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Primary Ciliary Dyskinesia (PCD) is a rare genetic disorder affecting the function of
motile cilia in several organ systems. In PCD, male infertility is caused by defective
sperm flagella composition or deficient motile cilia function in the efferent ducts of
the male reproductive system. Different PCD-associated genes encoding axonemal
components involved in the regulation of ciliary and flagellar beating are also reported
to cause infertility due to multiple morphological abnormalities of the sperm flagella
(MMAF). Here, we performed genetic testing by next generation sequencing
techniques, PCD diagnostics including immunofluorescence-, transmission
electron-, and high-speed video microscopy on sperm flagella and andrological
work up including semen analyses. We identified ten infertile male individuals with
pathogenic variants in CCDC39 (one) and CCDC40 (two) encoding ruler proteins,
RSPH1 (two) and RSPH9 (one) encoding radial spoke head proteins, and HYDIN (two)
and SPEF2 (two) encoding CP-associated proteins, respectively. We demonstrate for
the first time that pathogenic variants in RSPH1 and RSPH9 cause male infertility due to
sperm cell dysmotility and abnormal flagellar RSPH1 and RSPH9 composition. We also
provide novel evidence for MMAF in HYDIN- and RSPH1-mutant individuals. We show
absence or severe reduction of CCDC39 and SPEF2 in sperm flagella of CCDC39- and
CCDC40-mutant individuals and HYDIN- and SPEF2-mutant individuals, respectively.
Thereby, we reveal interactions between CCDC39 and CCDC40 as wellas HYDIN and
SPEF2 in sperm flagella. Our findings demonstrate that immunofluorescence
microscopy in sperm cells is a valuable tool to identify flagellar defects related to
the axonemal ruler, radial spoke head and the central pair apparatus, thus aiding the
diagnosis of male infertility. This is of particular importance to classify the
pathogenicity of genetic defects, especially in cases of missense variants of
unknown significance, or to interpret HYDIN variants that are confounded by the
presence of the almost identical pseudogene HYDINZ.
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Introduction

Infertility affects about 15% of couples, with male infertility
accounting for half of the cases. Male infertility is a multifactorial
condition that includes quantitative and qualitative sperm defects
with various causes such as infectious, hormonal or genetic. The
cause of many cases of male infertility remains unexplained, but
genetic defects have been increasingly discovered in recent years
(Bracke et al., 2018; Tiittelmann et al., 2018; Sironen et al., 2019;
Aprea et al., 2021b; Touré et al,, 2021). A heterogeneous group of
genetic disorders caused by dysfunction of motile cilia in various
organ systems, termed motile ciliopathies, plays an important role in
the etiology of male infertility (Wallmeier et al., 2020). The most
common motile ciliopathy is the multisystem disorder primary
ciliary dyskinesia (PCD; MIM244400), which is characterized by
recurrent respiratory symptoms. Dyskinetic motile cilia of the upper
and lower airways can impair mucociliary clearance and result in a
chronic destructive airways disease. Motility of monocilia at the

10.3389/fgene.2023.1117821

embryonic node is essential for the correct establishment of the
left-right body asymmetry. Failure to establish the typical
arrangement of visceral organs (situs solitus) manifests in
laterality defects, such as the mirrored arrangement of organs
(situs inversus totalis), or heterotaxy (situs ambiguous), which
includes all other types of laterality defects (e.g., situs inversus of
just one body cavity) and is often associated with congenital heart
defects. In rare cases ependymal cilia of the brain ventricles
contribute to the formation of hydrocephalus, that represents the
condition of dilated brain ventricles due to cerebrospinal fluid
accumulation (Wallmeier et al., 2019). Reduced female and male
fertility is also observed in motile ciliopathies, due to the dysfunction
of fallopian tube cilia or the dysmotility of sperm flagella (Wallmeier
et al,, 2020). Recently, our group identified a novel ciliary disease
mechanism that affects male fertility by impairing motile cilia in the
male reproductive efferent ducts. We demonstrated that dysmotility
duct
(oligozoospermia) due to obstructive sperm stasis in these extra-

of efferent cilia can cause reduced sperm count
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Schematic of the composition of motile 9 + 2 cilia and sperm flagella as well as representation of selected functional axonemal protein complexes
involved in ciliary and flagellar beat regulation. (A) The upper panel shows a schematic representation of a ciliated respiratory epithelial cell (left) and a
sperm cell (right). The sperm flagellum is divided into three regions; the mid piece, principal- and end piece. The middle panel shows cross sections
through a respiratory cilia and the sperm flagellum. Both share a 9 + 2 axoneme composed of nine outer microtubule doublets (A- and B-tubule)
surrounding a centered single pair of microtubules. Each outer A-tubule carries dynein based motor protein complexes, the outer- and inner dynein arms
(respectively ODA and IDA). A nexin-link dynein regulatory complex (N-DRC) interconnects the outer doublets, while radial spoke (RS) complexes
connect them to the central pair (CP) complex. In the sperm flagellar principal- and mid-piece the axoneme is additionally surrounded by accessory
structures, such as the outer dense fibers (ODFs), the fibrous sheath (FS) and the mitochondrial (MT) sheath. (B) The lower panel shows schematics of the
axonemal ruler, the RS and the CP complex. The ruler complex is representatively depicted in a longitudinal section of the axoneme. CCDC39 and
CCDCA40 form a heterodimer that is supposed to be located at the interface of the N-DRC and IDAs (composed of double headed IDA 11 with heavy chains
a and B and the intermediate- and light chain (IC/LC) complex, and single headed IDAs a-e, and g) (Olbrich et al.,, 2015; Yamamoto et al., 2021). The RS
complex is composed of a stalk and a head structure. RSPH1 and RSPH9, here highlighted, are known to be components of the RS head in human
respiratory cilia (Frommer et al,, 2015). The CP-complex is composed of two central microtubules connected by three intermicrotubular bridges. Several
protein complexes are associated with the CP, e.g., the Clb and C2b projections, containing the proteins SPEF2 and HYDIN, respectively. In human
respiratory cilia localization of SPEF2 depends on functional HYDIN (Cindri¢ et al., 2019).
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testicular tubules (Aprea et al., 2021a). Most motile ciliopathies are
caused by autosomal recessive inherited mutations, but less
frequently, X-chromosomal recessive or autosomal dominant
inheritance patterns are observed (Olbrich et al, 2002; Omran
et al,, 2008; Paff et al., 2017; Loges et al., 2018; Wallmeier et al.,
2019; Wallmeier et al., 2020). So far, more than 50 genes are known
to be associated with motile ciliopathies and the clinical features of
motile ciliopathies vary depending on whether the distinct gene
defect affects only 1 cell type or several cell types in different
combinations (Wallmeier et al., 2020).

Motile cilia and sperm flagella share an evolutionarily conserved
doublets
surrounding a pair of two single central tubules (9 + 2 axoneme;

microtubule-based ultrastructure with nine outer
central pair (CP)). The core component is a 9 + 2 axoneme with
several associated functional protein complexes that generate and
regulate ciliary and flagellar beating, such as the outer dynein arms
(ODAs), the axonemal ruler, the radial spokes (RSP), and the CP
(Figure 1A) (Wallmeier et al., 2020). As sperm flagella resemble the
structure of 9 + 2 multiple motile cilia in the airways, molecular
defects in respiratory cilia can also result in impaired sperm motility.
Thus, some defects of axonemal structures associated with ciliary
and flagellar beat regulation are known to cause both PCD
(respiratory cilia dysfunction) and male infertility due to multiple
morphological abnormalities of the sperm flagella (MMAF, sperm
flagellar dysfunction). These include pathogenic variants in genes
encoding the axonemal ruler proteins CCDC39 and CCDC40
(Figure 1B), or the CP apparatus (Figure 1B) related gene SPEF2
(Becker-Heck et al., 2011; Merveille et al., 2011; Antony et al., 2013;
Cindri¢ et al., 2019; Sha et al., 2019; Chen et al., 2021; Xu et al., 2022).
However, because respiratory cilia and sperm flagella do not share all
proteins, some male individuals with PCD can father children
without assisted reproduction. For example, individuals with
mutations in CCDCI14 encoding an ODA docking complex
protein only suffer from PCD without male infertility, because
CCDC114 is not present in sperm flagella (Knowles et al., 2013).
In addition, several gene defects cause isolated defects of the sperm
flagellum. For example, mutations in DNAH8 and DNAHI7,
encoding sperm specific ODA heavy chains, result in immotile
sperm tails and multiple morphological abnormalities of sperm
flagella, without any respiratory cilia dysfunction (Whitfield et al.,
2019; Liu et al., 2020). For many motile ciliopathies it is unknown if
the defect is affecting respiratory cilia alone or in conjunction with
sperm flagellar defects. For instance, defects in axonemal radial
spoke head proteins RSPH1 and RSPH9 (Figure 1B), which also
regulate ciliary beat, affect composition and function of respiratory
cilia but it is unknown whether sperm flagella are also affected
(Frommer et al., 2015).

However, the disease mechanisms underlying MMAF and male
infertility are still not fully understood and only few cases have been
reported. Detailed molecular and cell biological investigations of
mutant sperm flagella are lacking.

