
Case Report: DNAAF4 Variants Cause
Primary Ciliary Dyskinesia and
Infertility in Two Han Chinese Families
Ting Guo1,2,3†, Chenyang Lu1,2,3†, Danhui Yang1,2,3, Cheng Lei1,2,3, Ying Liu1,2,3, Yingjie Xu1,2,3,
Binyi Yang1,2,3, Rongchun Wang1,2,3* and Hong Luo1,2,3*

1Department of Pulmonary and Critical Care Medicine, The Second Xiangya Hospital, Central South University, Changsha, China,
2Research Unit of Respiratory Disease, Central South University, Changsha, China, 3Hunan Diagnosis and Treatment Center of
Respiratory Disease, Changsha, China

Background: Primary ciliary dyskinesia (PCD) is a rare genetic disorder, predominantly
autosomal recessive. The dynein axonemal assembly factor 4 (DNAAF4) is mainly involved
in the preassembly of multisubunit dynein protein, which is fundamental to the proper
functioning of cilia and flagella. There are few reports of PCD-related pathogenic variants of
DNAAF4, and almost no DNAAF4-related articles focused on sperm phenotype.
Moreover, the association between DNAAF4 and scoliosis has never been reported, to
the best of our knowledge.

Materials and Methods:We recruited two patients with a clinical diagnosis of PCD. One
came from a consanguineous and another from a non-consanguineous family. Clinical
data, laboratory test results, and imaging data were analyzed. Through whole exome
sequencing, immunofluorescence, electron microscopy, high-speed video microscopy
analysis, and hematoxylin–eosin (HE) staining, we identified the disease-associated
variants and validated the pathogenicity.

Results: Proband 1 (P1, F1: II-1), a 19-year-old man, comes from a non-consanguineous
family-I, and proband 2 (P2, F2: II-1), a 37-year-old woman, comes from a
consanguineous family-II. Both had sinusitis, bronchiectasis, situs inversus, and
scoliosis. P1 also had asthenoteratozoospermia, and P2 had an immature uterus. Two
homozygous pathogenic variants in DNAAF4 (NM_130810.4), c.988C > T, p.(Arg330Trp),
and DNAAF4 (NM_130810.4), c.733 C > T, p.(Arg245*), were identified through whole
exome sequencing. High-speed microscopy analysis showed that most of the cilia were
static in P1, with complete static of the respiratory cilia in P2. Immunofluorescence showed
that the outer dynein arms (ODA) and inner dynein arms (IDA) were absent in the respiratory
cilia of both probands, as well as in the sperm flagellum of P1. Transmission electron
microscopy revealed the absence of ODA and IDA of respiratory cilia of P2, and HE staining
showed irregular, short, absent, coiled, and bent flagella.

Conclusion:Our study identified a novel variant c.733C > T, which expanded the spectrum of
DNAAF4 variants. Furthermore, we linked DNAAF4 to asthenoteratozoospermia and likely
scoliosis in patients with PCD. This study will contribute to a better understanding of PCD.
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INTRODUCTION

Primary ciliary dyskinesia (PCD, MIM:244400) is a rare genetic
disorder caused by motile cilia dysfunction (Mirra et al., 2017). It
has diverse clinical manifestations involving multiple systems,
such as recurrent respiratory infections, sinusitis, situs inversus,
and infertility (Knowles et al., 2016). To date, there have been no
diagnostic tests that could be completely relied upon to confirm
this disease (Shapiro et al., 2016). About 50 genes have been
reported as causative for PCD, of which those reported to be
associated with asthenoteratozoospermia (reduced sperm
motility and abnormal sperm morphology) and scoliosis are
even rarer (Coutton et al., 2015; Aprea et al., 2021; Lu et al.,
2021). Asthenoteratozoospermia is an important cause of male
infertility, which affects approximately 7% of the male
population. In addition, genetic factors account for at least
15% of the causes of male infertility (Krausz and Riera-
Escamilla, 2018). Hence, finding novel genetic factors for
idiopathic infertility is crucial for PCD and male infertility. In
addition, scoliosis is another PCD-related phenotype reported in
this article, which was defined as a spinal malformation in a
patient who has skeletal maturation with a Cobb angle in the
coronal plane >10° (Aebi, 2005). Scoliosis can be observed in mice
with some PCD causative gene variants, but it requires more
attention in patients with PCD (Baschal et al., 2015; Gao et al.,
2015; Zhou et al., 2015; Lu et al., 2021).

