additional patients (33%).

WHAT IS KNOWN ALREADY: Severe sperm motility disorders are a form of male infertility characterised by immotile sperm often in
combination with a spectrum of structural abnormalities of the sperm flagellum that do not affect viability. Currently, depending on the clin-
ical sub-categorisation, up to 50% of causality in patients with severe sperm motility disorders can be explained by pathogenic variants in
at least 22 genes.

STUDY DESIGN, SIZE, DURATION: We performed exome sequencing in 21 patients with severe sperm motility disorders from two
different clinics.

PARTICIPANTS/MATERIALS, SETTING, METHOD: Two groups of infertile men, one from Argentina (n¼ 9) and one from
Australia (n¼ 12), with clinically defined severe sperm motility disorders (motility <5%) and normal morphology values of 0–4%, were
included. All patients in the Argentine cohort were diagnosed with DFS-MMAF, based on light and transmission electron microscopy.
Sperm ultrastructural information was not available for the Australian cohort. Exome sequencing was performed in all 21 patients and
variants with an allele frequency of <1% in the gnomAD population were prioritised and interpreted.

MAIN RESULTS AND ROLE OF CHANCE: In 10 of 21 patients (48%), we identified pathogenic variants in known sperm assembly
genes: CFAP43 (3 patients); CFAP44 (2 patients), CFAP58 (1 patient), QRICH2 (2 patients), DNAH1 (1 patient) and DNAH6 (1 patient). The
diagnostic rate did not differ markedly between the Argentinian and the Australian cohort (55% and 42%, respectively). Furthermore, we
identified patients with variants in the novel human candidate sperm motility genes: DNAH12, DRC1, MDC1, PACRG, SSPL2C and TPTE2.
One patient presented with variants in four candidate genes and it remains unclear which variants were responsible for the severe sperm
motility defect in this patient.

LARGE SCALE DATA: N/A

LIMITATIONS, REASONS FOR CAUTION: In this study, we described patients with either a homozygous or two heterozygous
candidate pathogenic variants in genes linked to sperm motility disorders. Due to unavailability of parental DNA, we have not assessed the
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frequency of de novo or maternally inherited dominant variants and could not determine the parental origin of the mutations to establish in
all cases that the mutations are present on both alleles.

WIDER IMPLICATIONS OF THE FINDINGS: Our results confirm the likely causal role of variants in six known genes for sperm
motility and we demonstrate that exome sequencing is an effective method to diagnose patients with severe sperm motility disorders
(10/21 diagnosed; 48%). Furthermore, our analysis revealed six novel candidate genes for severe sperm motility disorders. Genome-wide
sequencing of additional patient cohorts and re-analysis of exome data of currently unsolved cases may reveal additional variants in these
novel candidate genes.
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Introduction
The presence of motile sperm is an absolute requirement for male
fertility in all mammals. The sperm flagellum is a modified motile cilium
and structural and functional deficiencies of this structure are fre-
quently associated with male infertility (Toure et al., 2020). A normal
human sperm tail is composed of a central axoneme consisting of nine
peripherally arranged doublet microtubules encircling a central pair
(Fig. 1). Each peripheral doublet projects towards the next doublet in
a clockwise direction, via the presence of outer and inner dynein arms
(ODAs and IDAs), which are the key effector structures underpinning
sperm motility. The absence of ODAs and/or IDAs of respiratory cilia
and sperm flagella in men leads to sperm immotility and chronic respi-
ratory disease in a syndrome collectively known as primary ciliary dys-
kinesia (PCD, Afzelius et al., 1975; Rebbe and Pedersen, 1975;
Rossman et al., 1981). Key to axoneme function and PCD causality
are the dynein complexes within the IDA and ODA, which are
ATPases responsible for microtubule sliding within the axoneme of the
sperm tail and respiratory cilia. Consistent with the assembly of the
sperm tail in a distinct cytoplasmic lobe devoid of protein translation,
the loss of function of genes associated with protein transport can
lead to sperm motility defects in animal models, spanning all aspects of
sperm ultrastructure (Pleuger et al., 2020).

Within the broad spectrum of sperm immotility disorders, a range
of pathological sub-types exist. In 1987, Chemes et al. introduced the
term dysplasia of the fibrous sheath (DFS) to describe a distinct form
of human sperm pathology involving axonemal and peri-axonemal
structures. This condition can be familial, suggesting a genetic aetiology,
and/or can be associated with chronic respiratory disease due to dy-
nein deficiency, suggesting a genetic link as well as a mechanistic over-
lap with PCD (Afzelius et al., 1975; Baccetti et al., 1981; Chemes et
al., 1987; Chemes et al., 1990; Chemes et al., 1998; Rawe et al.,
2002). In 2014, Ben Khelifa et al. introduced the term multiple mor-
phological abnormalities of the sperm flagellum (MMAF) to describe a
similar combination of sperm phenotypes (Ben Khelifa et al., 2014).
Whilst the phenotypes identified as DFS and MMAF are overlapping,
the main differences reside in the significance put on short and thick
tails (‘stumpy tails’) due to the fibrous sheath disorganisation and asso-
ciated axonemal anomalies (DFS), and on the relevance given to a lack
of the central pair of microtubules or dynein arms (MMAF). In the

present paper, we will use the term spectrum of severe sperm
motility disorders to include both DFS and MMAF but also the more
general description of patients with non-syndromic severe astheno-
teratozoospermia.

Unbiased next-generation sequencing methods such as exome se-
quencing have proven critical in the discovery of the genetic causes un-
derlying severe sperm motility disorders, including variants in Dynein
Axonemal Heavy Chain 1 and 6 (DNAH1 and DNAH6) (Ben Khelifa et
al., 2014; Tu et al., 2019), Cilia And Flagella Associated Protein 43 and
44 (CFAP43 and CFAP44) (Tang et al., 2017) and Glutamine Rich 2
(QRICH2) (Shen et al., 2019). Studies in the past 6 years have associ-
ated variants in at least 22 genes with severe sperm motility defects
and demonstrated that, indeed, a large portion of these defects are
genetic in origin (Supplementary Table SI). Currently 30–60% of all
DFS-MMAF cases can be explained genetically (Toure et al., 2020). In
the present study, we aimed to determine the diagnostic value of the
currently known sperm motility genes in different clinical cohorts of
patients with severe sperm motility defects using an unbiased exome
sequencing approach. This also allowed us to identify novel candidate
genes involved in sperm morphology and motility.

Materials and methods

Patients and sample collection
The current study included two groups of patients, one from
Argentina and a second from Australia. All patients were informed of
the nature of the study and gave informed consent before collection
of blood samples. The collection of samples in Argentina was ap-
proved by the Ethics Review Board of Centro de Investigaciones
Endocrinológicas, National Research Council, Buenos Aires, Argentina.
The collection of samples in Australia was approved by the human
ethics panels at three sites: Monash Surgical Private Hospital (Clayton),
Monash Medical Centre and Monash University, Australia.

Nine males from Argentina were included, who presented with pri-
mary infertility due to severe sperm tail defects and very low motility
or immotile sperm (Table I). In addition to the standard semen analy-
sis, their sperm were examined by electron microscopy. All patients
were characterised as having a typical DFS-MMAF phenotype
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(Chemes et al., 1987, 1998). ARG5 has a non-twin brother with DFS,
while ARG7 and ARG8 have suffered from chronic respiratory disease
and sinusitis since early childhood. ARG6 had a combination of DFS-
MMAF with ‘acephalic spermatozoa’, a phenotype derived from a
faulty development of the sperm head-tail attachment (Rawe et al.,
2002, Moretti et al., 2011).

In the Australian group, 12 males were recruited following assess-
ment of their semen samples via WHO criteria (World Health
Organization, 2010). All presented with infertility due to severe asthe-
nozoospermia and a high percentage of abnormal forms, based on
light microscopy as reported by the clinical andrology laboratory
(Table II). Specifically, these men had sperm motility values <5% and

normal morphology values of 0–4%. Patient AUS3 had a history of
chronic sinus congestion with productive cough, suggestive of a ciliary
defect. Patient AUS3 also experienced respiratory distress of pre-
sumed, but unexplored, environmental origin.

All 21 patients provided a venous blood sample from which DNA
was extracted and kept at �80�C until analysis.

Transmission electron microscopy
As indicated above, in addition to the standard semen analyses, an ali-
quot of fresh semen from each of the Argentinian patients was proc-
essed for transmission electron microscopy (TEM) according to the

Figure 1. Structure of the tail of a normal human spermatozoon. Upper panel: schematic drawing of a normal human spermatozoon
showing three consecutive sections along the length of the tail: middle piece, principal piece and end piece. Transversal lines along its length mark the
level of the cross sections displayed in the schematic panel drawings (middle panel) and the electron microscope images (lower panel): (A) mid piece,
(B) proximal principal piece, (C) distal principal piece and (D) higher magnification detail of the axoneme. Panel A: schematic drawings and sections
of the mid piece: circumferential to the axoneme there are nine outer dense fibres (o) each associated to the corresponding peripheral pair. They are
surrounded by a helically arranged mitochondrial sheath (MS). At the proximal principal piece (Panel B) mitochondria are replaced by the Fibrous
Sheath (FS), which is organised in two longitudinal columns (*) that replace outer dense fibres 3 and 8 and are joined by transverse hemi-circumferen-
tial ‘ribs’ (FS). At the distal principal piece (Panel C) all outer dense fibres disappear and the axoneme is only surrounded by the Fibrous Sheath.
Panels D: higher magnification details of three peripheral doublet microtubules (PD) projecting in a clockwise direction toward the next PD OA and
IA dynein arm, and radial spokes (**) towards the central pair. Magnification bars: (A) 150 nm, (B) 140 nm, (C) 104 nm, and (D) 26 nm.
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..methods previously described (Chemes et al., 1987, 1998). Briefly,
within 30–60 min after ejaculation, when liquefaction was complete,
samples were diluted in phosphate buffer. After centrifugation pellets
were fixed in situ with EM grade glutaraldehyde in phosphate buffer,

followed by post-fixation with osmium tetroxide. Sperm pellets were
dehydrated followed by infiltration in propylene oxide-epon-araldite
mixture, embedded and subsequently polymerised in pure Epon-
Araldite (Pelco International, Fresno, CA, USA). Thin sections

............................................................................................................................................................................................................................

Table I Light and electron microscopy characteristics of spermatozoa in patients of the Argentinean cohort.

Sample Shape
of tails

Motility:
total/

translative

Fibrous
sheath

thickening

Axoneme** Dynein
arms

Mid
piece

anomaly

Extension
ODFs 3 and 8

Observations

ARG1 Stump* 2/1 Present 8þ 0 Present Present Present Oligozoospermia

ARG2 Stump 0 Present 9þ 0 NE Present Present Oligozoospermia

ARG3 Stump 0 Present 9þ 0

9þ 2

NE Present Present –

ARG4 Stump NE Present NE NE NE NE Astheno-teratozoospermia.