In this study, we identified individuals with pathogenic variants
in CCDC39 and CCDC40 (encoding for components of the
axonemal ruler), RSPHI and RSPHY (encoding radial spoke head
proteins), as well as HYDIN and SPEF2 (encoding components of
the CP associated apparatus 1B and 2B, respectively) (Figure 1B).
We previously demonstrated in respiratory cilia that CCDC39 and
SPEF2 localization are dependent on functional CCDC40 and
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HYDIN, respectively (Becker-Heck et al.,, 2011; Merveille et al.,
2011; Antony et al., 2013; Cindri¢ et al., 2019), and that RSPH1 and
RSPHY are both components of the radial spoke head structure
(Figure 1B) (Frommer et al.,, 2015). We hypothesized that these
mutations would cause similar axonemal defects in sperm flagella.
To determine if these affected individuals also have defective sperm
flagella composition and function (Figure 1B), and thus clarify if the
analyzed proteins are only involved in function of motile cilia or also
play a role in sperm flagella beat regulation, we performed
spermiograms, high speed video microscopy analyses (HVMA),
immunofluorescence (IF) microscopy and transmission electron
microscopy (TEM) of sperm cells.

Here, we demonstrate that defects in the respective genes cause
abnormal composition of the axonemal ruler, radial spoke head and
CP-apparatus, also in sperm flagella. The effects of all reported
genetic variants on encoded proteins can be detected by
immunofluorescence microscopy (IF) not only in respiratory
epithelial cells but also in sperm flagella. These findings can
therefore aid the diagnosis in male infertility.

Materials and methods
Ethic statement

This research project was approved by the Ethics Committee of
the Medical Association of Westphalia-Lippe and the Westphalian
Wilhelms University of Miinster (Arztekammer Westfalen Lippe
and Westfilische Wilhelms Universitit; reference number: AZ
2017-139-f-S; 2011-270-f-S, 2010- 578-f-S; 4INie).
participation, each participating individual and family members

Prior to

gave written informed consent.

Study cohort

The fertility status as well as composition of sperm flagella and
respiratory motile cilia from ten adult males either diagnosed with
PCD (OP-individuals) or MMAF associated infertility (SP-
individuals), and confirmed by disease causing mutations in
PCD- and MMAF associated genes, were examined. Based on
gender, age (at least 18 years of age) and genetic defect in a
known PCD- and/or MMAF causing gene, eight PCD individuals
were selected from the cohort of the University Childrens Hospital,
Miinster (Germany), and two MMAF affected individuals from the
cohort of the Centre of Reproductive Medicine and Andrology
(CeRA), University Hospital, Miinster (Germany). Examinations
included andrological examination with semen analyses at the CeRA
and PCD diagnostic work up at the University Childrens Hospital.
Systematic investigation of distinct axonemal components was
performed in sperm flagella and respiratory epithelial cells.

Human samples

For this study, we collected ciliated respiratory epithelial cells
from nasal brush biopsies and sperm cells from donated ejaculate
from ten PCD-affected men and respective healthy control
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individuals. Samples were used for high-resolution IF microscopy,
HVMA and when applicable for TEM. For the isolation of DNA
used for genetic testing, we collected peripheral blood from
participating individuals.

Semen analyses

Semen analyses were performed in the andrology laboratory
of the Centre for Reproductive Medicine and Andrology (CeRA),
University Hospital, Miinster (Germany), according to latest
WHO guidelines (World Health Organization, 2010).
Participating individuals donated semen after 2-7days of
sexual abstinence. After liquefaction for 30 min at 37°C their
semen was analyzed for sperm concentration and motility, as well
as vitality and morphology. Additionally, the ejaculate of each
individual was used for IF microscopy, HVMA and TEM, when
applicable.

Genetic testing

Genomic DNA was isolated from collected blood samples using
standard methods. To assess the genetic cause in PCD-affected
individuals with undiagnosed mutational status, we performed a
customized PCD gene panel (comprising known PCD-associated
genes, as well as candidate genes), whole-exome sequencing (WES)
and Sanger sequencing, as previously described (Hoben et al., 2018;
Loges et al., 2018; Aprea et al., 2021b). WES of genomic DNA was
performed at the Cologne Center for Genomics. Briefly, target DNA
capture was performed using the NimbleGen SeqCap EZ Human
Exome Library v2.0 and enriched preparations sequenced with the
HiSeq2000 platform (Illumina). Sequencing reads that passed
quality filtering were mapped to the human reference genome
hg38. The infertile males selected from the CeRA-cohort
underwent WES in the Male Reproductive Genomics (MERGE)
study at the Institute of Reproductive Genetics, University of
Miinster, Germany as described previously (Wyrwoll et al., 2021).
Sample preparation and enrichment for exome sequencing were
performed using either Agilent’s SureSelectQXT Target Enrichment
kit or Twist Bioscience’s Twist Human Core Exome kit. Quantity
and quality of the libraries were assessed using the ThermoFisher
Qubit and Agilent’s TapeStation 2200, respectively. Enriched
preparations were sequenced on the Illumina HiScan®SQ,
NextSeq”500/550 or HiSeqX" systems using the TruSeq SBS Kit
v3-HS (200 cycles), the NextSeq 500 V2 High-Output Kit
(300 cycles) or the HiSeq Rapid SBS Kit V2 (300 cycles),
respectively. Sequence reads were aligned against the reference
genome GRCh37. p13 using BWA Mem v0.7.17.

We filtered for
substitutions, and indels following an autosomal- and X-linked

non-synonymous mutations, splice-site
recessive inheritance pattern and excluded variants present in the
dbSNP database, the 1000 Genomes Project polymorphism, and the
Genome Aggregation Database (gnomAD) (Karczewski et al., 2020)
with a minor-allele frequency of >0.01. Detected genetic variants
were evaluated according to international guidelines (Richards et al.,
2015). The predicted

pathogenicity of splice-site variants was analyzed using varSEAK

consequence and classification of
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(www.varSEAK.bio, developed by JSI medical systems GmbH,
Ettenheim, Germany). The predicted pathogenicity of missense
variants was evaluated using several programs, including SIFT,
PROVEAN, Mutation Taster and PolyPhen (Adzhubei et al,
2010; Schwarz et al., 2014; Choi and Chan, 2015; Vaser et al.,
2016; Kopanos et al., 2019). Primer sequences used for variant
verification by Sanger Sequencing are available in Supplementary
Table S1.

Immunofluorescence microscopy (IF)

Respiratory and sperm cell samples were treated and incubated
with primary and secondary antibodies as reported in previous
studies (Omran and Loges, 2009; Cindri¢ et al., 2019; Aprea et al.,
2021a). Antibodies and their applied dilutions are listed in
Supplementary Table S2. Cell stained using
Hoechst33342 (Thermo Waltham,
United States). Samples were mounted in DAKO fluorescence

nuclei were

Fischer Scientific,
mounting medium (Dako North America Inc.,, Carpinteria,
United States). IF images were taken with a Zeiss AxioObserver
Z1 Apotome (Carl Zeiss Meditec AG, Oberkochen, Germany) or
Laser Scanning Microscope LSM 880 (Carl Zeiss Microscopy
GmbH, Jena, Germany). Images were processed and exported
using the ZEISS ZEN Imaging Software 2012 (Carl Zeiss
Microscopy GmbH, Jena, Germany) and figure panels created
with the Adobe Creative Suite CS5 (Adobe Systems, San José,
United States).

High speed video microscopy analysis
(HVMA)

High-speed video microscopy analysis of respiratory cilia
and assessment of ciliary beat frequency and pattern was
performed as previously described (Raidt et al., 2014), using
an Eclipse Ti Inverted Microscope (Nikon, Tokyo, Japan)
connected to an acA1300-200um - Basler ace camera (Basler
AG, Ahrensburg, Germany). Sperm flagella beating was assessed
with 10 uL liquefied ejaculate at x20 and x40 magnification
at 37°C.

Transmission electron microscopy (TEM)

Nasal brush biopsies and 250 pL of liquefied ejaculate were each
fixed in 2.5% glutaraldehyde over night at 4°C. Cell samples were
pelleted, washed with tap water, and then incubated at room
1.5-2h in 1% After
dehydration in an ethanol series, samples were transferred to 1,

temperature for osmium tetroxide.
2-epoxypropan first and then incubated in a 1, 2-epoxypropan-epon
mixture (1:2) at 4°C overnight. Finally, samples were embedded in
epon and dried at 65°C. Ultrathin sections (80 nm) of samples were
analyzed with the transmission electron microscope Philips
CM10 and TEM images acquired with a Quemesa camera and
the iTEM SIS image acquisition software (both from Olympus Soft
Imaging Solutions). Image processing was performed using Adobe
Creative Suite CS5.
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Nasal nitric oxide (hNO)-production rates

As recommended by the American Thoracic- and European
Respiratory Society (ATS/ERS recommendations for standardized
procedures for the online and offline measurement of exhaled lower
respiratory nitric oxide and nasal nitric oxide, 2005, American
Thoracic Society and European Respiratory Society, 2005), nasal
nitric oxide (nNO)-production rates are determined as part of the
PCD routine diagnostic setup. Assessment of the nNO-production
rates were performed as previously described (Werner et al., 2015;
Raidt et al., 2022). Specifically, a chemiluminescence analyzer was
used according to current PCD diagnostic guidelines (Lucas et al.,
2017). All patients were able to perform a velum closure technique.

Results

A next-generation sequencing approach using a targeted PCD gene
panel and WES in eight genetically undiagnosed males with suspected
PCD and infertility revealed pathogenic variants in CCDC40, RSPH1,
RSPHY, HYDIN, and SPEF2. In these individuals and two other males
that were previously identified with pathogenic variants in CCDC39 and
HYDIN (Merveille et al., 2011; Olbrich et al., 2012), further molecular
and cell biological analyses were performed to characterize in more
detail the composition and function of the axonemal ruler, RS and CP
complex in sperm flagella.