Dynein axonemal assembly factor 4 (DNAAF4, OMIM:
608706), also called DYX1C1, encodes a 420-aa protein with a
tetratricopeptide repeat domains (Taipale et al., 2003). Previous
studies of DNAAF4 focused on neuroscience and showed that it
was involved in the migration of nerve cells (Taipale et al., 2003;
Tapia-Páez et al., 2008). In recent years, with the in-depth
research of the DNAAF family, the correlation between
DNAAF4 and motile cilia gradually emerged. DNAAF4 is
localized in the cytoplasm and it was mainly involved in the
preassembly of cilia multi-subunit dynein protein (Aprea et al.,
2021). Variants in DNAAF4 have been reported to be associated
with bronchiectasis, situs inversus, female infertility, and
abnormal ultrastructure of sperm (Guo et al., 2017; Aprea
et al., 2021).

This study analyzed clinical data and whole exome sequencing
data from two PCD patients, and two pathogenic variants of
DNAAF4 were identified. Thereafter, we validated the
pathogenicity of the variants by high-speed microscopy,
immunofluorescence, hematoxylin-eosin (HE) staining, and
transmission electron microscopy (TEM). We provide the
detailed report of the association of DNAAF4 with
asthenoteratozoospermia and scoliosis.

MATERIALS AND METHODS

Patients and Clinical Materials
The study protocol was approved by the review board of the
Second Xiangya Hospital of Central South University in China.
Informed consent was obtained from all subjects. All experiments
were performed in accordance with the relevant guidelines and

regulations. Two patients diagnosed with PCD and their families
were recruited, in which one patient was from a consanguineous
family and the other from a non-consanguineous family. The
medical records of the subjects, including pulmonary, paranasal
sinuses, abdominal computed tomography (CT) (Figure 1),
X-ray of the spine, and nasal nitric oxide (nNO) levels results
(Supplementary Table S1) were documented and reviewed.

Whole Exome Sequencing, Sanger
Sequencing, and Bioinformatic Analysis
Blood samples from the patients and their family members were
obtained with informed consent. Genomic DNA was extracted
using the QIAamp DNA Blood MiniKit (250) (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Whole exome
capture and high-throughput sequencing were performed as
previously described. In brief, genomic DNA of the patient
was captured using the Agilent SureSelect Human All Exon
V6 Kit (Agilent, California, United States) and sequenced on
Illumina Hiseq 4000 (Illumina Inc., San Diego, United States).
Following quality control, the sequencing reads were aligned to
the NCBI human reference genome (GRCh37/hg19) by the
Burrows Wheeler Aligner. ANNOVAR was employed to
annotate the variant call format file.

Single-nucleotide variants (SNVs) and short insertions and
deletions (indels) were filtered as follows: 1) Retain rare variants
(minor allele frequency <0.01) in 1,000 Genomes Project
(1,000G), NHLBI-ESP project, Exome Aggregation
Consortium (ExAC4), and in-house database of Novogene. 2)
Noncoding and intronic variants were filtered. 3) Synonymous
missense variants were excluded. 4) Bioinformatics analyses
(SIFT, Polyphen-2, MutationTaster, MutationAssessor, and
CADD) were used for the remaining variants. 5) A PCD or
PCD-candidate gene list derived from literatures was used to
identify the disease-associated variant, as described in our
previous study (Lei et al., 2022).