ARG5 Stump 0 Present 9þ 0 Partial absence NE NE Brother with DFS

ARG6 Stump 0 Present 9þ 0 Present Present Present Combined with acephalic sperm

ARG7 Stump 0 Present 9þ 2 Present Absent Absent Chronic respiratory disease

ARG8 Stump 0 Present 9þ 1 þ 1*** Absent Partial Partial (?) Chronic respiratory disease

ARG9 Stump 0 Present TAD Absent NE NE Oligozoospermia

*Stump tails: short, thick, of irregular outline.
**Axoneme: 1st digit: number of peripheral doublets, 2nd digit: number of central microtubules.
***9 peripheral doublets þ 1 centrally translocated peripheral doublet þ 1 central microtubule.
NE, not evaluated because of technical limitations; TAD, Total Axonemal Disruption.
Mid piece anomaly: Short or absent mid pieces due to lack of annulus migration.
Extension ODF 3 and 8: ODF 3 and 8 abnormally extended beyond the mid piece.

............................................................................................................................................................................................................................

Table II Spermiogram and clinical outcome of Australian cohort.

Sample Concentration
(x106/ml)*

Motility
(% motile)*

Morphology
(% abnormal)*

Additional relevant clinical notes Fertility outcome
after ART treatment

AUS1 120 4 95 NA

AUS2 20 1 94 NA

AUS3 5 5 94 Chronic sinus congestion
with productive cough

3 ICSI cycles

2 transferred

0 pregnancies

AUS4 29 0 91-95 NA

AUS5 15 2 98 NA

AUS6 12 0 98 NA

AUS7 12 3 96 NA

AUS8 0.5 1 97 2 ICSI cycles

2 pregnancies

AUS9 45 0 100 Presumed smoker’s
cough. Hematuria

NA

AUS10 0.1 0 98

AUS11 8.8 5 99 2 ICSI cycles

1 pregnancy

AUS12 1 4 100 10 ICSI cycles

1 foetus loss at 20 weeks

2 pregnancies

*Reference values for normozoospermia according to the World Health Organization: �15 � 106 sperm per ml; �40% motility (progressive motility and non-progressive motility);
�4% normal forms.

4 Oud et al.
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exhibiting silver to pale golden interference colours were obtained
using a Pelco diamond knife in a RMC-7000 ultramicrotome. These
sections were mounted on 300 mesh copper grids, double-stained
with uranyl acetate and lead citrate, and studied and photographed in
a Zeiss 109 electron microscope (Zeiss Oberkochen, Jena, Germany).

Whole exome sequencing
Samples of 100 ng high-quality genomic DNA, measured with Qubit
dsDNA HS kit (Invitrogen, Carlsbad, CA, USA), were used for whole
exome target capture using Illumina’s TruSeq Rapid Exome Capture
kit (Illumina, San Diego, CA, USA), according to the manufacturer’s
protocol. Sample libraries were dual indexed using Illumina’s Nextera
i7 and i5 primers (Illumina, San Diego, CA, USA). Pooled libraries
were sequenced on the NextSeq 500 platform for the Argentinian co-
hort (Illumina, San Diego, CA, USA) and the NovaSeq 6000 platform
for the Australian cohort (Illumina, San Diego, CA, USA). Paired-end
sequencing of 150 bp was carried out at an average sequencing depth
of 100� per sample. Whole exome sequencing was carried out at the
Genomics Core Facility, Biosciences Institute, Faculty of Medical
Sciences, Newcastle University, UK.

FASTQ files were aligned against the human reference genome
(hg19/GCRh37) using Burrows Wheeler Aligner (BWA MEM 0.7.12)
to generate BAM files. Picard toolkit v1.90 was used to mark PCR
duplicates and SAMtools v1.6 was used to sort and index BAM files.
Genome Analysis Toolkit (GATK) v3.4.46 was used to perform base
quality score recalibration and variant calling to generate gVCF file con-
taining SNVs and small indels for each sample. All gVCF files were
annotated using Ensembl’s Variant Effect Predictor (VEP v92)
tool. Homozygosity calling was performed using RareVariantVis
(Stokowy et al., 2016) and regions of > 1 000 000 bp and a percent-
age of homozygosity larger than 85 (perc_HMZ >85) were classified
as stretches of homozygosity.

Variant filtering, prioritisation and
validation
For variant filtering and prioritisation, we focused on variants present
in exons and canonical splice sites. Variants were excluded from
downstream analysis if they did not meet all of the following criteria:
(a) variant was more than five reads covering the locus; (b) variant
was present in more than 15% of reads covering that locus; and (c)
variant had an allele frequency of <1% in the gnomAD database
(https://gnomad.broadinstitute.org), dbSNP (https://www.ncbi.nlm.
nih.gov/SNP/) and our internal database. Variants were classed as
homozygous if the variant allele was detected in >85% of all reads
covering the locus and heterozygous if the variant allele was detected
in >15% and <85% of all the reads covering the locus. Following filter-
ing, variants were prioritised based on the following criteria: (a) var-
iants present in known or candidate severe sperm motility disorder
genes (AK7, AKAP4, ARMC2, CEP135, CFAP43, CFAP44, CFAP58,
CFAP65, CFAP69, CFAP70, DNAH1, DNAH2, DNAH6, DNAH17, DZIP1,
FSIP2, MAATS1, QRICH2, SPEF2, TTC21A, TTC29 and WDR66); (b)
genes which were mutated in multiple patients; (c) homozygous var-
iants which were present in homozygosity stretches of >1 Mb in
length; (d) genes which were reported as having elevated mRNA ex-
pression in testis, which is available from the Human Protein Atlas

database version 19.1 (https://www.proteinatlas.org/humanpro
teome/tissue/testis); (e) genes which interact with known sperm mo-
tility or cilia related genes in the STRING database version 11.0
(https://string-db.org); and (f) genes which present infertility or
astheno-teratozoospermia phenotypes as reported in the Mouse
Genomics Institute database (http://www.informatics.jax.org); data-
base last accessed on 8 November 2019 or elsewhere in the
literature.

Candidate variants were classified according to the guidelines of the
American College of Medical Genetics using five classes: benign (Class
1), likely benign (Class 2), variant of unknown significance (Class 3),
likely pathogenic (Class 4) and pathogenic (Class 5) (Richards et al.,
2015) using the software program Alamut Visual version v.2.13.
Missense pathogenicity prediction was performed by Align GVGD,
SIFT, MutationTaster and PolyPhen-2 and splicing prediction was per-
formed as described previously (Houston et al., 2020). Variants on
chromosome X were classified as (likely) benign if the allele frequency
in men exceeded 0.05% in any population described in gnomAD.
Candidate variants following filtering and prioritisation were visually
inspected in the IGV browser (http://software.broadinstitute.org/soft
ware/igv/) to evaluate variant quality. Lastly, candidate variants were
validated using the conventional Sanger sequencing approach according
to the standard protocols.

Control cohort of proven fathers
To assess the frequency of all variants prioritised in our analysis, we
used a control cohort of 5784 proven fathers as described previously
(Wyrwoll et al., 2019). Detailed information regarding child conception
was unavailable for these men, but they likely reflect the normal popu-
lation of fathers in the Netherlands. Currently, approximately 1 in 33
children in the Netherlands is conceived through any form of IVF, ICSI
or transfer of previously frozen embryos, and 1 in 98 is conceived
through ICSI alone as reported by the Dutch Society for Obstetrics
and Gynecology (https://www.degynaecoloog.nl/nuttige-informatie/
ivf-resultaten/).

CNV analysis
CNVs were detected from the exome sequencing data using a custom
GATK4-based pipeline. This workflow exploits the GATK4 sequence
read-depth normalisation (McKenna et al., 2010) and a custom R-
based segmentation and visualisation. The CNVs identified were anno-
tated with AnnotSV3 (https://lbgi.fr/AnnotSV/). Due to low quality
of the CNV data, samples from ARG5, ARG3 and AUS9 were ex-
cluded from the analysis. The common CNVs identified in more than
1% of the samples of the Database of Genomic Variations were ex-
cluded. For the rare and large CNVs encompassing � 20 sequencing
probes, the Log2Ratio plots were manually inspected and the genes in-
volved were investigated to find any linked to spermatogenesis and
testis function. A panel of known primary ciliary dyskinesia genes com-
prehensive of 32 (described in Takeuchi et al., 2020) as well as the
known or candidate severe sperm motility disorder genes reported in
Supplementary Table SI were used to screen the genes involved in all
of the CNVs detected.

Novel candidate genes in severe sperm motility disorders 5
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Results

Sperm phenotype under light and electron
microscopy
Sperm from all men in the Argentinian cohort exhibited the DFS-
MMAF phenotype, as verified at a light and electron microscopic level
(Table I and Fig. 2). The main features of this phenotype include se-
vere astheno-teratozoospermia (<5% motility) or total immotility
(Table I). Most spermatozoa present with short, thick and irregular
tails (‘stump tails’, Fig. 2A, C and D). There are occasional sperm
heads with absent flagella. Ultrastructural examination shows serious
architectural disruptions. Thick and short stump tails are packed by
disorganised thick filaments corresponding to the ribs of the fibrous
sheath and the axonemes depict serious distortions such as partial to
complete lack of the central pair (9þ 0 configuration, Fig. 2E and F).
Dynein arms (inner or both) are frequently absent from the axoneme
peripheral doublets (Fig. 2G, I and J) and, on occasions, the axoneme
is completely disrupted (Fig 2I and J). Outer dense fibres 3 and 8 are
abnormally extended to the sperm tail principal piece (Table I and
Fig. 2E and G). As a consequence of failed caudal migration of the an-
nulus, mitochondria do not assemble properly and the mid piece is
missing or substantially reduced to very few mitochondria (Fig. 2A, C
and D). Semen samples from the Australian cohort were examined
following the WHO 2010 criteria for semen analysis (World Health
Organization, 2010) and were characterised as severe astheno-terato-
zoospermia (Table II).

Exome sequencing in patients with severe
sperm motility disorders
Exome sequencing revealed an average of 92 504 variants per patient
(Supplementary Table SII). Since severe sperm motility disorders typi-
cally follow an autosomal recessive inheritance pattern, we focussed
our analysis on compound heterozygous and homozygous variants,
supplemented with an analysis of X and Y-linked variants. After exclu-
sion of false-positive variant calls and variants classified as (likely) be-
nign according to the ACMG guidelines, we identified an average of
five variants in each patient for further consideration (Supplementary
Tables SII and SIII). Parental data were not available to confirm com-
pound heterozygosity of the heterozygous variants. CNV analysis was
performed in all patient exome data, but no clinically relevant CNVs
were detected.