Pathogenic variants in CCDC39 and
CCDC40 cause absence of the axonemal
ruler component CCDC39 from sperm
flagellar axonemes and lead to MMAF-
related infertility

So far, the molecular defects in sperm flagella of CCDC39- and
CCDC40-mutant males have not been characterized in detail. Here
we had the opportunity to address this important research question.

Using a targeted PCD gene panel (OP-1516 II1) and WES (OP-
11 II2) in two PCD-affected males we identified pathogenic variants
in CCDC40 (CCDS42395; GenBank: NM_017950.4). In individual
OP-11 II2, we diagnosed a homozygous transition leading to a
premature termination of translation: c.1675G>T (p.Glu559*).
Sanger sequencing confirmed the same homozygous variant in
the affected sister OP-11 II1 (Supplementary Figure S1A). In
individual OP-1516 II1, we identified the previously reported
point deletion c.248del (rs397515393) (p.Ala83Valfs*84) (Becker-
Heck et al,, 2011; Antony et al, 2013), and the insertion c.736_
755dup (rs753711384) (p.Ser252Argfs*43), both leading to a
frameshift and premature translational stop. Sanger sequencing
identified the variant c.248delC in the mother OP-1516 12, and
variant ¢.736_755dup in the father OP-1516 Il (Supplementary
Figure S1A) confirming the compound heterozygous status in OP-
1516 II1. According to the guidelines of the American College of
Medical Genetics (ACMG) (Richards et al., 2015), CCDC40 variants
¢.1675G>T and ¢.736_755dup are classified as likely pathogenic
(class 4), and variant ¢.248delC as pathogenic (class 5).

Consistent with previous studies in individuals with defects of
the axonemal ruler (Merveille et al., 2011; Antony et al.,, 2013)
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CCDC40-mutant individual OP-11 I12 presented with situs inversus
totalis and bronchiectasis. Moreover, the patient reported fertility
issues. Individual OP-1516 I11 reported neonatal respiratory distress
syndrome (RDS) and was diagnosed with nNO-production rates
below the current cutoff value of 77 nL/min, recurrent otitis media,
sinusitis, pneumonia and lung disease (Table 1). Semen analyses in
OP-1516 II1 revealed asthenozoospermia due to immotile sperm
(Supplementary Video S2), with additionally an abnormal sperm
morphology and a reduced sperm count (Table 1). A retrospective
analysis of the fertility status of CCDC39-mutant individual OP-122,
whose genetic and clinical findings were reported previously
(Merveille et al, 2011) and are summarized in Table 1,
determined that OP-122 presents also with immotile sperm cells
(Supplementary Video S3 and Table 1).

We have previously shown that the ruler protein CCDC39 is absent
from CCDC39- and CCDC40-mutant respiratory cilia (Becker-Heck
et al,, 2011; Merveille et al,, 2011; Antony et al., 2013). Consistently, we
found absence of CCDC39 from the whole ciliary axonemes
(Supplementary Figure S2) in individuals OP-122 and OP-1516 1II1,
which confirms the pathogenicity of the identified variants at the
protein level. So far, CCDC39 localization has not been studied in
CCDC40-mutant sperm flagella. First, we analyzed CCDC39
localization in CCDC39-mutant sperm flagella. In individual OP-122
with pathogenic variants in CCDC39, co-staining against the flagellar
marker acetylated a-tubulin and CCDC39 showed that sperm flagella of
all affected males indeed lack CCDC39 along the entire flagella length
(Figures 2A, B) confirming that our IF technique can also be applied in
sperm flagella. Next, we demonstrate that the axonemal ruler protein
CCDC39 is also absent from flagellar axonemes of CCDC40-mutant
individuals (OP-11 II2 and OP-1516 II1, Figures 2C, D). Thus, our
findings demonstrate for the first time that CCDC39 and CCDC40 also
interact in sperm flagella. In addition, we demonstrate that the
pathogenicity of CCDC39 and CCDC40 variants can be also
established by IF analyses in sperm cells.

Consistent with a reduced percentage of spermatozoa with abnormal
morphology observed in the semen analysis of OP-1516 II1 and with
previous findings (Chen et al, 2021; Liu et al,, 2021; Xu et al,, 2022), we
found by IF microscopy different morphological abnormalities in sperm
cells of CCDC39- and CCDC40-mutant males, including short, bend and
irregular flagella, as well as sperm head defects typical for MMAF (Figures
2E-G). To further characterize the sperm flagellar phenotype, we
performed ultrastructural analyses of semen from CCDC40-mutant
male OP-1516 II1. We identified classical findings of MMAEF,
including sperm with cytoplasmic bags containing unassembled
axonemal and peri-axonemal components, as well as severe tubular
disorganization of the flagellar axoneme resembling reported findings
of axonemal disorganization in respiratory cilia (Figure 3).

Disease-causing variants in RSPH1 and
RSPH9 result in altered radial spoke head
composition in sperm flagella and cause
male infertility due to dysmotile sperm cells

So far, the molecular defects in sperm flagella of RSPHI- and
RSPHY9-mutant males have not been characterized previously.
Here we had the opportunity to address this important research
question.
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TABLE 1 Clinical characteristics of study participants. aa: amino acids; Chron: chronic; del: deletion; dup: duplication; FEV: forced expiratory volume; hom: homozygous; ml: milliliter; N/A: not annotated; n.a: not available; nl:
nanoliter; nNO; nasal nitric oxide-production rate; RDS: respiratory distress syndrome, ref: reference value.
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2491 1 3022 112 M2321
Mutated gene CCDC39 CCDC40 CCDC40 RSPHI RSPHI RSPH9 HYDIN HYDIN SPEF2 SPEF2
cDNA mutation c.1072del c.1675G>T c.248del ¢.680dup (hom.) ¢.501+2dup €.244T>C ¢.3984 + 1G>T (hom.) c.6140C>G c.910C>T c.2763
(hom.) (hom.) (hom.) (hom.) -2764del
¢.1007-1010del €.736_755dup €.2629del €.3620G>A
Protein alteration (p.Thr358GlInfs*3) (p.Glu559*) (p.Ala83Valfs*84) (p.Pro228Alafs*15) | (p.?) (p.Trp82Arg) | frameshift-stop after (p.Ser 2047%) (p.Arg304*) (p.Glu921
insertion of 62 novel aa Aspfs*31)
(p.Lys336Argfs*19) (p.Ser252Argfs*43) (p.I1e877Phefs*6) = (p.Argl207Lys)
Mutation type frameshift non-sense frameshift frameshift obligatory missense obligatory splicesite non-sense non-sense frameshift
splicesite
frameshift frameshift frameshift missense
Allele Frequency (GnomAD) | 3.25e-5 N/A 4.27e-4 2.48e-5 3.98e-6 N/A N/A N/A 7.97e-6 N/A
N/A 8.04e-6 N/A 5.87e-5
Age at semen analysis na na 24 27 28 24 40 40 na 25 31
37
Semen volume (ml), ref: >1.5  n.a na 3.0 34 2.3 29 44 52  na 2.0 6.4
4.1
Total sperm number (10°), na na 17.7 295.1 227.2 16.5 456.5  313.6  na 97.6 137
ref: >39 70.5
Sperm concentration (10°/ n.a n.a 5.9 86.8 98.8 5.70 103.8 60.3 | na 48.8 214
ml), ref: >15 17.2
Progressive motility (PR, %), = n.a na 0 21 13 22 2 0 na 0 0
ref: >32 1
Sperm morphology (normal | n.a na 1 4 na 1 38 36 na 0 2
forms, %), ref: >4 3
Vitality (live spermatozoa, na na 75 52 56 72 2 0 na 72 72
%), ref: >58 65
pH, (ref: >7.2) n.a n.a 8.5 8.5 8.3 7.9 7.4 74 | na 8.3 8.3
8.1
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TABLE 1 (Continued) Clinical characteristics of study participants. aa: amino acids; Chron: chronic; del: deletion; dup: duplication; FEV: forced expiratory volume; hom: homozygous; ml: milliliter; N/A: not annotated; n.a: not
Ruler machinery mutant individuals

available; nl: nanoliter; nNO; nasal nitric oxide-production rate; RDS: respiratory distress syndrome, ref: reference value.
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In three PCD-affected male individuals we diagnosed
pathogenic variants in two genes encoding different components
of the RS head. In OP-3257 II1 and OP-3957 II1, we detected
homozygous variants in RSPHI (CCDS13688; GenBank: NM_
080860.4). In OP-3257 II1, we found the insertion c.680dup
(rs556286752) (p.Pro228Alafs*15), leading to a frameshift and
premature translational stop (ACMG classification: class 5). For
OP-3957 111, we detected a donor splice-site variant ¢.501+2dup
(rs1568964336) in intron 5-6 strongly predicted to activate a cryptic
splice site located 28 nucleotides upstream in exon 5 and therefore
pathogenic (varSEAK classification: class 5). Sanger sequencing
confirms segregation in both families (Supplementary Figure
S1B). Individual OP-2491 1II1 was diagnosed with the
homozygous missense variant ¢.244T>C (p.Trp82Arg) in RSPH9
(CCDS4905; GenBank: NM_152732.5) (Supplementary Figure
S1B). This variant is predicted to be damaging by several
prediction programs, including SIFT, PROVEAN, Mutation
Taster and PolyPhen (Adzhubei et al., 2010; Schwarz et al.,, 2014;
Choi and Chan, 2015; Vaser et al., 2016; Kopanos et al., 2019).