Sanger sequencing was used to validate the variant in the
individuals. Primers were designed using an online tool
(PrimerQuest, IDT, https://sg.idtdna.com/PrimerQuest). The
primer sequences were as follows: proband 1, forward 5′-
GCCCATCCCTGAGTCAATTA -3′, reverse 5′-GAGACCTGC
CTGTGCAATA-3’; proband 2, forward 5′-GTGACTTGTTTG
CTACCATTGTT-3′, reverse 5′-AGTCGGTATTCTCTTATC
ACTATTCTG-3′. PCR products were sequenced by the ABI
PRISM 3730 DNA Analyzer using the BigDye Terminator v3.1
Cycle Sequencing Kit.

Evolutionary conservation analysis was performed by aligning
the amino acid sequences of DNAAF4 proteins from different
vertebrate species obtained from the GenBank database (https://
www.ncbi.nlm.nih.gov/homologene/).

Transmission Electron Microscopy
To understand the abnormalities in the ultrastructure of the
respiratory cilia, cilia were examined by means of electron
microscopy. Samples of nasal mucosa (F2: II-1 and control)
were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer at 4°C, washed overnight, and postfixed in 1% osmium
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tetroxide. Following dehydration, the samples were embedded in
epoxy resin. Following polymerization, several sections were
picked out onto copper grids. The sections were stained with
aqueous 1% uranyl acetate and Reynold’s lead citrate. An
AHT7700 Hitachi electron microscope (Hitachi, Tokyo, Japan)
and a MegaView Iii digital camera (Olympus Soft Imaging
Solutions GmbH, Münster, Germany) were used to capture
images.

Immunofluorescence Analysis
Nasal brushing biopsy samples (F1: II-1, F2: II-1, and control)
and sperm specimens (F1: II-1 and control) were collected. For
immunofluorescence analysis, the slides were incubated with

primary antibodies (DNAH5, DNALI1, DNAI1, and anti-
acetylated tubulin monoclonal antibody, respectively) for 2.5 h
at 37°C. The slides were then incubated with secondary antibodies
[Alexa Fluor® 488 antimouse IgG (A-21121) and Alexa Fluor®
555 anti-rabbit IgG (A31572)] for 1.5 h at 37°C. We used anti-
acetylated tubulin monoclonal antibody (T7451, 1:500, Sigma-
Aldrich, Missouri, United States) to mark the ciliary axonemal,
DNAH5 (HPA037470, 1:25, Sigma-Aldrich, Missouri,
United States) to label the outer dynein arm (ODA), DNALI1
(HPA028305, 1:25, Sigma-Aldrich, Missouri, United States) to
label the inner dynein arm (IDA) of respiratory mucosa, DNAI1
(ab171964,1:25, Abcam, Cambridgeshire, United Kingdom) to
outer dynein arm (ODA) of sperm, and DAPI to label the nuclei.

FIGURE 1 | Clinical features of the two patients. The chest high-resolution computed tomography (HRCT) scan of P1 (F1:Ⅱ-1) showed bronchiectasis,
rhinosinusitis, and situs inversus. Radiographic image of P1 (F1:Ⅱ-1) showed scoliosis with a Cobb’s angle of 14°. The HRCT scan of P2 (F2:Ⅱ-1) showed bronchiectasis,
rhinosinusitis, situs inversus, and immature uterus. Radiographic image of P2 (F2:Ⅱ-1) showed scoliosis with a Cobb’s angle of 11°.
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An upright Olympus BX53 microscope (Olympus, Tokyo, Japan)
and cellSens Dimension software (Olympus, Tokyo, Japan) were
utilized to photograph fluorescence signals.

High-Speed Video Microscopy Analysis
Nasal brush biopsy samples (F1: II-1, F2: II-1, and control) were
suspended in Gibco Medium 199 (12350039 Gibco). Strips of
ciliated epithelium were imaged using an upright Olympus
BX53 microscope (Olympus, Tokyo, Japan) with a 40x
objective lens. Videos were recorded using a scientific
complementary metal oxide semiconductor camera (Prime
BSI, Teledyne Photometrics Inc., United States) at a rate of
500 frames per second (fps) at room temperature. Intact
ciliated edge >50 μm was used for functional analysis only.