In 10 out of 21 patients (47.6%), we found homozygous or 2 het-
erozygous high confidence disease causing variants in genes previously
associated with severe sperm motility disorders (Table III and
Supplementary Table SIII): CFAP43 (3 patients: ARG2, AUS8 and
AUS9); CFAP44 (2 patients: ARG6 and ARG9), CFAP58 (1 patient:
ARG5), QRICH2 (2 patients: AUS5 and AUS12), DNAH1 (1 patient:
AUS2) and DNAH6 (1 patient: ARG3). The homozygous variants
found in ARG5, AUS8, AUS9 and AUS12 were each located in a re-
gion of homozygosity indicating consanguinity (Supplementary Table
SIV). None of the variants were found to be present as homozygous
in a control cohort of 5784 proven fathers (Supplementary Tables SI
and SV).

Novel candidate genes for severe sperm
motility disorders
Expanding the analysis to consider putative variants in genes not previ-
ously associated with human astheno-teratozoospermia, revealed a to-
tal of 71 variants in 53 genes in the remaining patients (Supplementary
Tables SII and SIII). After assessing the predicted pathogenicity of the
variant, gene expression pattern in the testis, protein–protein interac-
tions, relevant animal models and previous publications found in
PubMed, we classified an additional 11 genes in seven patients as novel
or possible candidate gene for a severe motility disorder. All other var-
iants were classified as unlikely to be disease causing (Supplementary
Table SIII).

From the Argentinian cohort, ARG1, a patient with typical DFS-
MMAF features and no reported symptoms of PCD, carried two het-
erozygous variants in Dynein Axonemal Heavy Chain 12 (DNAH12)
(c.5393T>C; p.(Phe1798Ser) and c.7438C>T; p.(Pro2480Ser))
(Table III). DNAH12 expression is restricted to the ciliated cells in the
brain, fallopian tube, lung and testis (Dumur et al., 1990). The variant
allele frequency of these two variants is very similar in control popula-
tions, indicating that they are present on the same allele and may thus
not be compound heterozygous. It remains unclear whether variants
in DNAH12 cause DFS-MMAF in this patient. ARG4, carried a homo-
zygous nonsense variant (c.369T>A; p.(Tyr123*)) in Parkin Co-regu-
lated (PACRG) (Table III), which has not been described before in
public databases such as gnomAD. The variant likely results in non-
sense-mediated decay of PACRG mRNA. Lastly, in patient ARG7, a
man with DFS-MMAF in combination with chronic respiratory disease,
we identified two heterozygous nonsense variants (c.238C>T;
p.(Arg80*)) in exon 2 and (c.352C>T; p.(Gln118*)) in exon 3 in
Dynein Regulatory Complex Subunit 1 (DRC1) (Table III). DFS-MMAF
patient ARG8 carried variants in multiple candidate genes previously
associated with ciliated cell development: DNAH6, ATP2B4, CEP350
and CEP290.

The Australian patient AUS4 carried a homozygous missense variant
(c.634C>T; p.(Arg212Trp)) in Signal Peptide Peptidase Like 2C
(SPPL2C) (Table III). Patient AUS7 carried a homozygous nonsense
variant (c.715C>T; p.(Gln239*)) in Transmembrane Phosphoinositide
3-Phosphatase and Tensin Homolog 2 (TPTE2), which has a highly tes-
tis enriched expression pattern. Finally, we identified two heterozygous
nonsense variants (c.472C>T; p.(Gln158*) in Exon 3 and c.2134C>T;
p.(Gln712*) in Exon 7) in Mediator of DNA Damage Checkpoint 1
(MDC1) in patient AUS11, who suffered from mild oligozoospermia
combined with astheno-teratozoospermia (Table III). In humans,
MDC1 is detected in all tissues but is most strongly expressed in the
testis (Uhlen et al., 2010; GTEx Consortium, 2015).

Analysis of homozygous loss-of-function
variants in proven fathers
In our analysis of 21 patients, we identified four patients with a homo-
zygous loss-of-function (LoF) variant in a gene known to be required
for normal sperm tail assembly and function. Given the large number
of genes involved in sperm tail assembly, we assessed whether se-
quencing a control cohort of 5784 proven fathers would result in a
similar number of homozygous LoF variants. In all 22 known sperm tail
assembly genes as well as the 6 new candidate genes, one homozy-
gous LoF carrier was identified among the 5784 proven fathers
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.. (Supplementary Tables SI and SV). This variant was
(NM_001039706.2: c.992del; p.(Gly331Alafs*6)) in Cilia And Flagella
Associated Protein 69 (CFAP69).

Discussion
With the recent application of exome sequencing to previously unex-
plained individuals with severe sperm tail assembly disorders, variants
in at least 22 genes have now been implicated in the spectrum of mo-
tility disorders due to tail abnormalities (Supplementary Table SI). In
this study, we set out to find the causative genetic variants in known
and novel candidate genes in 21 men suffering from severe astheno-
teratozoospermia. In 10 out of 21 patients (47.6%), we identified path-
ogenic or likely pathogenic mutations in a total of 6 known severe
sperm motility disorder genes, CFAP43 (n¼ 3), CFAP44 (n¼ 2),
CFAP58 (n¼ 1), QRICH2 (n¼ 2), DNAH1 (n¼ 1) and DNAH6 (n¼ 1).
In addition, we identified predicted pathogenic mutations in novel can-
didate genes in seven other patients (33%).

Exome sequencing is an effective method
to identify genetic causes of severe motility
disorders
With the use of exome sequencing, we demonstrated that variants in
known sperm motility genes likely explained the disorder in 10/21
individuals, reaching a diagnostic yield of approximately 48%. This re-
sult is in concordance with previous estimates for the severe sperm
motility disorder DFS-MMAF (Coutton et al., 2019; Shen et al., 2019).
Interestingly, three patients in our cohort carried variants in the

Figure 2. Characterisation of the DFS-MMAF phenotype
by scanning and transmission electron microscopy. (A)
Scanning EM of a typical DFS-MMAF spermatozoon (ARG1). The
head is abnormally shaped and the mid piece is absent. The sperm
tail is very short and thick (7.7 mm long and 630 nm in diameter (nor-
mal values of 50 mm in length and 100–140 nm in diameter). (B)
Longitudinal section of the head, connecting piece and mid piece of a
normal human spermatozoon. The sperm head shows densely con-
densed chromatin (asterisks). At its caudal pole there is a shallow
concavity (the implantation fossa, arrowheads) where the connecting
piece (CP) and centrioles of the sperm tail are lodged. A helically ar-
ranged mitochondrial sheath (MS) surrounds the first part of the axo-
neme (Ax) with its central microtubules and peripheral outer dense
fibers (see mid piece cross section in Fig. 1). (C) Longitudinal section
of a typical DFS-MMAF spermatozoon to illustrate the details of the
phenotype (patient not included in the genetics part of this study). A
largely missing mitochondrial sheath is replaced by few mitochondria
(Mi). The axoneme (Ax) and outer dense fibers are surrounded by a
thick, multilayered, haphazardly arranged fibrous sheath (FS). (D)
Longitudinal section of a DFS-MMAF/acephalic spermatozoon
(ARG6). The connecting piece (CP) takes up the cranial position,
there is no mid piece and a misplaced mitochondrion lays besides

Figure 2. Continued
the flagellum (Mi). A disorganised, multi-layered fibrous sheath
(FS) encloses the centrally located axoneme (Ax) and surrounding
outer dense fibres. (E–J) Sperm tail transverse sections of DFS-
MMAF spermatozoa showing redundant and disorganised fibrous
sheaths (FS). In Panel E (ARG6), the central pair is missing, there
are two extra outer dense fibres and the FS is thickened and dis-
organised. Dynein arms are present. Panel F (ARG5) corresponds
to a distal section of the tail principal piece. The axoneme is
9þ 0 (lack of central pair). Dynein arms are present. The FS is
not redundant (distal part of the flagellum). In Panel G (ARG8),
one microtubule is missing from the central pair and there is cen-
tral translocation of one supernumerary peripheral doublet.
Dynein arms are absent, a superfluous and disorganised FS shows
three lateral columns (asterisks). In Panel H (ARG7), the axo-
neme is normal, and a very thick FS presents with one extra lat-
eral column (asterisk). Panel I (ARG9) shows complete axonemal
disruption, a hyperplastic FS and two microtubular pairs lacking
dynein arms (down and right from the centre). Panel J (ARG9)
shows a higher magnification detail of a DFS tail with disrupted
axoneme and hyperplastic FS (Fs). Note a dislocated central pair
(cp) and various singlet (*) and doublet microtubules (**) with ab-
sent dynein arms. Magnification bars: (A) 1.14 mm, (B) 741 nm,
(C) 1012 nm, (D) 533 nm, e 272 nm, (F) 92 nm, (G) 270 nm,
(H) 274 nm, (I) 190 nm, and (J) 75 nm.

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

Novel candidate genes in severe sperm motility disorders 7

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article/doi/10.1093/hum
rep/deab099/6292397 by U

niversity of M
elbourne Library user on 29 July 2021

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data


..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.

T
ab

le
II

I
S

el
ec

te
d

va
ri

an
ts

pr
io

ri
ti

se
d

fr
om

th
e

ex
om

e
se

qu
en

ci
ng

da
ta

in
se

ve
re

sp
er

m
m

ot
ili

ty
di

so
rd

er
s.

P
at

ie
nt

G
en

e
cD

N
A

*
P

ro
te

in
Z

yg
os

it
y

G
no

m
A

D
va

ri
an

t
fr

eq
ue

nc
y

(p
op

ul
at

io
n

w
it

h
hi

gh
es

t
fr

eq
ue

nc
y)

V
ar

ia
nt

cl
as

si
fic

at
io

n
(A

C
M

G
)*

*

G
en

e
ex

pr
es

si
on

en
ri

ch
ed

in
te

st
is

**
*

D
is

ea
se

m
od

el
de

sc
ri

be
d

A
dd

it
io

na
li

nf
or

m
a-

ti
on

(s
ee

al
so

S
up

pl
em

en
ta

ry
T

ab
le

S
I)

C
on

cl
us

io
n

A
R

G
1

D
N

AH
12

c.
53

93
T
>

C
p.

(P
he

17
98

Se
r)

H
et

0.
1%

(A
FR

:0
.4

%
)

V
U

S
Y

es
N

o
V

ar
ia

nt
s

ha
ve

hi
gh

ly
si

m
i-

la
r

al
le

le
fr

eq
ue

nc
ie

s
su

g-
ge

st
in

g
th

ey
re

si
de

on
th

e
sa

m
e

al
le

le

U
nc

le
ar

if
di

se
as

e
ca

us
in

g
c.

74
38

C
>

T
p.

(P
ro

24
80

Se
r)

H
et

0.
0%

(A
FR

:0
.2

%
)

V
U

S

A
R

G
2

CF
AP

43
c.

14
42
þ

1G
>

A
p.

?
H

et
0.

0%
(N

FE
:0

.0
%

)
Li

ke
ly

pa
th

og
en

ic
Y

es
Y

es
,m

ou
se

(T
an

g
et

al
.,

20
17

)
c.