Individuals OP-3257 II1 and OP-3957 111, with pathogenic variants in
RSPHI, both displayed chronic respiratory symptoms including chronic
otitis media, sinusitis, bronchitis, and chronic wet cough. OP-3957
11 additionally reported neonatal RDS and presented reduced nNO-
production rates (Table 1). Data on the fertility of RSPHI- and RSPHY-
mutant males are so far, not reported. Here, we show in both RSPH1I-
mutant individuals affected male fertility due to asthenozoospermia,
through a combination of an increased proportion of immotile and
dysmotile sperm with non-progressive or slow-progressive patterns
(Supplementary Videos $4, S5). OP-3957 II1 additionally presented a
lowered sperm count and morphological abnormalities, showing the
combination of oligoasthenoteratozoospermia (Table 1). RSPH9-mutant
individual OP-2491 II1, who presented with chronic destructive lung
disease, underwent a middle lobe resection of the lung, due to
bronchiectasis. He also displayed reduction of the nNO-production
rate and reported infertility due to dysmotile sperm cells
(Supplementary Video S6 and Table 1).

We have previously demonstrated by IF microscopy in respiratory
cilia the absence of RSPH1 and RSPH9 from RSPH1- and RSPH9-mutant
cilia, respectively, and thus confirmed pathogenicity of the identified
variants (Frommer et al,, 2015) (Supplementary Figure S3). The protein
composition of RS heads in sperm flagella has not been studied, so far. To
characterize it in more detail, we tested here by IF microscopy whether the
RS head composition is affected in RSPHI- and RSPH9-mutant sperm
flagella. In RSPHI-mutant individuals OP-3257 111 and OP-3957 II1 we
examined the sperm flagellar localization of RSPHI. In healthy control
samples, RSPHI localizes along the entire flagellar length and co-localizes
with the flagellar marker acetylated o-tubulin (Figure 4A). RSPHI-
mutant sperm flagella displayed no signal against the RSPHI protein
(Figures 4B, C), consistent with the detected loss-of-function mutations.
RSPHY also displayed a panaxonemal localization pattern in control
sperm flagella (Figure 4E). As expected, in sperm cells of RSPH9-mutant
individual OP-2491 II1 RSPH9 was either severely reduced or absent in
the flagellar axonemes (Figure 4F). Thus, our findings demonstrate for the
first time that the RS head proteins RSPH1 and RSPH9 are also present in
sperm flagella. In addition, we demonstrate that the pathogenicity of
RSPHI and RSPH9 variants can be also established by IF analyses in
sperm cells. This is of particular interest, because the RSPH9-mutant
individual carried a homozygous missense variant.
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CCDC40-mutant individuals display MMAF and CCDC39 is absent from CCDC39- and CCDC40-mutant sperm flagellar axonemes. Sperm cells
from healthy control donors and infertile male individuals with pathogenic variants in CCDC39 and CCDC40 were co-stained with antibodies directed
against acetylated a-tubulin (acet. tubulin; depicted in green) and CCDC39 (depicted in red). (A) In control sperm, immunoreactivity against CCDC39 (red)
is observed along the entire flagella length. The CCDC39 signal co-localizes with the flagellar marker acet. tubulin (depicted in yellow in the merged
image). (B—=D) In sperm flagella of CCDC39-mutant individual OP-122 and CCDC40-mutant individuals OP-11 112 and OP-1516 II1, no signal against
CCDC39 is observed along the flagellar axoneme. (E-G) Sperm cells of CCDC39-mutant individual OP-122 and CCDC40-mutant individuals OP-11
[I2 and OP-1516 II1 display morphological abnormalities, comprising short, bend and irregular flagella, as well as head defects. The schematic
representatively shows the localization of the CCDC39/CCDC40 heterodimer. Nuclei were stained with Hoechst33342. Scale bars represent 10 ym.

Because the RSPHI-mutant individual OP-3957 II1 displayed
abnormal sperm morphology in semen and IF microscopy analyses
(Figure 4), we further examined this finding on the ultrastructural
level. TEM micrographs of RSPHI-mutant sperm cells from OP-
3957 111 confirmed morphological defects of the sperm flagella in
the mid piece and head region. Notably, as typically observed in
MMAF, TEM micrographs showed sperm with cytoplasmic bags
containing not fully assembled axonemal structures (Figure 5).
Interestingly, the majority of flagellar cross sections displayed
normal ultrastructure with a regularly disposed 9 + 2 axoneme
in RSPHI-mutant
respiratory ciliary axonemes (Frommer et al, 2015) (Figure 5).

resembling findings previously reported
Thus, both TEM and IF analyses confirmed presence of sperm
cells with typical MMAF phenotypes, which has not been previously

reported.

Pathogenic variants in SPEF2 and HYDIN
cause MMAF-related infertility and absence
of the central pair associated protein
SPEF2 from flagellar axonemes

We and others have reported male infertility in HYDIN-and

SPEF2-mutant individuals (Olbrich et al., 2012; Sha et al., 2019). So
far, the molecular defects in sperm flagella of HYDIN-mutant males
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have not been characterized previously. Here, we had the
opportunity to address this important research question because
we identified three males with pathogenic variants in SPEF2 and
HYDIN, encoding components of the central pair associated protein
complexes C1b and C2b, respectively. For individual OP-3022 II1,
we detected the homozygous transition c.6140C>G (p.Ser 2047*) in
HYDIN (CCDS59269; NM_001270974.2), leading to a premature
translational stop, that segregates within the family (Supplementary
Figure S1C). This variant is classified as likely pathogenic (class 4) by
ACMG criteria. In individuals SP-24 and SP-32, we identified
compound heterozygous pathogenic variants in SPEF2
(CCDS43309; GenBank: NM_024867.4) (Supplementary Figure
S1D). In individual SP-24, we identified variants c.910C>T
(rs758170951) (p.Arg304*) and c.2629del (p.Ile877Phefs*Ter6),
leading to a premature stop of translation and a frameshift with
translational stop, respectively (Supplementary Figure S1D). These
variants are classified as pathogenic (class 5) and likely pathogenic
(class 4) by ACMG criteria, respectively. In Individual SP-32, we

identified  the  frameshift-stop  variant  ¢.2763_2764del
(p-Glu921Aspfs*31) and the missense variant ¢.3620G>A
(rs200722554) (p.Argl207Lys) (Supplementary Figure S1D).

According to the ACMG guidelines, this missense variant is
classified as of uncertain significance (class 3), whereas the loss-
of-function variant is classified as likely pathogenic (class 4).
Consistent with an autosomal recessive inheritance pattern,
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TEM analyses of CCDC40-mutant sperm cells show morphological abnormalities and tubular disorganisation. (A) TEM micrographs of sperm
samples from a healthy control donor, showing a flagellar cross section with a regular 9 + 2 axoneme of microtubule doublets (MTD), (left image), and a
longitduinal section showing the axoneme (Ax) at the center, with regularly composed mitochondria (MIT) and fibrous sheath (FS), respectively in the
flagellar mid piece and principal piece (right image). (B) CCDC40-mutant individual OP-1516 |11 shows morphological abnormalities of the sperm
cells. Some sperm cells depict severe head malformations and lack proper flagella, displaying a cytoplasmic bag with unassembled peri-axonemal
components, such as outer dense fibers (ODF) and mitochondria (right and middle image). In sperm flagella cross sections, axonemes show severe

tubular disorganization (left image).

Sanger Sequencing confirmed segregation of SPEF2 variants within
the families (Supplementary Figure S1D).

Individual OP-3022 II1 with pathogenic variants in HYDIN
reported neonatal RDS and was diagnosed with chronic sinusitis,
otitis media and wet cough, and a very low nNO-production rate. He
presented with infertility and semen analyses revealed dysmotile
(Supplementary Video S7) and morphologically abnormal sperm,
thus asthenoteratozoospermia (Table 1).

SPEF2-mutant individuals SP-24 and SP-32 presented with male
infertility and did not have a prior diagnosis of any chronic airway
disease. Both were diagnosed with dysmotile sperm cells
(Supplementary ~ Videos S8, S9) showing morphological
both
individuals reported chronic upper airway symptoms including
(Table 1), consistent with PCD. For the
characterization of sperm flagellar defects associated with the CP

abnormalities  (asthenoteratozoospermia). ~ Moreover,

severe sinusitis

associated complexes Clb and C2b, we additionally included
HYDIN-mutant individual OP-305 II2. The genetic diagnosis and
clinical characteristics of OP-305 II2 were reported previously
(Olbrich et al., 2012) and are summarized in Table 1.

We have previously shown in respiratory cilia that IF analyses
using antibodies directed against SPEF2 can be applied to diagnose
and/or confirm the effect of genetic variants in the CP-apparatus
related (C1b and C2b) genes SPEF2 and HYDIN, because the Clb
protein SPEF2 is absent from respiratory ciliary axonemes (Cindri¢
etal., 2019). Here, we confirmed absence of SPEF2 from respiratory
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ciliary axonemes in the HYDIN- and SPEF2-mutant individuals OP-
3022 I12, SP-24 and SP-32 (Supplementary Figure S4). Next, we
tested whether SPEF2 localization also depends on functional
HYDIN in sperm cells.

In control sperm cells we observed immunoreactivity against
SPEF2 along the entire flagellar length, that co-localizes with the
flagellar marker acetylated a-tubulin (Figure 6A). Consistent with
findings in respiratory cilia, sperm cells of HYDIN-mutant
individuals OP-305 II2 and OP-3022 II2, as well as SPEF2-
mutant individuals SP-24 and SP-32, all displayed an absent or
severely reduced signal against SPEF2 along the entire flagellar
length (Figures 6B-E). Moreover, IF microscopy analyses clearly
showed the presence of morphological sperm abnormalities in all
affected individuals, typical for a MMAF phenotype, with short,
bent, curled and irregular flagella (Figures 6F-I).