RESULTS

Clinical Summary
Proband 1 (P1, F1: II-1), a 19-year-old man, comes from a
nonconsanguineous family-1. He had typical PCD symptoms,
such as chronic cough and sputum production, dyspnea,
hemoptysis, sinusitis, etc. In addition, he complained of
abnormalities in his sense of smell and hearing. However, his
fertility was unknown because he was not married. He denied any
history of asthma, tuberculosis, measles pneumonia, or drowning.
No relevant family history was reported. High-resolution CT
(HRCT) showed sinusitis, bronchiectasis, and situs inversus.
Upright radiograph revealed scoliosis with a Cobb’s angle of
14° (Figure 1). Furthermore, the semen routine test showed that
the percentage of motile sperm was 0. Proband 2 (P2, F2: II-1), a
37-year-old woman, comes from a consanguineous family-2. She
had chronic cough and sputum, dyspnea, and sinusitis. She also
had abnormalities in the sense of smell and hearing. In addition,
she suffered from infertility. HRCT findings were similar to P1,
and upright radiograph revealed scoliosis with a Cobb’s angle of
11° (Figure1). The HRCT also indicated an immature uterus. Her
forced expiratory volume in 1 second (FEV1)%prediction, forced
vital capacity (FVC)%prediction, FEV1/FVC, and nasal NO were
36%, 50%, 60%, and 8.4 nL/min, respectively (Supplementary
Tables S1–S3; Figure1).

Whole Exome Sequencing Identified the
DNAAF4 Variants
We used the patient’s peripheral blood to extract DNA for Whole
exome sequencing (WES). After WES, 12.02 and 6.8 GB data
were used for subsequent analysis. The percentages of bases with
a coverage depth of more than 10× were 99.6% and 98.1%,
respectively. Two variants, DNAAF4 (NM_130810.4): c.988C >
T (p.Arg330Trp) in P1 and a novel variant DNAAF4
(NM_130810.4): c.733C > T (p.Arg245Ter) in P2, were
identified. We classified the pathogenicity of the two variants
according to ACMG (Richards et al., 2015). The results showed
the variant in P1 was consistent with PM2+PM3+PP3+PP5
(likely pathogenic), and the variant in P2 met the criteria
PVS1+PM2+PP5 (pathogenic). These two disease-causing

variants were validated by Sanger sequencing (Supplementary
Table S2; Figure2).

Experimental Validation of the
Pathogenicity of Variants
High-speed microscopy showed complete static of sperm flagella
and a few residual beating of respiratory cilia in P1 and complete
static of the respiratory cilia in P2 compared with normal control
(Supplementary Videos S1–S3). Immunofluorescence showed
the deficiency of DNAH5 and DNALI1, which labelled ODA and
IDA, respectively, in the respiratory cilia of both probands. In
addition, the DNALI1 and DNAI1 which respectively labelled the
ODA and IDA in the sperm flagellum of P1 were also absent.
TEM revealed the absence of ODA and IDA of P2 respiratory
cilia. HE staining showed irregular flagella, short, absent, coiled,
and bent, indicating asthenoteratozoospermia (Figure3).

DISCUSSION

In this study, whole exome sequencing and Sanger sequencing
were used to identify and confirm homozygous variants in
DNAAF4. The pathogenicity of the variants was validated by
high-speed microscopy, immunofluorescence, HE staining, and
TEM. Both patients were infertile, one of whom was diagnosed
with asthenoteratozoospermia. In addition, the upright
radiograph suggested scoliosis in both cases.

PCD is a genetic disorder caused by motile cilia dysfunction
(Lucas et al., 2020). Motile cilia are hair-like structures. The
ultrastructure of most motile cilia shows that they are composed
of nine peripheral duplex microtubules, two central single
microtubules and corresponding spokes (9 + 2 structure)
(Fliegauf et al., 2007). Flagella have a similar structure. In
addition, there are many multisubunit motor protein
complexes within the cilia and flagella, such as outer dynein
arms (ODA) and inner dynein arms (IDA) that attach to the
peripheral microtubules. They are essential for the generation,
and the regulation of cilia and flagella beating (Fliegauf et al.,
2007; Aprea et al., 2021).