14
42
þ

1G
>

A
is

pr
e-

se
nt

in
tr

an
s

w
ith

c.
10

40
T
>

C

K
no

w
n

ge
ne

c.
10

40
T
>

C
pr

ev
io

us
ly

re
po

rt
ed

(C
ou

tt
on

et
al

.,
20

18
)

Pr
ob

ab
ly

di
se

as
e

ca
us

in
g

c.
10

19
T
>

C
p.

(P
he

34
0S

er
)

H
et

(in
ci

s
w

ith
c.

10
40

T
>

C
)

0.
01

%
(N

FE
:0

.0
3%

)
U

nl
ik

el
y

pa
th

og
en

ic

c.
10

40
T
>

C
p.

(V
al

34
7A

la
)

H
et

(in
ci

s
w

ith
c.

10
19

T
>

C
)

0.
01

%
(N

FE
:0

.0
2%

)
V

U
S

A
R

G
3

D
N

AH
6

c.
13

16
þ

1_
13

16
þ

2i
ns

C
N

/A
H

et
0.

0%
(N

FE
:0

.0
%

)
Li

ke
ly

pa
th

og
en

ic
Y

es
Y

es
,m

ou
se

an
d

ze
br

afi
sh

(L
ie

ta
l.,

20
16

)
K

no
w

n
ge

ne
Pr

ob
ab

ly
di

se
as

e
ca

us
in

g
c.

77
62

C
>

T
p.

(A
rg

25
88

*)
H

et
0.

0%
(A

M
R

:0
.0

%
)

Pa
th

og
en

ic

A
R

G
4

PA
CR

G
c.

36
9T
>

A
p.

(T
yr

12
3*

)
H

om
0.

00
%

Li
ke

ly
pa

th
og

en
ic

Y
es

Y
es

,m
ou

se
(L

or
en

ze
tt

ie
t

al
.,

20
04

)
A

ss
oc

ia
te

d
w

ith
th

e
de

-
ve

lo
pm

en
t

of
sp

er
m

fla
-

ge
llu

m
(L

or
en

ze
tt

ie
ta

l.,
20

04
;L

ie
ta

l.
20

15
)

N
ov

el
ca

nd
id

at
e

ge
ne

A
R

G
5

CF
AP

58
c.

13
60

C
>

T
p.

(G
ln

45
4*

)
H

om
0.

05
%

(A
SJ

:1
.0

9%
)

Pa
th

og
en

ic
Y

es
N

o
In

ho
m

oz
yg

os
ity

re
gi

on
.

V
ar

ia
nt

is
re

la
tiv

el
y

co
m

-
m

on
in

A
sh

ke
na

zi
Je

w
is

h
po

pu
la

tio
n

Pr
ob

ab
ly

di
se

as
e

ca
us

in
g

A
R

G
6

CF
AP

44
c.

65
2d

el
p.

(A
rg

21
8A

sp
fs

*3
7)

H
om

0.
03

%
(A

SJ
:0

.6
1%

)
Pa

th
og

en
ic

Y
es

Y
es

,m
ou

se
(T

an
g

et
al

.,
20

17
)

K
no

w
n

ge
ne

D
is

ea
se

ca
us

in
g

A
R

G
7

D
RC

1
c.

23
8C
>

T
p.

(A
rg

80
*)

H
et

0.
00

%
(F

IN
:0

.0
3%

)
Pa

th
og

en
ic

Y
es

Y
es

,C
hl

am
yd

om
on

as
re

in
ha

rd
tii

(W
irs

ch
el

le
t

al
.,

20
13

)

D
es

cr
ib

ed
in

pr
im

ar
y

ci
li-

ar
y

dy
sk

in
es

ia
(W

irs
ch

el
l

et
al

.,
20

13
;M

or
im

ot
o

et
al

.,
20

19
a)

N
ov

el
ca

nd
id

at
e

ge
ne

c.
35

2C
>

T
p.

(G
ln

11
8*

)
H

et
0.

04
%

(0
.0

7%
(N

FE
)

Pa
th

og
en

ic

A
R

G
8

D
N

AH
6

c.
20

59
C
>

A
p.

(P
ro

68
7T

hr
)

H
om

0.
04

%
(N

FE
:0

.0
7%

)
V

U
S

Y
es

Y
es

,m
ou

se
an

d
ze

br
afi

sh
(L

ie
ta

l.,
20

16
)

K
no

w
n

ge
ne

Po
ss

ib
le

ca
nd

id
at

e
ge

ne

AT
P2

B4
c.

37
6G
>

C
p.

(G
ly

12
6A

rg
)

H
om

0.
01

%
(S

A
S:

0.
08

%
)

V
U

S
N

o
Y

es
,m

ou
se

(S
ch

uh
et

al
.,

20
04

)
M

ou
se

di
sp

la
ys

as
th

en
o-

zo
os

pe
rm

ia
.I

n
ho

m
oz

y-
go

si
ty

re
gi

on

Po
ss

ib
le

ca
nd

id
at

e
ge

ne

CE
P3

50
c.

22
9A
>

G
p.

(A
rg

77
G

ly
)

H
om

0.
34

%
(A

SJ
:0

.8
1%

)
V

U
S

N
o

N
o

In
ho

m
oz

yg
os

ity
re

gi
on

Po
ss

ib
le

ca
nd

id
at

e
ge

ne

CE
P2

90
c.

59
98

A
>

G
p.

(Il
e2

00
0V

al
)

H
et

0.
02

%
(N

FE
:0

.0
4%

)
V

U
S

N
o

Y
es

,m
ou

se
(L

an
ca

st
er

et
al

.,
20

11
)

D
es

cr
ib

ed
in

pa
tie

nt
s

w
ith

Le
be

r’
s

C
on

ge
ni

ta
l

A
m

au
ro

si
s

an
d

as
th

en
o-

zo
os

pe
rm

ia
(Y

ze
r

et
al

.,
20

12
)

Po
ss

ib
le

ca
nd

id
at

e
ge

ne
c.

10
92

T
>

G
p.

(Il
e3

64
M

et
)

H
et

0.
08

%
(S

A
S:

0.
35

%
)

V
U

S

A
R

G
9

CF
AP

44
c.

26
74

A
>

G
p.

(M
et

89
2V

al
)

H
et

0.
05

%
(A

M
R

:0
.0

8%
)

Li
ke

ly
be

ni
gn

Y
es

Y
es

,m
ou

se
(T

an
g

et
al

.,
20

17
)

K
no

w
n

ge
ne

Pr
ob

ab
ly

di
se

as
e

ca
us

in
g

c.
21

07
A
>

G
p.

(A
rg

70
3G

ly
)

H
et

0.
00

%
V

U
S

c.
21

04
A
>

T
p.

(Il
e7

02
Le

u)
H

et
0.

00
%

Li
ke

ly
be

ni
gn

c.
11

74
T
>

C
p.

(T
rp

39
2A

rg
)

H
et

0.
00

%
V

U
S

A
U

S
1

-
–

–
–

–
–

–
–

–

(c
on

tin
ue

d)

8 Oud et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article/doi/10.1093/hum
rep/deab099/6292397 by U

niversity of M
elbourne Library user on 29 July 2021

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data


..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.

T
ab

le
II

I
C

on
ti

nu
ed

P
at

ie
nt

G
en

e
cD

N
A

*
P

ro
te

in
Z

yg
os

it
y

G
no

m
A

D
va

ri
an

t
fr

eq
ue

nc
y

(p
op

ul
at

io
n

w
it

h
hi

gh
es

t
fr

eq
ue

nc
y)

V
ar

ia
nt

cl
as

si
fic

at
io

n
(A

C
M

G
)*

*

G
en

e
ex

pr
es

si
on

en
ri

ch
ed

in
te

st
is

**
*

D
is

ea
se

m
od

el
de

sc
ri

be
d

A
dd

it
io

na
li

nf
or

m
a-

ti
on

(s
ee

al
so

S
up

pl
em

en
ta

ry
T

ab
le

S
I)

C
on

cl
us

io
n

N
o

ca
nd

id
at

e
ge

ne
s

fo
un

d

A
U

S
2

D
N

AH
1

c.
51

05
G
>

A
p.

(A
rg

17
02

G
ln

)
H

et
0.

00
%

(N
FE

:0
.0

0%
)

V
U

S
N

o
Y

es
,m

ou
se

(N
ee

se
n

et
al

.,
20

01
)

K
no

w
n

ge
ne

Pr
ob

ab
ly

di
se

as
e

ca
us

in
g

c.
10

82
3
þ

1G
>

C
p.

?
H

et
0.

00
%

Li
ke

ly
pa

th
og

en
ic

A
U

S
3

-
–

–
–

–
–

–
–

–
N

o
ca

nd
id

at
e

ge
ne

s
fo

un
d

A
U

S
4

SP
PL

2C
c.

63
4C
>

T
p.

(A
rg

21
2T

rp
)

H
om

0.
01

%
(S

A
S:

0.
06

)
V

U
S

Y
es

Y
es

,m
ou

se
(N

ie
m

ey
er

et
al

.,
20

19
)

SP
PL

2c
de

fic
ie

nc
y

le
ad

s
to

a
pa

rt
ia

ll
os

s
of

el
on

-
ga

te
d

sp
er

m
at

id
s

an
d

re
-

du
ce

d
m

ot
ili

ty
of

m
at

ur
e

sp
er

m
at

oz
oa

,b
ut

pr
e-

se
rv

ed
fe

rt
ili

ty
in

m
ic

e
(N

ie
m

ey
er

et
al

.,
20

19
).

Po
ss

ib
ly

in
vo

lv
ed

in
ac

ro
-

so
m

e
fo

rm
at

io
n

(P
ap

ad
op

ou
lo

u
et

al
.,

20
19

)

N
ov

el
ca

nd
id

at
e

ge
ne

A
U

S
5

Q
RI

CH
2

c.
14

5d
up

p.
(T

hr
49

A
sn

fs
*3

1)
H

om
0.

00
%

(N
FE

:0
.0

0%
)

Pa
th

og
en

ic
Y

es
Y

es
,m

ou
se

(S
he

n
et

al
.,

20
19

)
K

no
w

n
ge

ne
D

is
ea

se
ca

us
in

g

A
U

S
6

-
–

–
–

–
–

–
–

–
N

o
ca

nd
id

at
e

ge
ne

s
fo

un
d

A
U

S
7

TP
TE

2
c.

71
5C
>

T
p.

(G
ln

23
9*

)
H

om
0.

00
%

(N
FE

:0
.1

9%
)

Li
ke

ly
pa

th
og

en
ic

Y
es

N
o

V
ol

ta
ge

-s
en

si
tiv

e
ph

os
-

ph
at

as
e

(H
al

as
zo

vi
ch

et
al

.,
20

12
)

N
ov

el
ca

nd
id

at
e

ge
ne

A
U

S
8

CF
AP

43
c.

33
5A
>

T
p.