Our IF analyses show that HYDIN and SPEF2 also interact
within the CP apparatus of sperm flagella, which has not been
previously reported. Thus, IF microscopy in sperm flagella with
antibodies targeting SPEF2 can help to determine pathogenicity of
DNA variants in HYDIN- and SPEF2-mutant individuals, aiding
diagnosis of male infertility. This is of particular interest because one
of the SPEF2-mutant individuals harbored missense variants with
uncertain pathogenicity.

We confirm MMAF phenotypes in SPEF2-mutant male
individuals SP-24 and SP-32 (Figure 6), as previously reported
(Liu et al.,, 2019; Sha et al., 2019; He et al., 2020; Tu et al., 2020).
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RSPH1 and RSPH9 mutations cause abnormal radial spoke head composition in sperm flagella. Sperm cells from healthy control donors and infertile
male individuals with pathogenic variants in RSPH1 and RSPH9 were co-stained with antibodies directed against acetylated a-tubulin (acet. tubulin;
depicted in green) and RSPH1 and RSPH9, respectively (both depicted in red). (A) In control sperm cells, immunoreactivity against RSPH1 (red) is observed
along the entire flagellar length. The RSPH1 signal co-localizes with the flagellar marker acet. tubulin (depicted in yellow in the merged image). (B,C)

In sperm flagella of RSPH1-mutant individuals OP-3257 II1 and OP-3957 II1, a severe reduction of the RSPH1 signal or no signal is observed along the
flagellar axonemes. (D) Sperm cells of RSPHI-mutant individual OP-3957 II1 display morphological abnormalities, comprising bent flagella and sperm
head defects consistent with MMAF. (E) In control sperm cells, RSPH9 (red) shows a panaxonemal staining pattern and co-localization with the flagellar
marker acet. tubulin (depicted in yellow in the merged image). (F) In contrast, sperm flagella of the RSPH9-mutant individual OP-2491 111 display a severe
reduction of the RSPH9 signal. The schematic shows the putative localization of the RSPH1 and RSPH9 proteins in the radial spoke head complex. Nuclei

were stained with Hoechst33342. Scale bars represent 10 ym

Interestingly, we now also observed MMAF phenotypes associated
with pathogenic HYDIN variants (Figure 6), which has not been
previously reported. However, this is not unexpected because we
demonstrate that the large C1b protein SPEF2 is absent from the
flagellar axonemes of HYDIN- and SPEF2-mutant individuals. To
further characterize and confirm the flagellar defect at the
ultrastructural level, we performed TEM studies of HYDIN- and
SPEF2-mutant sperm from OP-3022 II2 and SP-24, respectively.
TEM micrographs confirmed morphological sperm defects,
including dysplasia of the mid piece, morphological head
abnormalities, and the presence of sperm cells with stub flagella.
Moreover, flagellar cross sections in both individuals displayed a
combination of normal 9 + 2 ultrastructure, and altered 9 + 1 or 9 +
0 axonemes, retaining a single central microtubule or lacking the
entire CP, respectively (Figure 7).

Discussion

Male infertility is frequently observed in motile ciliopathies, such
as PCD. Due to the evolutionarily conserved composition of the
axoneme in motile cilia and sperm flagella, deficiencies can present
in both cell types and also cause flagellar dysfunction (Wallmeier
et al.,, 2020). However, cell-type specific compositions have been
reported and explain cell-type specific disease affecting either sperm
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flagella or motile cilia. For example, mutations in the genes encoding
the ODA B-HC paralogues DNAH9 and DNAH]I I cause solely PCD
and no defects or dysfunction of sperm flagella due to exclusive
expression in motile cilia (Dougherty et al., 2016; Loges et al., 2018;
Whitfield et al., 2019), whereas mutations of the gene encoding the
ODA B-HC DNAHI7 cause MMAF due to exclusive expression in
sperm cells (Whitfield et al., 2019). Consequently, genetic defects
that are specific to motile cilia (e.g. DNAH5, DNAHY, DNAH]I1
mutations) are not expected to affect sperm flagella but can cause
fertility issues through dysfunction of efferent duct motile cilia in the
male reproductive system (Aprea et al., 2021a).

Here, we investigated how genetically distinct defects of the
axonemal RSPH1/RSPH9 and Cl1b/C2b
(Figure 1B) affect sperm flagella composition and function in

rulers, complexes
comparison to respiratory cilia, revealing a high conservation of
these axonemal complexes in both motile cilia and sperm cells.
Our findings show that mutations in CCDC39 and CCDC40
result in the absence of CCDC39 from sperm flagella axonemes
(Figure 2). This is consistent with previous data obtained in ciliated
respiratory epithelial cells, where an interdependence of both
axonemal ruler components was observed, due to the absence of
CCDC39 in both CCDC39- and CCDC40-mutant individuals
affected by PCD (Becker-Heck et al., 2011; Merveille et al.,, 2011;
Antony et al., 2013). More recently, both genes were also associated
to MMAF-related male infertility and the absence of CCDC39 was
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FIGURE 5

TEM analyses of RSPH1-mutant sperm cells displayed morphological abnormalities of the midpiece and head region, but preservation of the 9 +

2 axonemal organization. (A) TEM micrographs of sperm samples from a healthy control donor, showing a flagellar cross section with a regular 9 +
2 axoneme of microtubule doublets (MTD), (left image), and a longitudinal section, with regularly arranged mitochondria (MIT) and fibrous sheath (FS),
respectively in the flagellar mid piece and principal piece (right image). (B) TEM micrographs of sperm samples from the RSPH1-mutant individual

OP-3957 111 show morphological abnormalities with dysplasia of the flagellar midpiece and abnormal head shapes (respectively indicated by orange and
blue arrowheads), or sperm with only a cytoplasmic bag containing unassembled axonemal (Ax) and peri-axonemal components, such as outer dense
fibers (ODF) and MIT (right image). Some sperm flagellar cross sections also display a normal ultrastructure with a regularly disposed 9 + 2 axoneme (left

image).

observed in CCDC39-mutant sperm flagella (Chen et al.,, 2021; Xu
et al., 2022). Our results confirm these findings. HVMA, IF
microscopy and TEM of sperm samples from OP-122 (CCDC39-
mutant) and OP-1516 I11 (CCDC40-mutant) show immotile sperm
cells with a typical MMAF phenotype of short, bent and irregular
flagella (Supplementary Videos S2, S3; Figure 3). Of note, our
findings showed for the first time that IF microscopy with
antibodies directed against CCDC39 can be used to identify also
CCDC40-mutant sperm flagella (Figure 2). This is of particular
interest for diagnostic purposes, as certain genetic analyses can be
inconclusive if variants of unknown significance are found. In those
cases, protein analyses documenting a defect can qualify
interpretation of the genetic results as pathogenic. Interestingly,
sperm flagella cross sections of CCDC40-mutant individual OP-
1516 111 displayed a tubular disorganization, as previously reported
in CCDC39 and CCDC40 deficient respiratory cilia (Becker-Heck
et al,, 2011; Merveille et al,, 2011; Antony et al., 2013), further
confirming the functional preservation of the axonemal ruler in both
cell types.

Particularly for individuals affected by RS head dysfunction, no
data has been reported on the impact of male fertility. Here, we
reported the fertility status of three individuals, two of them carrying
pathogenic variants in RSPHI and one in RSPH9. All presented with
associated infertility due to asthenozoospermia (Supplementary
Videos S4-S6) with (OP-3957 1I1) or without (OP-3257 II1 and

Frontiers in Genetics

11

OP-2491 1I1) morphological abnormalities of the sperm (Figures 4,
5), providing novel evidence for the functional conservation of both
RSPH1 and RSPH9 also in sperm flagella.

In ciliated respiratory epithelial cells, IF microscopy is
predominantly used for the diagnosis of RS head defects
(Frommer et al.,, 2015). Other tests, such as HVMA and TEM, are
less indicative for an underlying defect. Sperm flagella of RSPHI- and
RSPHY9-mutant individuals display a clear motility defect in HVMA,
however TEM cross sections of sperm flagella from OP-3957 II1
(RSPHI-mutant) display a normal 9 + 2 axonemal ultrastructure
(Figure 5). By using IF microscopy, we observed absence of RSPH1
and RSPHY from sperm flagella of RSPHI- and RSPH9-mutant
individuals, respectively (Figure 4). Hereby, we confirmed that the
dysmotility of sperm flagella is associated with the deficiency of the
respective RS head components. In sperm flagella, IF stainings
directed against RSPH1 and RSPH9 were so far only reported in
sperm flagella of humans and mice with other genetic defects (Tu
etal, 2020; Shen et al., 2021; Zhang et al., 2021). Here, we show anti-
RSPHI and anti-RSPH9 stainings in both respiratory cilia and sperm
flagella from the same individuals with corresponding pathogenic
gene variants. This underlines the specificity of IF microscopy also in
the diagnosis of RS head defects in sperm, which might be especially
useful in individuals harboring variants of unknown significance in
order to help interpretation of genetic findings (e.g., in OP-2491
II1 carrying homozygous missense variant ¢.244T>C).
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FIGURE 6