DNAAF4 is located on Chromosome 15 with 10 exons
encoding a 420 aa protein. It is associated with the
preassembly of axonemal arms and is involved in the
integration and stabilization of the intermediate chain, which
is an integral component of both the ODA and IDA (Tarkar et al.,
2013; Aprea et al., 2021). Here, we have reviewed the literature
and summarized the 15 PCD-associated variants in DNAAF4
(Figure 2E; Supplementary Table S4) (Tarkar et al., 2013;
Marshall et al., 2015; Guo et al., 2017; Ceyhan-Birsoy et al.,
2019; Olm et al., 2019; Blanchon et al., 2020; Aprea et al., 2021).
Most studies focused on the respiratory phenotype of patients,
and a small number of studies reported situs inversus. Moreover,
few DNAAF4-related studies reported the details of the sperm
phenotype (Tarkar et al., 2013; Guo et al., 2017; Aprea et al.,
2021). Both our patients with DNAAF4 variants had situs
inversus, and the male patient had asthenoteratozoospermia.
In these two cases, two homozygous DNAAF4 variants were
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FIGURE 2 | DNAAF4 variants were identified in two patients with PCD. (A) pedigree analysis of the two patients from two Han Chinese families, where family 2 is a
consanguineous family. Circles indicate women. Squares indicatemen. Solid symbols indicate patients. Crossed-out symbolsmean that subjects had passed away. The
arrows indicate the probands. (B) the two variants were validated by Sanger sequencing. Red arrows indicate the variant sites; (C) conservative analysis of the missense
variant (C) 988C > T (p.Arg330Trp). Red box indicatesmutant amino acid sites. (D) 3Dmock structure of DNAAF4. The purple region is the CS domain, while green,
yellow, and brick red indicate the three tetratricopeptide repeats, respectively. The variant p.(Arg330Trp) is indicated by red color. (E) DNAAF4 protein structure and the
reported disease-causing variants of DNAAF4. Variants reported in this study are highlighted in red.
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FIGURE 3 | TEM, HE staining, and immunofluorescence analysis of the nasal ciliated cells and sperm. (A) TEM analysis indicated loss of IDAs and ODAs of P2 (F1:
Ⅱ-1) compared with the normal control. Scale bars, 100 nm; (B,C) immunofluorescence of nasal ciliated cells revealed the absence of DNAH5 and DNALI1 (red) of the
two patients compared with normal control. Anti-acetylated tubulin monoclonal antibody was used to mark the ciliary axoneme. DNAH5 was used to label the outer
dynein arm (ODA), DNALI1 was used to label the inner dynein arm (IDA), and DAPI was used to label the nuclei. Scale bars, 20 μm; (D) HE staining of sperm.
Compared to normal controls, the patient’s sperm had significant short, coiled, and irregular tails. (E) immunofluorescence analysis showed the absence of DNALI1 and
DNAI1 (red) in the mutant sperm from P1 (F1: II-1) compared with the normal control. Scale bars, 10 μm.
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reported in this study, and the pathogenicity of the variants was
validated by high-speed microscopy, immunofluorescence, HE
staining, and TEM. DNAAF4 c.988C > T leads to immotility of
most respiratory cilia and complete static of sperm flagella. HE
staining indicated typical teratozoospermic. Although this
variant has been reported before, only electron microscopic
findings of respiratory cilia have been described. No
observations were made on sperm phenotype. Furthermore,
previously reported patient did not have situs inversus
(Marshall et al., 2015). DNAAF4 c.733 C > T results in
completely respiratory cilia static. In both cases, the
respiratory cilia showed the absence of ODA and IDA.
Furthermore, in the male patient, both ODA and IDA of the
sperm flagellum were absent.