(A
sp

11
2V

al
)

H
om

0.
01

%
(N

FE
:0

.0
1%

)
V

U
S

Y
es

Y
es

,m
ou

se
(T

an
g

et
al

.,
20

17
)

K
no

w
n

ge
ne

In
ho

m
oz

y-
go

si
ty

re
gi

on
Pr

ob
ab

ly
di

se
as

e
ca

us
in

g

A
U

S
9

CF
AP

43
c.

94
4d

el
p.

(G
ly

31
5A

la
fs

*2
2)

H
om

0.
00

%
Pa

th
og

en
ic

Y
es

Y
es

,m
ou

se
(T

an
g

et
al

.,
20

17
)

K
no

w
n

ge
ne

.I
n

ho
m

oz
y-

go
si

ty
re

gi
on

D
is

ea
se

ca
us

in
g

A
U

S
1

0
-

–
–

–
–

–
–

–
–

N
o

ca
nd

id
at

e
ge

ne
s

fo
un

d

A
U

S
1

1
M

D
C1

c.
47

2C
>

T
p.

(G
ln

15
8*

)
H

et
0.

00
%

Li
ke

ly
pa

th
og

en
ic

Y
es

Y
es

,m
ou

se
(L

ou
et

al
.,

20
06

)
M

ou
se

kn
oc

k-
ou

t
po

ss
i-

bl
y

ha
s

a
m

ei
ot

ic
de

fe
ct

(L
ou

et
al

.,
20

06
)

N
ov

el
ca

nd
id

at
e

ge
ne

c.
21

34
C
>

T
p.

(G
ln

71
2*

)
H

et
0.

00
%

Li
ke

ly
pa

th
og

en
ic

A
U

S
1

2
Q

RI
CH

2
c.

16
9G
>

A
p.

(G
lu

57
Ly

s)
H

om
0.

01
%

(N
FE

:0
.0

2)
V

U
S

Y
es

Y
es

,m
ou

se
(S

he
n

et
al

.,
20

19
)

K
no

w
n

ge
ne

.I
n

ho
m

oz
y-

go
si

ty
re

gi
on

Pr
ob

ab
ly

di
se

as
e

ca
us

in
g

*g
D

N
A

po
si

tio
n

an
d

tr
an

sc
rip

t
in

fo
rm

at
io

n
ar

e
av

ai
la

bl
e

in
Su

pp
le

m
en

ta
ry

T
ab

le
SI

II.
**

V
U

S:
V

ar
ia

nt
of

U
nk

no
w

n
Si

gn
ifi

ca
nc

e.
**

*B
as

ed
on

th
e

H
um

an
Pr

ot
ei

n
A

tla
s

ve
rs

io
n

19
.1

.
T

he
fu

ll
ta

bl
e

is
av

ai
la

bl
e

in
Su

pp
le

m
en

ta
ry

T
ab

le
SI

II.

Novel candidate genes in severe sperm motility disorders 9

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article/doi/10.1093/hum
rep/deab099/6292397 by U

niversity of M
elbourne Library user on 29 July 2021

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab099#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
recently discovered genes CFAP58 (He et al., 2020), QRICH2 (Shen
et al., 2019) and DNAH6 (Tu et al., 2019), further supporting their
role in causing DFS-MMAF. Exome sequencing is therefore a highly effi-
cient method for genetic diagnostics in patients with defective sperm
motility disorders. Of note, while the two cohorts included in this
study were collected and phenotyped by different clinicians using dif-
ferent levels of resolution (with/without electron microscopy), genetic
diagnoses were observed in both cohorts in comparable numbers,
with five out of nine Argentinian patients genetically diagnosed versus
5 out of 12 Australian patients. Interestingly, however, exome se-
quencing revealed variants in either known or candidate genes in all
Argentinean patients but not in all Australian patients, leaving four
Australian patients without mutations in known or novel candidate
genes. The reason for this difference is not currently known but is
likely related to the differences in the population background between
the two locations.

Patient ARG3 carried two likely pathogenic variants (c.1316þ
1_1316þ 2ins (canonical splice site variant) and c.7762C>T;
p.(Arg2588*)) in DNAH6 and no variants in other candidate genes
(Table III). DNAH6 is a dynein gene involved in motile cilia function in
numerous tissues, which, when mutated, leads to a primary cilia dyski-
nesia phenotype in zebra fish and humans (Li et al., 2016). DNAH6 has
also been recently implicated in the aetiology of human DFS-MMAF
and confirmed in a mouse study (Tu et al., 2019). Herein we confirm
that mutations in DNAH6 are a bona fide cause of human DFS-MMAF
and that DFS-MMAF should be considered as part of the spectrum of
clinical presentations designated as severe sperm motility syndrome.

In two other cases, we are not convinced that the sperm motility
defects can be explained by variants in DNAH6. The two DNAH6 var-
iants in AUS3 (c.9436A>G; p.(Ser3146Gly) and c.12352G>A;
p.(Ala4118Thr)) (Supplementary Table SIII) have almost identical mi-
nor allele frequencies among the gnomAD populations, indicating they
are located on the same allele and are not compound heterozygous.
This hypothesis could not be tested due to the unavailability of paren-
tal DNA of this patient, but this makes it unlikely that these variants
alone cause DFS-MMAF in AUS3. The other patient with a candidate
variant in DNAH6 is ARG8, carrying a homozygous variant of unknown
significance (VUS) (c.2059C>A; p.(Pro687Thr)). This patient, how-
ever, also carried variants of unclear significance in three other genes:
(1) ATP2B4, which is associated with asthenozoospermia in mice;
(2) CEP290, mutations which are a known cause of Leber’s Congenital
Amaurosis that is associated with asthenozoospermia in males; and
(3) CEP350, which is known to interact with CEP290 and the known
MMAF gene CEP135. It remains uncertain whether variants in any of
these genes alone, or combined, are responsible for DFS-MMAF in
combination with chronic bronchitis.

The variant (p.(Gln454*)) identified in CFAP58 in patient ARG5 has
a low allele frequency in gnomAD (0.054%), but appears to be more
common among the Ashkenazi Jew (ASJ) population reported in the
same database (1.086%). This means that an expected 0.012% of this
population is homozygous for this variant; a number that is slightly
higher than the estimated frequency of DFS-MMAF in the population
of Dutch men (0.005–0.01%) (our own observations). Although the
variant identified in ARG5 almost certainly disrupts CFAP58 protein
function, it remains unclear if this variant is underlying the DFS-MMAF
phenotype in the patient due to the allele frequency, which is higher
than expected in the ASJ population and additional population studies

are required. This variant was located in a homozygosity stretch, indi-
cating consanguinity. The brother of this patient also presented with
DFS-MMAF, but DNA was unavailable.

Interestingly, the semen analysis of ARG6, who carried a homozy-
gous frameshift variant (p.(Arg218Aspfs*37)) in CFAP44, showed the
combination of DFS-MMAF and acephalic sperm previously reported
in the literature (Rawe et al., 2002; Moretti et al., 2011). This indicates
the possibility of combinations between different sperm phenotypes of
genetic origin or involvement of a single gene/protein associated with
transport pathways common between the sperm head-tail coupling
apparatus and tail proteins (reviewed by Pleuger et al., 2020).

Novel candidate genes for severe sperm
motility disorders
Since variants in known genes explain causality in approximately half of
our patients, we investigated whether genetic variants were present in
genes with a potential role in sperm function. In the current study, we
observed missense and null mutations in six novel genes (DNAH12,
PACRG, DRC1, MDC1, SSPL2C and TPTE2) that have previously been
identified to play a role in axoneme assembly and/or sperm flagellum
development and have been shown to interact with genes already im-
plicated in sperm function (Pleuger et al., 2020; Toure et al., 2020).

Patient ARG1 carried two missense variants (p.(Phe1298Ser) and
p.(Pro2480Ser)) in DNAH12, which is the closest paralog of the
DNAH1 gene. Pathogenic variants in DNAH1 are known to cause clas-
sical PCD or DFS-MMAF without any PCD symptoms (Ben Khelifa et
al., 2014; Wambergue et al., 2016; Wang et al., 2017; Amiri-Yekta et
al., 2016; Sha et al., 2017; Coutton et al., 2018; Sha et al., 2019b;
Coutton et al., 2019; Li et al., 2019b; Hu et al., 2019). The allele fre-
quencies of both DNAH12 variants are similar in three different popu-
lations in gnomAD, which could indicate they reside on the same
allele. It is therefore unclear whether these variants are indeed bi-allelic
and causal of infertility. Another patient, ARG4, carried a homozygous
nonsense variant (p.(Tyr123*)) in PACRG. This gene has been impli-
cated in motile cilia function and mutations in mice are known to
cause male infertility characterised by defective sperm head and tail
formation in combination with hydrocephalus next to fertility problems
(Lorenzetti et al., 2004; Wilson et al., 2010; Li et al., 2015). The var-
iants identified in ARG1 and ARG4 likely explain the DFS-MMAF phe-
notype seen in both patients.

Patient ARG7 carried two nonsense variants (p.(Arg80*) and
p.(Gln118*)) in DRC1. This gene is known to be important for motile
cilia formation, and specifically outer dynein arm formation, as con-
cluded from studies in algae (Wirschell et al., 2013). Loss-of-function
point mutations and a recurrent �28 kb deletion encompassing DRC1
Exons 1–4 have previously been described in patients with PCD, in-
cluding a man who had undergone fertility treatment (Wirschell et al.,
2013; Morimoto et al., 2019a). Unfortunately, sperm ultrastructure
was not examined. The second nonsense variant (p.(Gln118*)) has
been described in two Swedish PCD families (Carlen et al., 2003;
Wirschell et al., 2013). The importance of DRC1 in human spermato-
genesis is further strengthened by the observed enhanced expression
in the testis (along with the brain and fallopian tube) (Uhlen et al.,
2010; GTEx Consortium, 2015). Collectively, these data suggest that
mutations in DRC1 cause a spectrum of clinical presentations involving

10 Oud et al.
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.
defects in motile cilia function, and that variants in DRC1 are a novel
high confidence cause of male infertility.

In addition to variants in genes with a strong link the clinical aetiol-
ogy of DFS-MMAF, we also identified variants in genes with less well
characterised links to sperm motility. First, patient AUS4 carried a ho-
mozygous missense variant of unknown significance (p.(Arg212Trp)) in
SPPL2C. This gene encodes a testis-specific intermembrane protease
residing in the endoplasmic reticulum in somatic cells and in elongating
spermatids in the testis (Niemeyer et al., 2019; Papadopoulou et al.,
2019). In mice, Sppl2c deficiency leads to hypospermatogenesis starting
at the level of spermatids, as well as reduced sperm motility and male
sub-fertility (Niemeyer et al., 2019). The effect of Sppl2c deletion on
the sperm ultra-structure was not examined and, as such, a definitive
link to DFS-MMAF cannot be made. SPPL2C is also one of multiple
genes deleted in Koolen–de Vries 17q21.31 microdeletion syndrome
(Koolen et al., 2006; Shaw-Smith et al., 2006). A recent case report of
Koolen–de Vries syndrome described a patient with intellectual disabil-
ity and oligoastheno-teratozoospermia. Although it is unlikely that dis-
ruption of SPPL2C has an effect on intellectual disability, it is possible
that its disruption is causative for the infertility described in this
patient.