SPEF2 is absent or severely reduced in sperm flagellar axonemes of HYDIN- and SPEF2-mutant individuals, presenting with MMAF-associated
infertility. Sperm cells from healthy control donors and infertile male individuals with pathogenic variants in HYDIN and SPEF2 were co-stained with
antibodies directed against acetylated a-tubulin (acet. tubulin; depicted in green) and SPEF2 (depicted in red). (A) In control sperm cells, immunoreactivity
against SPEF2 (red) is observed along the entire flagellar length. The SPEF2 signal co-localizes with the flagellar marker acet. tubulin (depicted in
yellow in the merged image). (B—E) In sperm cells of both HYDIN-mutant individuals (OP-305 112 and OP-3022 112) and SPEF2-mutant individuals (SP-
24 and SP-32), a severe reduction of the SPEF2 signal or no signal against SPEF2 was observed along the flagellar axoneme. (F—I) Sperm of both HYDIN -
and SPEF2-mutant individuals display a MMAF phenotype with short, bent, coiled and irregular flagella. The schematic representatively shows the
localization of HYDIN and SPEF2 within the central pair associated apparatus. Nuclei were stained with Hoechst33342. Scale bars represent 10 pm

Interestingly, in CCDC40-mutant individual OP-1516 II1 and
RSPHI-mutant individual OP-3957 II1, reduced sperm counts were
additionally diagnosed. We previously reported obstructive
oligozoospermia (reduced sperm count) in DNAH5 deficient
human men and male mice, caused by dysmotility of efferent
duct cilia (Aprea et al,, 2021a). It is possible that CCDC40 and
RSPH1 deficiencies also cause dysmotility of efferent duct cilia by
impairing the passage of sperm from the testis to the epididymis. In
contrast to axonemal ODAs, which present cell type specific
paralogs and thus cell type specific defects, CCDC40 and
RSPHI deficiencies are expected to affect male fertility by two
mechanisms, because both sperm flagella and motile cilia of the
efferent ducts are defective. However, in this study, we found
decreased sperm counts in only two affected individuals, limiting
the reproducibility required to confirm this hypothesis. It would be
interesting to study this hypothesis in a larger cohort and in model
organisms such as mice.

Defects of the CP associated apparatus are difficult to diagnose.
They are not associated with situs abnormalities and diagnostic tests
in respiratory cilia, such as TEM are inconclusive and HSVM is
difficult to interpret (Olbrich et al., 2012; Cindri¢ et al., 2019; Raidt
et al., 2022). The CP complex associated genes HYDIN and SPEF2
also  associated ~ with  male due to

are infertility
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asthenoteratozoospermia (Olbrich et al, 2012; Cindri¢ et al,
2019; Sha et al, 2019). Our findings confirmed that the motility
(Supplementary Video S7-S9) and ultrastructure (Figure 7) of
HYDIN- and SPEF2-mutant sperm is strongly affected. Due to
the presence of the expressed pseudogene HYDINZ2 with almost
identical intron/exon structure to HYDIN, the generation of an
antibody specifically targeting HYDIN is difficult (Cindri¢ et al.,
2019). We have shown that IF analyses of respiratory cells using
antibodies directed against SPEF2 can identify both HYDIN- and
SPEF2-mutant respiratory cells, as axonemal SPEF2 localization
depends on the presence of functional HYDIN and vice versa.
While SPEF2 is reported to be absent in flagella of SPEF2-mutant
sperm from MMAF affected males (Liu et al., 2019; Sha et al., 2019;
He et al., 2020; Tu et al., 2020), it was not clear whether IF stainings
using antibodies directed against SPEF2 could also detect HYDIN
defects in sperm flagella. Here, we now demonstrate that SPEF2 is
absent not only from sperm flagella of SPEF2-mutant individuals but
also from those of HYDIN-mutant individuals (Figure 6). These
findings provide new evidence for an interaction of SPEF2 and
HYDIN also in sperm flagella and corroborate that the IF analysis
using antibodies against SPEF2 is also suitable for the identification
of HYDIN defects in sperm flagella. This is especially important,
because the interpretation of genetic variants in HYDIN is
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TEM analyses of HYDIN and SPEF2-deficient sperm displays morphological abnormalities. (A) TEM micrographs of sperm samples from a healthy

control donor, showing a flagellar cross section with a regular 9 + 2 axoneme of microtubule doublets (MTD), (left image), and a longitudinal section
showing the axoneme (Ax) at the center, with regularly arranged mitochondria (MIT) and fibrous sheath (FS), respectively in the flagellar mid piece and
principal piece (right image). The orange arrowheads in the cross section indicate projections of the central pair associated apparatus. (B) HYDIN-

mutant sperm display flagellar cross sections with either a normal 9 + 2 ultrastructure of the axoneme displaying less pronounced CP projections (upper
left image), or 9 + 1 cross sections with only one central microtubule (upper middle image), or a 9 + 0 axoneme without the CP (lower left image).
Morphological abnormalities of the sperm flagella are also observed, comprising sperm cells displaying a cytoplasmic bag with unassembled axonemal
and peri-axonemal components (upper right image, arrow), or mid piece dysplasia (lower right image, indicate by a blue arrowhead). (C) SPEF2-mutant
sperm cells also display short and irregular flagella (first left image), or a cytoplasmic bag with unassembled flagellar components (second left image).
Flagellar cross sections display either a 9 + O structure without the CP (second from the right image), or a 9 + 2 structure (first from the right image)

confounded by sharing most of its DNA sequence to the pseudogene
HYDIN?2.

Taken together, our results indicate that the ruler proteins
CCDC39 and CCDC40, the radial spoke head proteins
RSPH1 and RSPHY as well as the central pair associated
apparatus proteins SPEF2 and HYDIN have a similar functional
role in motile cilia and sperm flagella, as hypothesized in Figure 1. In
addition, our study demonstrates that IF microscopy analyses are
valuable diagnostic tools for the identification of defects of the
axonemal composition of sperm flagella related to the axonemal
rulers, radial spoke head and the central pair associated apparatus
C1b and C2b. This knowledge is especially helpful in cases where
DNA variants of unknown significance are found by gene testing.
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Interestingly, some men were recruited primarily from the
andrology department because of infertility problems and did not
receive a pneumology work up examination until this study. In all of
these individuals, we were able to identify also respiratory disease
(Table 1), as it was reported for genetic mutations in e.g., SPEF2,
which cause severe lung disease besides the MMAF phenotype in
affected male individuals (Cindri¢ et al., 2019). The results of our
study suggest that critical investigation of other disease
manifestations in infertile men, particularly respiratory, is of
great importance and should be considered especially in men
affected
individuals with e.g., lung disease will clearly benefit from early

with mutations in specific genes. In particular,

and appropriate treatment.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1117821

Aprea et al.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethics Committee of the Medical Association of
Westphalia-Lippe and the Westphalian Wilhelms University of
Miinster Westfalen Lippe and Westfilische
Wilhelms Universitit; reference number: AZ 2017-139-f-S;
2011-270-f-S, 2010- 578-f-S; 4INie). The patients/participants
provided their written informed consent to participate in this study.

(Arztekammer

Author contributions

Conceptualization: IA, JR, and HOm; Formal Analysis: IA, AW,
CK, TN-M, HOIl, NL, GD, DB, CB, SK, TS, FT, JR, and HOm;
Investigation: IA, AW, CK, TN-M, HOl, NL, GD, DB, CB, SK, TS,
FT, JR, and HOm; Writing—original draft: 1A, JR, and AW;
Writing—review and editing: IA, AW, CK, TN-M, HOI, NL, GD,
DB, CB, SK, TS, FT, JR, and HOm. All authors read and approved
the final manuscript.

Funding

This work was supported by grants from the Deutsche
Forschungsgemeinschaft (DFG OM6/7-2, OM6/14-1, OM6/16-1
(HOm), Clinical Research Unit ‘Male Germ Cells’ CRU326 (to
FT, CB, TS, JR, and HO)), OL 450/3-1 (HOI), the
Interdisziplinaeres Zentrum fir Klinische Forschung (IZKF)
Miinster (Om2/015/16), Registry Warehouse (Horizon2020 GA
777295) and BESTCILIA (EU FP7 GA 305404). This work is
generated within the European Reference Network for rare
respiratory diseases ERN-LUNG.

References

Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova, A., Bork, P.,
et al. (2010). A method and server for predicting damaging missense mutations. Nat.
Methods 7, 248-249. doi:10.1038/nmeth0410-248

American Thoracic Society; European Respiratory Society (2005). ATS/ERS
recommendations for standardized procedures for the online and offline
measurement of exhaled lower respiratory nitric oxide and nasal nitric oxide, 2005.
Am. ]. Respir. Crit. Care Med. 171, 912-930. doi:10.1164/rccm.200406-710ST

Antony, D., Becker-Heck, A., Zariwala, M. A., Schmidts, M., Onoufriadis, A.,
Forouhan, M., et al. (2013). Mutations in CCDC39 and CCDC40 are the major
cause of primary ciliary dyskinesia with axonemal disorganization and absent inner
dynein arms. Hum. Mutat. 34, 462-472. doi:10.1002/humu.22261

Aprea, I, Nothe-Menchen, T., Dougherty, G. W., Raidt, J., Loges, N. T., Kaiser, T.,
et al. (2021a). Motility of efferent duct cilia aids passage of sperm cells through the male
reproductive system. Mol. Hum. Reprod. 27, gaab009. doi:10.1093/molehr/gaab009

Aprea, L, Raidt, J., Hoben, I. M., Loges, N. T., N6the-Menchen, T., Pennekamp, P.,
et al. (2021b). Defects in the cytoplasmic assembly of axonemal dynein arms cause

morphological abnormalities and dysmotility in sperm cells leading to male infertility.
PLoS Genet. 17, €1009306. doi:10.1371/journal.pgen.1009306