Although asthenoteratozoospermia has been proposed for a
long time, it is only recently that the research has focused on the
contribution of abnormal sperm ultrastructure to pathogenesis
(Sandler, 1952). Abnormalities in the development of the
axoneme and its accessory structures are thought to be the
main cause of asthenoteratozoospermia (Jiao et al., 2021).
Asthenoteratozoospermia was previously described separately
as asthenozoospermia and teratozoospermia. When the
percentage of motile sperm in the semen is <40%, it is called
asthenozoospermia. Teratozoospermia means that the
spermatozoa of patients with deformed spermatozoa including
defects in the head, midpiece, and/or tail (tend to be short, coiled,
absent, or irregular flagella) (Ben Khelifa et al., 2014).
Teratozoospermia is currently diagnosed by light microscopic
staining or scanning electron microscopy of sperm morphology
and asthenozoospermia by high-speed microscope (WHO, 2021).
They can severely reduce male fertility, but have received less
attention in previous PCD studies (Dávila Garza and Patrizio,
2013; Sironen et al., 2020). Although >50 PCD-associated
pathogenic genes have been reported, a few have been
reported to be associated with asthenoteratozoospermia, such
as DNAH9, DNAH1, ARMC4, BRWD1, CCDC39, CCDC40,
DRC1, CFAP74, and SPEF2 (Neesen et al., 2001; Sha et al.,
2020; Tu et al., 2020; Chen et al., 2021; Gao et al., 2021; Guo
et al., 2021; Lei et al., 2022; Xu et al., 2022). In most other cases,
researchers have not analyzed the semen of male patients. Despite
advances in male infertility testing, in 40% of patients, it was not
possible to identify the cause. Given that the sperm flagellum has
a similar structure to the respiratory cilia, semen analysis in men
with PCD can help identify the cause of male infertility and thus
provide a reference for assisted reproduction (Krausz and Riera-
Escamilla, 2018).

In addition, both patients had the classic PCD phenotype as
well as the more commonly overlooked scoliosis. Although
scoliosis is currently reported less commonly in patients with
PCD, this phenotype is more frequently observed in model
organisms carrying the causative gene for PCD, including
CCDC40, DNAAF4, ODAD3, and ZMYND10 (Grimes et al.,
2016; Kobayashi et al., 2017; Lu et al., 2021). A previous study
evaluated chest radiographs in 198 patients with PCD and found
a Cobb angle >10° in 8% of patients, but that study did not
perform genetic analysis (Schlösser et al., 2017). The etiology of
idiopathic scoliosis is not well understood, and different

hypotheses have been proposed (Aebi, 2005; Cheng et al.,
2015; Oliazadeh et al., 2017). Of these, abnormal cilia function
has been suggested as a possible cause. Researchers believed that
“sensory organs,” including motor cilia, neurons in contact with
the cerebrospinal fluid, Reissner fibers, and Urotensin
neuropeptide signals, were essential for the proper
development of the perceptual axis (Bearce and Grimes, 2021).
An alternative hypothesis is that scoliosis in patients with PCD is
because of situs inversus (Schlösser et al., 2017). However,
scoliosis is often overlooked in patients with PCD as
anteroposterior and lateral radiographs of the spine are not a
routine examination. Although there are few reports linking
scoliosis to PCD, some genes have been reported to be
associated with abnormal cilia beating and scoliosis in
previous research (Fei et al., 2010; Makrythanasis et al., 2014;
Baschal et al., 2015; Zhou et al., 2015; Lu et al., 2021; Nita et al.,
2021). As an increasing number of PCD model organisms are
observed with scoliosis, the spinal examination of the patient
needs to be taken seriously.

It should be noted that the female patient reported here also
had an infantile uterus. Therefore, the effect of the variant on
female fertility caused by dysfunctional cilia in fallopian tubes
cannot be determined. Furthermore, as scoliosis is currently less
commonly reported in PCD-related human genetic studies, the
effect of DNAAF4 variants on the human spine needs further
validation (Muñoz-Montecinos et al., 2021).

Overall, we identified two homozygous variants in the PCD-
associated gene DNAAF4, c.988C > T and c.733 C > T, which
expand the genetic spectrum of PCD. In particular, we provide
additional references for asthenoteratozoospermia and scoliosis
in patients with PCD, which has previously received less
attention.
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