Patient AUS7 carried a homozygous nonsense variant (c.715C>T;
p.(Gln239*)) in the voltage-sensitive and membrane-associated phos-
phatase TPTE2. The expression of this gene is highly testis enriched
and the protein is localised within the sperm plasma membrane, where
it is likely involved in integrating environmental cues into changes in
sperm function (Sutton et al., 2012). The homozygous nonsense vari-
ant is located in exon 8 and likely results in nonsense-mediated
mRNA decay. Based on these data, while we predict mutations in
TPTE2 are likely to result in male infertility, a specific link to the mech-
anisms underpinning sperm tail assembly is lacking. As such, we classify
mutations in TPTE2 as a possible, but not high confidence cause of se-
vere sperm motility disorders.

Lastly, in patient AUS11, we identified two heterozygous nonsense
variants in MDC1, a gene essential for the silencing of sex chromo-
some and genome stability during male meiosis in mice (Ichijima et al.,
2011). Unfortunately, parental DNA was not available to prove the
biallelic presence of these two heterozygous variants. The knockout
mouse model of Mdc1 revealed a meiotic arrest (Lou et al., 2006), a
phenotype that does not directly match the phenotype seen in
AUS11. The semen analysis of AUS11 revealed moderate oligozoo-
spermia (8.8 million sperm/ml) and only 5% of sperm showed pro-
gressive motility. Based on currently available information on MDC1,
while we are confident mutations in MDC1 can lead to human male in-
fertility, they are not a high confidence cause of the severe motility dis-
order seen in this patient.

Comparison of our results to exome
sequencing in a control cohort
The vast majority of known variants causing sperm tail assembly disor-
ders, are homozygous LoF variants (Supplementary Table SI; Oud et
al., 2019). Sequencing of a control cohort of 5784 proven fathers did
not reveal a similarly high number of homozygous LoF variants in
sperm motility genes (Supplementary Table SV). This shows that these
disruptive variants occur only rarely in the normal male population, in
contrast to males presenting with severe sperm motility disorders.

These results further strengthen the evidence for the involvement of
these genes in abnormal sperm tail assembly.

Interestingly, we did identify one homozygous LoF variant in a proven
father in CFAP69, a recently discovered gene which is strongly associated
with the DFS-MMAF phenotype (Dong et al., 2018; He et al., 2019).
Although it is possible that this man had ICSI to conceive his child, it
does indicate that homozygous knock-out of this gene may not always
cause complete sterility in human. Due to data usage restrictions, we are
unable to search for compound heterozygous variants and could only in-
vestigate the zygosity and frequency of all variants in the entire cohort.

Importance for genetic testing in severe
sperm motility disorders
Both the European and American guidelines for genetic testing in
male infertility, provide a stratified approach to select azoospermic
and oligozoospermic patients based on clinical phenotypes to certain
genetic tests (Esteves and Chan, 2015; Jungwirth, 2018). The guide-
lines, however, do not include recommendations for patients with
other sperm phenotypes including severe sperm motility disorders.
Without a genetic diagnosis, a clinician is very restricted to accurately
counsel couples with questions about the causes of their infertility,
possible co-morbidities, the potential success of ART treatment and
the (reproductive) health of their offspring. Hence, understanding of
and testing for genetic causes of severe sperm motility disorders are
of enormous value to patients and clinicians. Currently, it remains
unclear if genetic abnormalities underlying sperm motility disorders af-
fect the health of potential offspring. As such, the field should con-
sider expanding diagnostic genetic testing for this group of patients,
especially since this and other recent studies have reported high
(>40%) diagnostic yields in these patient groups (Toure et al., 2020).
Furthermore, systematic linking of genetic data with ART success
rates as well as patient and offspring health is pivotal for improved
counselling in this group of patients.

Conclusion
In summary, our genetic data provided a diagnosis for 10 out of 21
patients with severe sperm motility disorders and we discovered novel
candidate genes in seven other patients. Functional data based on litera-
ture, propose variants in DNAH12, DRC1, MDC1, PACRG, SPPL2C and
TPTE2 as novel genetic causes of severe sperm motility disorders. Our
results demonstrate that exome-wide screening for pathogenic variants in
these genes is an effective way to diagnose severe forms of motility disor-
ders (Supplementary Table SI). Exome sequencing of additional cases and
re-analysis of exome data of currently unsolved cases from other cohorts
may reveal additional causative mutations in these novel candidate genes.

Supplementary data
Supplementary data are available at Human Reproduction online.

Data availability
Raw and processed data are available under controlled access and
requires a Data Transfer Agreement from the European Genome-
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Phenome Archive (EGA) repository: EGAS00001005018. Data is avail-
able using the following link: https://ega-archive.org/studies/
EGAS00001005018

Acknowledgements
The authors are grateful for the participation of all patients in this
study. The authors would like to thank Lisenka Vissers and Christian
Gilissen for technical support in this study. The authors thank Monash
IVF for the ongoing access to patients.

Authors’ roles
R.M., H.C. and M.O.B. provided the clinical samples and data. Electron
microscopy was performed by H.C. M.S.O., B.K.S.A., P.d.V. and L.V.
performed the sequencing. M.S.O., L.V., G.A. and F.K.M. performed
data analysis and interpretation of results under the supervision of
J.A.V. and H.S. B.K.S.A. and P.d.V. performed variant confirmation.
L.R., B.H. and M.O.B. provided intellectual support in interpreting and
reporting the sequencing results. The figures were prepared by H.C.
The manuscript was written by M.S.O., L.V., M.O.B., H.C., J.A.V. and
H.S. All authors contributed to this report.

Funding
This project was supported in part by funding from the Australian
National Health and Medical Research Council (APP1120356) to
M.K.O.B., J.A.V. and R.I.M.L., The Netherlands Organisation for
Scientific Research (918-15-667) to J.A.V, the Royal Society and
Wolfson Foundation (WM160091) to J.A.V., as well as an Investigator
Award in Science from the Wellcome Trust (209451) to J.A.V. and
Grants from the National Research Council of Argentina (PIP 0900 and
4584) and Agency for the Promotion of Science and Technology (PICT
9591) to H.E.C. and a UUKi Rutherford Fund Fellowship awarded to
B.J.H.

Conflict of interest
The authors have nothing to disclose.

References
Afzelius BA, Eliasson R, Johnsen O, Lindholmer C. Lack of dynein

arms in immotile human spermatozoa. J Cell Biol 1975;66:
225–232.

Amiri-Yekta A, Coutton C, Kherraf ZE, Karaouzene T, Le TP, Sanati
MH, Sabbaghian M, Almadani N, Sadighi GM, Hosseini SH. et al.
Whole-exome sequencing of familial cases of multiple morphologi-
cal abnormalities of the sperm flagella (MMAF) reveals new
DNAH1 mutations. Hum Reprod 2016;31:2872–2880.

Auguste Y, Delague V, Desvignes JP, Longepied G, Gnisci A, Besnier
P, Levy N, Beroud C, Megarbane A, Metzler-Guillemain C. et al.
Loss of calmodulin- and radial-spoke-associated complex protein
CFAP251 leads to immotile spermatozoa lacking mitochondria and
infertility in men. Am J Hum Genet 2018;103:413–420.

Baccetti B, Burrini AG, Pallini B, Renieri T. Human dynein and sperm
pathology. J Cell Biol 1981;88:102–107.

Ben Khelifa M, Coutton C, Zouari R, Karaouzene T, Rendu J, Bidart
M, Yassine S, Pierre V, Delaroche J, Hennebicq S. et al. Mutations
in DNAH1, which encodes an inner arm heavy chain dynein, lead
to male infertility from multiple morphological abnormalities of the
sperm flagella. Am J Hum Genet 2014;94:95–104.

Beurois J, Martinez G, Cazin C, Kherraf ZE, Amiri-Yekta A, Thierry-
Mieg N, Bidart M, Petre G, Satre V, Brouillet S. et al. CFAP70
mutations lead to male infertility due to severe astheno-teratozoo-
spermia. A case report. Hum Reprod 2019;34:2071–2079.

Brown PR, Miki K, Harper DB, Eddy EM. A-kinase anchoring protein
4 binding proteins in the fibrous sheath of the sperm flagellum. Biol
Reprod 2003;68:2241–2248.

Carlen B, Lindberg S, Stenram U. Absence of nexin links as a possi-
ble cause of primary ciliary dyskinesia. Ultrastruct Pathol 2003;27:
123–126.

Chemes HE, Brugo S, Zanchetti F, Carrere C, Lavieri JC. Dysplasia
of the fibrous sheath: an ultrastructural defect of human spermato-
zoa associated with sperm immotility and primary sterility. Fertil
Steril 1987;48:664–669.

Chemes HE, Morero JL, Lavieri JC. Extreme asthenozoospermia and
chronic respiratory disease: a new variant of the immotile cilia syn-
drome. Int J Androl 1990;13:216–222.

Chemes HE, Olmedo SB, Carrere C, Oses R, Carizza C, Leisner M,
Blaquier J. Ultrastructural pathology of the sperm flagellum: associ-
ation between flagellar pathology and fertility prognosis in severely
asthenozoospermic men. Hum Reprod 1998;13:2521–2526.

Coutton C, Martinez G, Kherraf ZE, Amiri-Yekta A, Boguenet M,
Saut A, He X, Zhang F, Cristou-Kent M, Escoffier J. et al. Bi-allelic
mutations in ARMC2 lead to severe astheno-teratozoospermia
due to sperm flagellum malformations in humans and mice. Am J
Hum Genet 2019;104:331–340.

Coutton C, Vargas AS, Amiri-Yekta A, Kherraf ZE, Ben MS, Le TP,
Wambergue-Legrand C, Karaouzene T, Martinez G, Crouzy S. et al.
Mutations in CFAP43 and CFAP44 cause male infertility and flagellum
defects in Trypanosoma and human. Nat Commun 2018;9:686.

Dong FN, Amiri-Yekta A, Martinez G, Saut A, Tek J, Stouvenel L,
Lores P, Karaouzene T, Thierry-Mieg N, Satre V. et al. Absence of
CFAP69 causes male infertility due to multiple morphological ab-
normalities of the flagella in human and mouse. Am J Hum Genet
2018;102:636–648.

Dumur V, Gervais R, Rigot JM, Lafitte JJ, Manouvrier S, Biserte J,
Mazeman E, Roussel P. Abnormal distribution of CF delta F508 al-
lele in azoospermic men with congenital aplasia of epididymis and
vas deferens. Lancet 1990;336:512.

Escudier E, Duquesnoy P, Papon JF, Amselem S. Ciliary defects and ge-
netics of primary ciliary dyskinesia. Paediatr Respir Rev 2009;10:51–54.