Frontiers in Genetics

14

10.3389/fgene.2023.1117821

Acknowledgments

The authors thank all PCD individuals and related family members
for their participation in this study. Furthermore, the authors
acknowledge the German patient support group “Kartagener
Syndrom und Primaere Ciliaere Dyskinesie e. V.”. For clinical
examinations the authors thank all referring physicians. For
technical assistance, the authors thank M. Herting, L. Schwiddessen,
S. Sivalingam, K. Prufias, B. Shin, K. Wohlgemuth, A. Borgscheiper and
the technicians from the andrology laboratory at the Center for
Reproductive Medicine and Andrology (CeRA), University Clinics,
Miinster (Germany). For organizational assistance, the authors thank
the study nurses S. Helms and M. Tekaat. Several authors of this study
are healthcare professionals in the European Reference Networks ERN-
LUNG. The authors would like to thank Joachim Strub and the
varSEAK Team, as well as the groups that provided their variant data.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1117821/
full#supplementary-material

Becker-Heck, A., Zohn, I. E., Okabe, N., Pollock, A., Lenhart, K. B., Sullivan-
Brown, J., et al. (2011). The coiled-coil domain containing protein CCDC40 is
essential for motile cilia function and left-right axis formation. Nat. Genet. 43,
79-84. doi:10.1038/ng.727

Bracke, A., Peeters, K., Punjabi, U., Hoogewijs, D., and Dewilde, S. (2018). A search
for molecular mechanisms underlying male idiopathic infertility. Reprod. Biomed.
Online 36, 327-339. d0i:10.1016/j.rbmo.2017.12.005

Chen, D,, Liang, Y., Li, J., Zhang, X., Zheng, R., Wang, X,, et al. (2021). A novel
CCDC39 mutation causes multiple morphological abnormalities of the flagella in a
primary ciliary dyskinesia patient. Reprod. Biomed. Online 43, 920-930. doi:10.1016/j.
rbmo.2021.07.005

Choi, Y., and Chan, A. P. (2015). PROVEAN web server: A tool to predict the
functional effect of amino acid substitutions and indels. Bioinformatics 31, 2745-2747.
doi:10.1093/bioinformatics/btv195

Cindri¢, S., Dougherty, G. W., Olbrich, H., Hjeij, R., Loges, N. T., Amirav, L, et al.
(2019). SPEF2- and HYDIN-mutant cilia lack the central pair-associated protein SPEF2,
aiding primary ciliary dyskinesia diagnostics. Am. J. Respir. Cell Mol. Biol. 62, 382-396.
doi:10.1165/rcmb.2019-00860c

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2023.1117821/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2023.1117821/full#supplementary-material
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1164/rccm.200406-710ST
https://doi.org/10.1002/humu.22261
https://doi.org/10.1093/molehr/gaab009
https://doi.org/10.1371/journal.pgen.1009306
https://doi.org/10.1038/ng.727
https://doi.org/10.1016/j.rbmo.2017.12.005
https://doi.org/10.1016/j.rbmo.2021.07.005
https://doi.org/10.1016/j.rbmo.2021.07.005
https://doi.org/10.1093/bioinformatics/btv195
https://doi.org/10.1165/rcmb.2019-0086oc
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1117821

Aprea et al.

Dougherty, G. W., Loges, N. T., Klinkenbusch, J. A., Olbrich, H., Pennekamp, P.,
Menchen, T, et al. (2016). DNAH11 localization in the proximal region of respiratory
cilia defines distinct outer dynein arm complexes. Am. J. Respir. Cell Mol. Biol. 55,
213-224. doi:10.1165/rcmb.2015-03530C

Frommer, A., Hjeij, R., Loges, N. T., Edelbusch, C., Jahnke, C., Raidt, J., et al. (2015).
Immunofluorescence analysis and diagnosis of primary ciliary dyskinesia with radial
spoke defects. Am. J. Respir. Cell Mol. Biol. 53, 563-573. do0i:10.1165/rcmb.2014-
04830C

He, X, Liu, C,, Yang, X,, Lv, M,, Ni, X,, Li, Q,, et al. (2020). Bi-Allelic loss-of-function
variants in CFAP58 cause flagellar axoneme and mitochondrial sheath defects and
asthenoteratozoospermia in humans and mice. Am. J. Hum. Genet. 107, 514-526.
dOi:10.1016/j.ajhg.2020.07.010

Hében, I. M., Hjeij, R., Olbrich, H., Dougherty, G. W., N6the-Menchen, T., Aprea, L,
et al. (2018). Mutations in Cllorf70 cause primary ciliary dyskinesia with
randomization of left/right body asymmetry due to defects of outer and inner
dynein arms. Am. J. Hum. Genet. 102, 973-984. doi:10.1016/j.ajhg.2018.03.025

Karczewski, K. J., Francioli, L. C.,, Tiao, G., Cummings, B. B., Alféldi, ]., Wang, Q.,
et al. (2020). The mutational constraint spectrum quantified from variation in
141,456 humans. Nature 581, 434-443. doi:10.1038/s41586-020-2308-7

Knowles, M. R., Leigh, M. W., Ostrowski, L. E., Huang, L., Carson, J. L., Hazucha, M.
J., et al. (2013). Exome sequencing identifies mutations in CCDC114 as a cause of
primary ciliary dyskinesia. Am. J. Hum. Genet. 92, 99-106. doi:10.1016/j.ajhg.2012.
11.003

Kopanos, C., Tsiolkas, V., Kouris, A., Chapple, C. E., Albarca Aguilera, M., Meyer, R.,
et al. (2019). VarSome: The human genomic variant search engine. Bioinformatics 35,
1978-1980. doi:10.1093/bioinformatics/bty897

Liu, C., Lv, M., He, X., Zhu, Y., Amiri-Yekta, A., Li, W., et al. (2019). Homozygous
mutations in SPEF2 induce multiple morphological abnormalities of the sperm flagella
and male infertility. /. Med. Genet. 57, 31-37. doi:10.1136/jmedgenet-2019-106011

Liu, C, Miyata, H, Gao, Y, Sha, Y, Tang, S, Xu, Z, et al. (2020). Bi-Allelic
DNAHS variants lead to multiple morphological abnormalities of the sperm flagella and
primary male infertility. Am. J. Hum. Genet. 107, 330-341. doi:10.1016/j.ajhg.2020.06.004

Liu, L., Zhou, K., Song, Y., and Liu, X. (2021). CCDC40 mutation as a cause of
infertility in a Chinese family with primary ciliary dyskinesia. Medicine 100 (51),
€28275. doi:10.1097/MD.0000000000028275

Loges, N. T., Antony, D., Maver, A., Deardorff, M. A., Giileg, E. Y., Gezdirici, A., et al.
(2018). Recessive DNAHY loss-of-function mutations cause laterality defects and subtle
respiratory ciliary-beating defects. Am. . Hum. Genet. 103, 995-1008. doi:10.1016/j.
ajhg2018.10.020

Lucas, J. S., Barbato, A., Collins, S. A., Goutaki, M., Behan, L., Caudri, D., et al. (2017).
European Respiratory Society guidelines for the diagnosis of primary ciliary dyskinesia.
Eur. Respir. J. 49, 1601090. doi:10.1183/13993003.01090-2016

Merveille, A. C., Davis, E. E., Becker-Heck, A., Legendre, M., Amirav, L, Bataille, G.,
et al. (2011). CCDC39 is required for assembly of inner dynein arms and the dynein
regulatory complex and for normal ciliary motility in humans and dogs. Nat. Genet. 43,
72-78. doi:10.1038/ng.726

Olbrich, H., Hiffner, K., Kispert, A., Vélkel, A., Volz, A, Sasmaz, G., et al. (2002).
Mutations in DNAH5 cause primary ciliary dyskinesia and randomization of left-right
asymmetry. Nat. Genet. 30, 143-144. doi:10.1038/ng817

Olbrich, H., Schmidts, M., Werner, C., Onoufriadis, A., Loges, N. T., Raidt, J., et al.
(2012). Recessive HYDIN mutations cause primary ciliary dyskinesia without
randomization of left-right body asymmetry. Am. J. Hum. Genet. 91, 672-684.
doi:10.1016/j.ajhg.2012.08.016

Olbrich, H., Cremers, C., Loges, N. T., Werner, C,, Nielsen, K. G., Marthin, J. K,, et al.
(2015). Loss-of-Function GAS8 mutations cause primary ciliary dyskinesia and disrupt the
nexin-dynein regulatory complex. Am. J. Hum. Genet. 97, 546-554. doi:10.1016/j.ajhg.2015.
08.012

Omran, H., and Loges, N. T. (2009). Immunofluorescence staining of ciliated
respiratory epithelial cells. Methods Cell Biol. 91, 123-133. doi:10.1016/S0091-
679X(08)91007-4

Omran, H., Kobayashi, D., Olbrich, H., Tsukahara, T., Loges, N. T., Hagiwara, H.,
et al. (2008). Ktu/PF13 is required for cytoplasmic pre-assembly of axonemal dyneins.
Nature 456, 611-616. doi:10.1038/nature07471

Paff, T., Loges, N. T., Aprea, I, Wu, K,, Bakey, Z., Haarman, E. G., et al. (2017).
Mutations in PIH1D3 cause X-linked primary ciliary dyskinesia with outer and inner
dynein arm defects. Am. J. Hum. Genet. 100, 160-168. doi:10.1016/j.ajhg.2016.11.019