Esteves SC, Chan P. A systematic review of recent clinical practice
guidelines and best practice statements for the evaluation of the in-
fertile male. Int Urol Nephrol 2015;47:1441–1456.

Fernandez-Gonzalez A, Kourembanas S, Wyatt TA, Mitsialis SA.
Mutation of murine adenylate kinase 7 underlies a primary ciliary
dyskinesia phenotype. Am J Respir Cell Mol Biol 2009;40:305–313.

Gershoni M, Hauser R, Yogev L, Lehavi O, Azem F, Yavetz H,
Pietrokovski S, Kleiman SE. A familial study of azoospermic men

12 Oud et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article/doi/10.1093/hum
rep/deab099/6292397 by U

niversity of M
elbourne Library user on 29 July 2021



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..identifies three novel causative mutations in three new human azo-
ospermia genes. Genet Med 2017;19:998–1006.

GTEx C. Human genomics. The Genotype-Tissue Expression (GTEx)
pilot analysis: multitissue gene regulation in humans. Science 2015;
348;648–660.

Halaszovich CR, Leitner MG, Mavrantoni A, Le A, Frezza L, Feuer A,
Schreiber DN, Villalba-Galea CA, Oliver D. A human phospholipid
phosphatase activated by a transmembrane control module. J Lipid
Res 2012;53:2266–2274.

He X, Li W, Wu H, Lv M, Liu W, Liu C, Zhu F, Li C, Fang Y, Yang
C. et al. Novel homozygous CFAP69 mutations in humans and
mice cause severe asthenoteratospermia with multiple morphologi-
cal abnormalities of the sperm flagella. J Med Genet 2019;56:
96–103.

He X, Liu C, Yang X, Lv M, Ni X, Li Q, Cheng H, Liu W, Tian S,
Wu H. et al. Bi-allelic loss-of-function variants in CFAP58 cause fla-
gellar axoneme and mitochondrial sheath defects and asthenotera-
tozoospermia in humans and mice. Am J Hum Genet 2020;107:
514–526.

Houston BJ, Oud MS, Aguirre DM, Merriner DJ, O’Connor AE,
Okutman O, Viville S, Burke R, Veltman JA, O’Bryan MK.
Programmed cell death 2-like (Pdcd2l) is required for mouse em-
bryonic development. G3 (Bethesda) 2020;7:247–255.

Hu J, Lessard C, Longstaff C, O’Brien M, Palmer K, Reinholdt L,
Eppig J, Schimenti J, Handel MA. ENU-induced mutant allele of
Dnah1, ferf1, causes abnormal sperm behavior and fertilization fail-
ure in mice. Mol Reprod Dev 2019;86:416–425.

Ichijima Y, Ichijima M, Lou Z, Nussenzweig A, Camerini-Otero RD,
Chen J, Andreassen PR, Namekawa SH. MDC1 directs chromo-
some-wide silencing of the sex chromosomes in male germ cells.
Genes Dev 2011;25:959–971.

Jungwirth A,T, Kopa Z, Krausz C, Minhas S, Tournaye H. European
Association of Urology guidelines on Male Infertility edition pre-
sented at the EAU Annual Congress Copenhagen 2018; 2018.

Keicho N, Hijikata M, Morimoto K, Homma S, Taguchi Y, Azuma A,
Kudoh S. Primary ciliary dyskinesia caused by a large homozygous
deletion including exons 1-4 of DRC1 in Japanese patients with re-
current sinopulmonary infection. Mol Genet Genomic Med 2020;8:
e1033.

Kherraf ZE, Amiri-Yekta A, Dacheux D, Karaouzene T, Coutton C,
Christou-Kent M, Martinez G, Landrein N, Le TP, Fourati BMS.
et al. A homozygous ancestral SVA-insertion-mediated deletion in
WDR66 induces multiple morphological abnormalities of the
sperm flagellum and male infertility. Am J Hum Genet 2018;103:
400–412.

Kherraf ZE, Cazin C, Coutton C, Amiri-Yekta A, Martinez G,
Boguenet M, Fourati BMS, Kharouf M, Gourabi H, Hosseini SH.
et al. Whole exome sequencing of men with multiple morphologi-
cal abnormalities of the sperm flagella reveals novel homozygous
QRICH2 mutations. Clin Genet 2019;96:394–401.

Kraatz S, Guichard P, Obbineni JM, Olieric N, Hatzopoulos GN,
Hilbert M, Sen I, Missimer J, Gonczy P, Steinmetz MO. The human
centriolar protein CEP135 contains a two-stranded coiled-coil do-
main critical for microtubule binding. Structure 2016;24:
1358–1371.

Koolen DA, Vissers LE, Pfundt R, de Leeuw N, Knight SJ, Regan R,
Kooy RF, Reyniers E, Romano C, Fichera M. et al. A new

chromosome 17q21.31 microdeletion syndrome associated with a
common inversion polymorphism. Nat Genet 2006;38:999–1001.

Lancaster MA, Gopal DJ, Kim J, Saleem SN, Silhavy JL, Louie CM,
Thacker BE, Williams Y, Zaki MS, Gleeson JG. Defective Wnt-de-
pendent cerebellar midline fusion in a mouse model of Joubert
syndrome. Nat Med 2011;17:726–731.

Li W, Tang W, Teves ME, Zhang Z, Zhang L, Li H, Archer KJ,
Peterson DL, Williams DC Jr, Strauss JF, 3rd. et al. A MEIG1/
PACRG complex in the manchette is essential for building the
sperm flagella. Development 2015;142:921–930.

Li W, Wu H, Li F, Tian S, Kherraf ZE, Zhang J, Ni X, Lv M, Liu C,
Tan Q et al.. Biallelic mutations in CFAP65 cause male infertility
with multiple morphological abnormalities of the sperm flagella in
humans and mice. J Med Genet 2029a;57:89–95.

Li Y, Sha Y, Wang X, Ding L, Liu W, Ji Z, Mei L, Huang X, Lin S,
Kong S. et al. DNAH2 is a novel candidate gene associated with
multiple morphological abnormalities of the sperm flagella. Clin
Genet 2019b;95:590–600.

Li Y, Yagi H, Onuoha EO, Damerla RR, Francis R, Furutani Y, Tariq
M, King SM, Hendricks G, Cui C. et al. DNAH6 and its interac-
tions with PCD genes in heterotaxy and primary ciliary dyskinesia.
PLoS Genet 2016;12:e1005821.

Liu C, He X, Liu W, Yang S, Wang L, Li W, Wu H, Tang S, Ni X,
Wang J. et al. Bi-allelic mutations in TTC29 cause male subfertility
with asthenoteratospermia in humans and mice. Am J Hum Genet
2019a;105:1168–1181.

Liu C, Lv M, He X, Zhu Y, Amiri-Yekta A, Li W, Wu H, Kherraf ZE,
Liu W, Zhang J et al.. Homozygous mutations in SPEF2 induce mul-
tiple morphological abnormalities of the sperm flagella and male in-
fertility. J Med Genet 2029b;57:31–37.

Liu W, He X, Yang S, Zouari R, Wang J, Wu H, Kherraf ZE, Liu C,
Coutton C, Zhao R. et al. Bi-allelic mutations in TTC21A induce
asthenoteratospermia in humans and mice. Am J Hum Genet
2019c;104:738–748.

Liu W, Sha Y, Li Y, Mei L, Lin S, Huang X, Lu J, Ding L, Kong S, Lu
Z. Loss-of-function mutations in SPEF2 cause multiple morphologi-
cal abnormalities of the sperm flagella (MMAF). J Med Genet
2019d;56:678–684.

Liu W, Wu H, Wang L, Yang X, Liu C, He X, Li W, Wang J, Chen
Y, Wang H. et al. Homozygous loss-of-function mutations in FSIP2
cause male infertility with asthenoteratospermia. J Genet Genomics
2019e;46:53–56.

Lorenzetti D, Bishop CE, Justice MJ. Deletion of the Parkin coregu-
lated gene causes male sterility in the quaking(viable) mouse mu-
tant. Proc Natl Acad Sci U S A 2004;101:8402–8407.

Lores P, Coutton C, El Khouri E, Stouvenel L, Givelet M, Thomas L,
Rode B, Schmitt A, Louis B, Sakheli Z. et al. Homozygous missense
mutation L673P in adenylate kinase 7 (AK7) leads to primary male
infertility and multiple morphological anomalies of the flagella but
not to primary ciliary dyskinesia. Hum Mol Genet 2018;27:
1196–1211.

Lores P, Dacheux D, Kherraf ZE, Nsota MJ, Coutton C, Stouvenel L,
Ialy-Radio C, Amiri-Yekta A, Whitfield M, Schmitt A. et al.
Mutations in TTC29, encoding an evolutionarily conserved axone-
mal protein, result in asthenozoospermia and male infertility. Am J
Hum Genet 2019;105:1148–1167.

Novel candidate genes in severe sperm motility disorders 13

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article/doi/10.1093/hum
rep/deab099/6292397 by U

niversity of M
elbourne Library user on 29 July 2021



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Lou Z, Minter-Dykhouse K, Franco S, Gostissa M, Rivera MA,
Celeste A, Manis JP, van Deursen J, Nussenzweig A, Paull TT.
et al. MDC1 maintains genomic stability by participating in the am-
plification of ATM-dependent DNA damage signals. Mol Cell 2006;
21:187–200.

Lv M, Liu W, Chi W, Ni X, Wang J, Cheng H, Li WY, Yang S, Wu
H, Zhang J. et al. Homozygous mutations in DZIP1 can induce
asthenoteratospermia with severe MMAF. J Med Genet 2020;57:
445–453.

Martinez G, Beurois J, Dacheux D, Cazin C, Bidart M, Kherraf ZE,
Robinson Dr, Satre V, Le GG, Ka C. et al. Biallelic variants in
MAATS1 encoding CFAP91, a calmodulin-associated and spoke-
associated complex protein, cause severe astheno-teratozoosper-
mia and male infertility. J Med Genet 2020;0:1–9.

Martinez G, Kherraf ZE, Zouari R, Fourati BMS, Saut A, Pernet-
Gallay K, Bertrand A, Bidart M, Hograindleur JP, Amiri-Yekta A.
et al. Whole-exome sequencing identifies mutations in FSIP2 as a
recurrent cause of multiple morphological abnormalities of the
sperm flagella. Hum Reprod 2018;33:1973–1984.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K,
Kernytsky A, Garimella K, Altshuler D, Gabriel S, Daly M. et al.
The Genome Analysis Toolkit: a MapReduce framework for ana-
lyzing next-generation DNA sequencing data. Genome Res 2010;
20:1297–1303.

Miki K, Willis WD, Brown PR, Goulding EH, Fulcher KD, Eddy EM.
Targeted disruption of the Akap4 gene causes defects in sperm fla-
gellum and motility. Dev Biol 2002;248:331–342.