Frontiers in Genetics

15

10.3389/fgene.2023.1117821

Raidt, J., Wallmeier, J., Hjeij, R., Onnebrink, J. G., Pennekamp, P., Loges, N. T., et al.
(2014). Ciliary beat pattern and frequency in genetic variants of primary ciliary
dyskinesia. Eur. Respir. ]. 44, 1579-1588. doi:10.1183/09031936.00052014

Raidt, J., Krenz, H., Tebbe, J., Grole-Onnebrink, J., Olbrich, H., Loges, N. T, et al.
(2022). Limitations of nasal nitric oxide measurement for diagnosis of primary ciliary
dyskinesia with normal ultrastructure. Ann. Am. Thorac. Soc. 19, 1275-1284. doi:10.
1513/AnnalsATS.202106-7280C

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015).
Standards and guidelines for the interpretation of sequence variants: A joint
consensus recommendation of the American College of medical genetics and
genomics and the association for molecular pathology. Genet. Med. 17, 405-424.
d0i:10.1038/gim.2015.30

Schwarz, J. M., Cooper, D. N., Schuelke, M., and Seelow, D. (2014). Mutationtaster2:
Mutation prediction for the deep-sequencing age. Nat. Methods 11, 361-362. doi:10.
1038/nmeth.2890

Sha, Y., Liu, W., Wei, X., Zhu, X,, Luo, X,, Liang, L., et al. (2019). Biallelic mutations in
Sperm flagellum 2 cause human multiple morphological abnormalities of the sperm
flagella (MMAF) phenotype. Clin. Genet. 96, 385-393. doi:10.1111/cge.13602

Shen, Q., Martinez, G., Liu, H., Beurois, J., Wu, H., Amiri-Yekta, A., et al. (2021). Bi-
allelic truncating variants in CFAP206 cause male infertility in human and mouse.
Hum. Genet. 140, 1367-1377. doi:10.1007/s00439-021-02313-z

Sironen, A., Shoemark, A., Patel, M., Loebinger, M. R., and Mitchison, H. M. (2019).
Sperm defects in primary ciliary dyskinesia and related causes of male infertility. Cell.
Mol. Life Sci. 77, 2029-2048. doi:10.1007/s00018-019-03389-7

Touré, A., Martinez, G., Kherraf, Z. E., Cazin, C., Beurois, J., Arnoult, C., et al. (2021).
The genetic architecture of morphological abnormalities of the sperm tail. Hum. Genet.
140, 21-42. doi:10.1007/s00439-020-02113-x

Tu, C., Nie, H., Meng, L., Wang, W, Li, H,, Yuan, S,, et al. (2020). Novel mutations in
SPEF2 causing different defects between flagella and cilia bridge: The phenotypic link
between MMAF and PCD. Hum. Genet. 139, 257-271. doi:10.1007/s00439-020-
02110-0

Tittelmann, F., Ruckert, C., and Répke, A. (2018). Disorders of spermatogenesis:
Perspectives for novel genetic diagnostics after 20 years of unchanged routine. Med.
Genet. 30, 12-20. doi:10.1007/s11825-018-0181-7

Vaser, R,, Adusumalli, S., Leng, S. N., Sikic, M., and Ng, P. C. (2016). SIFT missense
predictions for genomes. Nat. Protoc. 11, 1-9. doi:10.1038/nprot.2015.123

Wallmeier, J., Frank, D., Shoemark, A., Néthe-Menchen, T., Cindric, S., Olbrich, H.,
et al. (2019). De novo mutations in FOXJ1 result in a motile ciliopathy with
hydrocephalus and randomization of left/right body asymmetry. Am. J. Hum. Genet.
105, 1030-1039. doi:10.1016/j.ajhg.2019.09.022

Wallmeier, J., Nielsen, K. G., Kuehni, C. E., Lucas, J. S., Leigh, M. W., Zariwala, M. A.,
et al. (2020). Motile ciliopathies. Nat. Rev. Dis. Prim. 6, 77. doi:10.1038/s41572-020-
0209-6

Werner, C., Onnebrink, J. G., and Omran, H. (2015). Diagnosis and management of
primary ciliary dyskinesia. Cilia 4, 2. doi:10.1186/s13630-014-0011-8

Whitfield, M., Thomas, L., Bequignon, E., Schmitt, A., Stouvenel, L., Montantin, G.,
et al. (2019). Mutations in DNAH17, encoding a sperm-specific axonemal outer dynein
arm heavy chain, cause isolated male infertility due to asthenozoospermia. Am. J. Hum.
Genet. 105, 198-212. doi:10.1016/j.ajhg.2019.04.015

World Health Organization (2010). Laboratory manual for the examination and
processing of human semen. Cambridge: Cambridge Univ. Press. doi:10.1038/aja.
2008.57

Wyrwoll, M. J., van Walree, E. S., Hamer, G., Rotte, N., Motazacker, M. M., Meijers-
Heijboer, H., et al. (2021). Bi-allelic variants in DNA mismatch repair proteins MutS
Homolog MSH4 and MSH5 cause infertility in both sexes. Hum. Reprod. 37, 178-189.
doi:10.1093/humrep/deab230

Xu, Y., Yang, B, Lei, C, Yang, D., Ding, S., Lu, C,, et al. (2022). Novel compound
heterozygous variants in CCDC40 associated with primary ciliary dyskinesia and

multiple morphological abnormalities of the sperm flagella. Pharmgenomics. Pers.
Med. 15, 341-350. doi:10.2147/PGPM.S359821

Yamamoto, R., Hwang, J., Ishikawa, T., Kon, T., and Sale, W. S. (2021). Composition
and function of ciliary inner-dynein-arm subunits studied in Chlamydomonas
reinhardtii. Cytoskeleton 78, 77-96. doi:10.1002/cm.21662

Zhang, X,, Sun, ], Lu, Y., Zhang, J., Shimada, K., Noda, T., et al. (2021). LRRC23 is a
conserved component of the radial spoke that is necessary for sperm motility and male
fertility in mice. J. Cell Sci. 134, jcs259381. doi:10.1242/jcs.259381

frontiersin.org


https://doi.org/10.1165/rcmb.2015-0353OC
https://doi.org/10.1165/rcmb.2014-0483OC
https://doi.org/10.1165/rcmb.2014-0483OC
https://doi.org/10.1016/j.ajhg.2020.07.010
https://doi.org/10.1016/j.ajhg.2018.03.025
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1016/j.ajhg.2012.11.003
https://doi.org/10.1016/j.ajhg.2012.11.003
https://doi.org/10.1093/bioinformatics/bty897
https://doi.org/10.1136/jmedgenet-2019-106011
https://doi.org/10.1016/j.ajhg.2020.06.004
https://doi.org/10.1097/MD.0000000000028275
https://doi.org/10.1016/j.ajhg.2018.10.020
https://doi.org/10.1016/j.ajhg.2018.10.020
https://doi.org/10.1183/13993003.01090-2016
https://doi.org/10.1038/ng.726
https://doi.org/10.1038/ng817
https://doi.org/10.1016/j.ajhg.2012.08.016
https://doi.org/10.1016/j.ajhg.2015.08.012
https://doi.org/10.1016/j.ajhg.2015.08.012
https://doi.org/10.1016/S0091-679X(08)91007-4
https://doi.org/10.1016/S0091-679X(08)91007-4
https://doi.org/10.1038/nature07471
https://doi.org/10.1016/j.ajhg.2016.11.019
https://doi.org/10.1183/09031936.00052014
https://doi.org/10.1513/AnnalsATS.202106-728OC
https://doi.org/10.1513/AnnalsATS.202106-728OC
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/nmeth.2890
https://doi.org/10.1038/nmeth.2890
https://doi.org/10.1111/cge.13602
https://doi.org/10.1007/s00439-021-02313-z
https://doi.org/10.1007/s00018-019-03389-7
https://doi.org/10.1007/s00439-020-02113-x
https://doi.org/10.1007/s00439-020-02110-0
https://doi.org/10.1007/s00439-020-02110-0
https://doi.org/10.1007/s11825-018-0181-7
https://doi.org/10.1038/nprot.2015.123
https://doi.org/10.1016/j.ajhg.2019.09.022
https://doi.org/10.1038/s41572-020-0209-6
https://doi.org/10.1038/s41572-020-0209-6
https://doi.org/10.1186/s13630-014-0011-8
https://doi.org/10.1016/j.ajhg.2019.04.015
https://doi.org/10.1038/aja.2008.57
https://doi.org/10.1038/aja.2008.57
https://doi.org/10.1093/humrep/deab230
https://doi.org/10.2147/PGPM.S359821
https://doi.org/10.1002/cm.21662
https://doi.org/10.1242/jcs.259381
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1117821

	Pathogenic gene variants in CCDC39, CCDC40, RSPH1, RSPH9, HYDIN, and SPEF2 cause defects of sperm flagella composition and  ...
	Introduction
	Materials and methods
	Ethic statement
	Study cohort
	Human samples
	Semen analyses
	Genetic testing
	Immunofluorescence microscopy (IF)
	High speed video microscopy analysis (HVMA)
	Transmission electron microscopy (TEM)
	Nasal nitric oxide (nNO)-production rates

	Results
	Pathogenic variants in CCDC39 and CCDC40 cause absence of the axonemal ruler component CCDC39 from sperm flagellar axonemes ...
	Disease-causing variants in RSPH1 and RSPH9 result in altered radial spoke head composition in sperm flagella and cause mal ...
	Pathogenic variants in SPEF2 and HYDIN cause MMAF-related infertility and absence of the central pair associated protein SP ...

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