Moretti E, Geminiani M, Terzuoli G, Renieri T, Pascarelli N, Collodel
G. Two cases of sperm immotility: a mosaic of flagellar alterations
related to dysplasia of the fibrous sheath and abnormalities of
head-neck attachment. Fertil Steril 2011;95:1787.e1719–1723.

Morimoto K, Hijikata M, Zariwala MA, Nykamp K, Inaba A, Guo
TC, Yamada H, Truty R, Sasaki Y, Ohta K. et al. Recurring large
deletion in DRC1 (CCDC164) identified as causing primary ciliary
dyskinesia in two Asian patients. Mol Genet Genomic Med 2019a;7:
e838.

Morimoto Y, Yoshida S, Kinoshita A, Satoh C, Mishima H,
Yamaguchi N, Matsuda K, Sakaguchi M, Tanaka T, Komohara Y.
et al. Nonsense mutation in CFAP43 causes normal-pressure hy-
drocephalus with ciliary abnormalities. Neurology 2019b;92:
e2364–e2374.

Neesen J, Kirschner R, Ochs M, Schmiedl A, Habermann B, Mueller
C, Holstein AF, Nuesslein T, Adham I, Engel W. Disruption of an
inner arm dynein heavy chain gene results in asthenozoospermia
and reduced ciliary beat frequency. Hum Mol Genet 2001;10:
1117–1128.

Niemeyer J, Mentrup T, Heidasch R, Muller SA, Biswas U, Meyer R,
Papadopoulou AA, Dederer V, Haug-Kroper M, Adamski V. et al.
The intramembrane protease SPPL2c promotes male germ cell de-
velopment by cleaving phospholamban. EMBO Rep 2019;20:
e46449.

Oud MS, Volozonoka L, Smits RM, Vissers LELM, Ramos L, Veltman
JA. A systematic review and standardized clinical validity assess-
ment of male infertility genes. Hum Reprod 2019;34:932–941.

Panayiotou C, Solaroli N, Xu Y, Johansson M, Karlsson A. The char-
acterization of human adenylate kinases 7 and 8 demonstrates dif-
ferences in kinetic parameters and structural organization among

the family of adenylate kinase isoenzymes. Biochem J 2011;433:
527–534.

Papadopoulou AA, Muller SA, Mentrup T, Shmueli MD, Niemeyer J,
Haug-Kroper M, von BJ, Mayerhofer A, Feederle R, Schroder B.
et al. Signal Peptide Peptidase-Like 2c (SPPL2c) impairs vesicular
transport and cleavage of SNARE proteins. EMBO Rep 2019;20:
e46451.

Pleuger C, Lehti MS, Dunleavy JEM, Fietz D, O’Bryan MK. Haploid
male germ cells – the Grand Central Station of protein transport.
Hum Reprod Update 2020;26:474–500.

Rawe VY, Terada Y, Nakamura S, Chillik CF, Olmedo SB, Chemes
HE. A pathology of the sperm centriole responsible for defective
sperm aster formation, syngamy and cleavage. Hum Reprod 2002;
17:2344–2349.

Rebbe H, Pedersen H. Absence of arms in the axoneme of immobile
human spermatozoa1. Biol Reprod 1975;12:541–544.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody
WW, Hegde M, Lyon E, Spector E. et al. Standards and guidelines
for the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet Med
2015;17:405–424.

Rossman CM, Forrest JB, Lee RM, Newhouse AF, Newhouse MT.
The dyskinetic cilia syndrome; abnormal ciliary motility in associa-
tion with abnormal ciliary ultrastructure. Chest 1981;80:860–865.

Schuh K, Cartwright EJ, Jankevics E, Bundschu K, Liebermann J,
Williams JC, Armesilla AL, Emerson M, Oceandy D, Knobeloch
KP. et al. Plasma membrane Ca2þ ATPase 4 is required for sperm
motility and male fertility. J Biol Chem 2004;279:28220–28226.

Sha Y, Wei X, Ding L, Mei L, Huang X, Lin S, Su Z, Kong L, Zhang
Y, Ji Z. DNAH17 is associated with asthenozoospermia and multi-
ple morphological abnormalities of sperm flagella. Ann Hum Genet
2019a;84:271–279.

Sha Y, Yang X, Mei L, Ji Z, Wang X, Ding L, Li P, and, Yang S.
DNAH1 gene mutations and their potential association with dys-
plasia of the sperm fibrous sheath and infertility in the Han
Chinese population. Fertil Steril 2017;107:1312,1318–e1312.

Sha YW, Wang X, Su ZY, Mei LB, Ji ZY, Bao H, Li P. Patients with
multiple morphological abnormalities of the sperm flagella harbour-
ing CFAP44 or CFAP43 mutations have a good pregnancy out-
come following intracytoplasmic sperm injection. Andrologia 2019b;
51:e13151.

Sha YW, Xu X, Mei LB, Li P, Su ZY, He Xq, Li L. A homozygous
CEP135 mutation is associated with multiple morphological abnor-
malities of the sperm flagella (MMAF). Gene 2017;633:48–53.

Shamoto N, Narita K, Kubo T, Oda T, Takeda S. CFAP70 is a novel
axoneme-binding protein that localizes at the base of the outer dy-
nein arm and regulates ciliary motility. Cells 2018;7:124.

Shaw-Smith C, Pittman AM, Willatt L, Martin H, Rickman L, Gribble
S, Curley R, Cumming S, Dunn C, Kalaitzopoulos D. et al.
Microdeletion encompassing MAPT at chromosome 17q21.3 is as-
sociated with developmental delay and learning disability. Nat
Genet 2006;38:1032–1037.

Shen Y, Zhang F, Li F, Jiang X, Yang Y, Li X, Li W, Wang X, Cheng
J, Liu M. et al. Loss-of-function mutations in QRICH2 cause male
infertility with multiple morphological abnormalities of the sperm
flagella. Nat Commun 2019;10:433.

14 Oud et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article/doi/10.1093/hum
rep/deab099/6292397 by U

niversity of M
elbourne Library user on 29 July 2021



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Stokowy T, Garbulowski M, Fiskerstrand T, Holdhus R, Labun K,

Sztromwasser P, Gilissen C, Hoischen A, Houge G, Petersen K.
et al. RareVariantVis: new tool for visualization of causative variants
in rare monogenic disorders using whole genome sequencing data.
Bioinformatics 2016;32:3018–3020.

Sutton KA, Jungnickel MK, Jovine L, Florman HM. Evolution of the
voltage sensor domain of the voltage-sensitive phosphoinositide
phosphatase VSP/TPTE suggests a role as a proton channel in eu-
therian mammals. Mol Biol Evol 2012;29:2147–2155.

Takeuchi K, Xu Y, Kitano M, Chiyonobu K, Abo M, Ikegami K,
Ogawa S, Ikejiri M, Kondo M, Gotoh S. et al. Copy number varia-
tion in DRC1 is the major cause of primary ciliary dyskinesia in the
Japanese population. Mol Genet Genomic Med 2020;8:e1137.

Tang S, Wang X, Li W, Yang X, Li Z, Liu W, Li C, Zhu Z, Wang L,
Wang J. et al. Biallelic mutations in CFAP43 and CFAP44 cause
male infertility with multiple morphological abnormalities of the
sperm flagella. Am J Hum Genet 2017;100:854–864.

Toure A, Martinez G, Kherraf ZE, Cazin C, Beurois J, Arnoult C, Ray
PF, Coutton C. The genetic architecture of morphological abnor-
malities of the sperm tail. Hum Genet 2021;140:21–42.

Tu C, Nie H, Meng L, Wang W, Li H, Yuan S, Cheng D, He W, Liu
G, Du J. et al. Novel mutations in SPEF2 causing different defects
between flagella and cilia bridge: the phenotypic link between
MMAF and PCD. Hum Genet 2020;139:257–271.

Tu C, Nie H, Meng L, Yuan S, He W, Luo A, Li H, Li W, Du J, Lu
G. et al. Identification of DNAH6 mutations in infertile men with
multiple morphological abnormalities of the sperm flagella. Sci Rep
2019;9;15864.

Uhlen M, Oksvold P, Fagerberg L, Lundberg E, Jonasson K, Forsberg
M, Zwahlen M, Kampf C, Wester K, Hober S. et al. Towards a
knowledge-based Human Protein Atlas. Nat Biotechnol 2010;28:
1248–1250.

Visser L, Westerveld GH, Xie F, van Daalen SK, van der Veen F,
Lombardi MP, Repping S. A comprehensive gene mutation screen
in men with asthenozoospermia. Fertil Steril 2011;95:1020–1024.
e1021–1029.

Wambergue C, Zouari R, Fourati BMS, Martinez G, Devillard F,
Hennebicq S, Satre V, Brouillet S, Halouani L, Marrakchi O. et al.
Patients with multiple morphological abnormalities of the sperm fla-
gella due to DNAH1 mutations have a good prognosis following intra-
cytoplasmic sperm injection. Hum Reprod 2016;31:1164–1172.

Wang W, Tu C, Nie H, Meng L, Li Y, Yuan S, Zhang Q, Du J, Wang
J, Gong F. et al. Biallelic mutations in CFAP65 lead to severe asthe-
noteratospermia due to acrosome hypoplasia and flagellum malfor-
mations. J Med Genet 2019;56:750–757.

Wang X, Jin H, Han F, Cui Y, Chen J, Yang C, Zhu P, Wang W, Jiao
G, Wang W. et al. Homozygous DNAH1 frameshift mutation
causes multiple morphological anomalies of the sperm flagella in
Chinese. Clin Genet 2017;91:313–321.

Whitfield M, Thomas L, Bequignon E, Schmitt A, Stouvenel L,
Montantin G, Tissier S, Duquesnoy P, Copin B, Chantot S. et al.
Mutations in DNAH17, encoding a sperm-specific axonemal outer
dynein arm heavy chain, cause isolated male infertility due to
asthenozoospermia. Am J Hum Genet 2019;105:198–212.

Wilson GR, Wang HX, Egan GF, Robinson PJ, Delatycki MB,
O’Bryan MK, Lockhart PJ. Deletion of the Parkin co-regulated
gene causes defects in ependymal ciliary motility and hydrocepha-
lus in the quakingviable mutant mouse. Hum Mol Genet 2010;19:
1593–1602.

Wirschell M, Olbrich H, Werner C, Tritschler D, Bower R, Sale WS,
Loges NT, Pennekamp P, Lindberg S, Stenram U. et al. The nexin-
dynein regulatory complex subunit DRC1 is essential for motile
cilia function in algae and humans. Nat Genet 2013;45:262–268.

Wu H, Li W, He X, Liu C, Fang Y, Zhu F, Jiang H, Liu W, Song B,
Wang X. et al. Novel CFAP43 andCFAP44 mutations cause male
infertility with multiple morphological abnormalities of the sperm
flagella (MMAF). Reprod Biomed Online 2019;38:769–778.
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