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to cause an asthenospermia phenotype in male PCD patients. However, 
many mutations in PCD genes have unknown effects on male fertility, 
which may be due to two reasons: (1) there is a lack of routine semen 
analysis or sperm ultrastructure analysis of adult PCD male patients, 
and fertility assessment is rarely part of frontline PCD diagnostics; and 
(2) many PCD patients undergo genetic testing due to severe symptoms 
in childhood, and studies tracking the reproductive phenotype of these 
children into adulthood have not been performed.7

CCDC103, which is located on chromosome 7, is composed of 
four exons and encodes an oligomeric coiled-coil domain protein 
consisting of 242 amino acids (Q8IW40-1).8 CCDC103 is tightly bound 
to the ciliary axoneme and is vital for ciliary motility by participating 
in the attachment of the dynein arms to the axoneme. CCDC103 loss-
of-function mutations as well as the missense mutation p.His154Pro 
(rs145457535) were first identified in PCD patients with dynein arm 
loss in respiratory cilia.8 Later, the same mutation was found to be 
prevalent in the UK South Asian community. Respiratory cilia from 
p.His154Pro-mutated patients display different degrees of dynein arm 
defects, from a normal ultrastructure to partial outer and/or inner 
dynein arm defects.9 In addition, the p.His154Pro mutation has been 

INTRODUCTION
The spermatozoa flagellum is an evolutionarily conserved organelle 
required for sperm mobility. It is composed of a microtubule-based 
structure named the “axoneme,” which comprises nine microtubule 
doublets (MTDs) and a central pair of microtubules (CPs).1 The 
“axoneme” ultrastructure of sperm flagella is similar to that of motile 
cilia. Primary ciliary dyskinesia (PCD; Mendelian Inheritance in Man 
[MIM]: 244400) is a genetically heterogeneous autosomal recessive 
disorder caused by abnormalities of motile cilia such as bronchiectasis, 
respiratory infections, and situs inversus. Male infertility has also been 
reported in some PCD cases, and it is expected that genetic defects 
affecting motile cilia may have similar impacts on sperm flagella. To 
date, pathogenic mutations in more than 40 genes have been identified 
in PCD, yet only a few mutations have been reported to cause structural 
defects in sperm flagella in male individuals with PCD.2 For example, 
mutations in the cilia and flagella associated protein 300 (CFAP300; 
Online Mendelian Inheritance in Man [OMIM]: 618058),3 dynein 
axonemal assembly factor 2 (DNAAF2; OMIM: 612517),4 leucine-rich 
repeat-containing 6 (LRRC6; OMIM: 614930),5 and dynein axonemal 
intermediate chain 1 (DNAI1; OMIM: 604366)6 genes have been found 
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functionally verified as a highly disruptive mutation that diminishes 
CCDC103 oligomerization ability.9 However, the affected individuals in 
these studies of CCDC103 were recruited from children’s hospitals, and 
it is still unknown whether this highly recurrent CCDC103 missense 
mutation affects fertility.

In the present study, we recruited a consanguineous Pakistani 
family with two individuals with asthenoteratozoospermia and normal 
diagnostic results in PCD investigations. Whole-exome sequencing 
(WES) analysis identified the homozygous CCDC103 p.His154Pro 
mutation that was segregating recessively with an infertility phenotype. 
Transmission electron microscopy (TEM) of affected individuals’ 
spermatozoa revealed a disordered axonemal ultrastructure and a 
complete lack of dynein arms (DAs). In summary, the results extend 
the phenotype spectrum of CCDC103 p.His154Pro to include causing 
nonsyndromic asthenoteratozoospermia.

PARTICIPANTS AND METHODS
Participants and clinical investigation
Two affected individuals (IV:1 and IV:7) with primary male infertility 
from a consanguineous family were recruited for this study (Figure 1a). 
A thorough questionnaire was completed by each participant covering 
his history of infertility. Both affected individuals had normal erection 
and ejaculation, and there were no signs or symptoms of PCD, 
according to clinical PCD investigations. Testicular diameters on both 
sides were normal, as was the development of male external genitalia 
and of secondary sexual traits. Tests for sperm concentration and 
motility were performed on the two affected individuals following the 
recommendations of the World Health Organization (WHO).10 For 
IV:1 and IV:7, sperm smear slides and sperm in TEM medium were 
obtained to evaluate sperm morphology and ultrastructural defects. 
Blood samples were collected from accessible family members. Written 
informed consent was obtained from all accessible family members. 

The present study was approved by the Institutional Ethical Committee 
of the University of Science and Technology of China (USTC; Hefei, 
China) with the approval number of USTCEC202000003.

WES and bioinformatic analysis
The FlexiGene DNA kit was used to extract genomic DNA from 
peripheral blood samples according to the manufacturer’s methodology 
(QIAGEN, Hilden, Germany). For WES, AIExome Enrichment Kit 
V1 (iGeneTech, Beijing, China)-captured libraries were created for 
family members III:4, IV:1, IV:3, and IV:7 following the manufacturer’s 
instructions. Sequencing was performed using the HiSeq 2000 platform 
(Illumina, San Diego, CA, USA). WES raw data processing was performed 
as previously reported,11 and the detailed variant filtration pipeline is 
listed in Supplementary Figure 1. In addition, Sanger sequencing was 
performed for all participants (III:4, IV:1, IV:3, IV:5, and IV:7) using the 
primers of CCDC103 (forward: CTATCGTGATTGGCGACGAC, and 
reverse: AGACTGCTCCTCCAGACCCT; chr17: 42979771–42980122, 
352 bp).

Sperm morphological analysis
In accordance with WHO standards,12 all three patients had undergone 
routine semen analysis twice. Slides were sequentially immersed in 
4% paraformaldehyde (PFA) for 5 min, washed with 1 × phosphate-
buffered saline (PBS) twice for an additional 5 min, stained in 
hematoxylin (Solarbio, Beijing, China) for 30 min, dipped in purified 
water three times, immersed in 50% acidic ethanol, and kept in tap 
water for 2 min. The slides were dehydrated in 50% and 80% ethanol for 
5 min each, stained for 5 min with Eosin Azure (Solarbio), sequentially 
dehydrated twice in 100% ethanol for 5 min each and in xylene for 
5 min, and covered with coverslips with natural balsam. At least 300 
stained spermatozoa per sample were analyzed by optical microscopy 
(Nikon, Tokyo, Japan).

Figure 1: Two siblings with asthenoteratozoospermia in a Pakistani consanguineous family. (a) Two affected individuals (IV:1 and IV:7) with male infertility 
are the offspring of first-cousin marriage. Diamonds indicate a group of multiple progeny whose sex information was not available. Deceased family members 
are indicated with slash symbols. (b) Representative images of spermatozoa from fertile control and affected individuals (IV:1 and IV:7). Spermatozoa from 
the patients showed severe mid-piece and tail abnormalities. Scale bars = 50 µm. (c) Representative spermatozoa images of scanning electron microscopy 
(SEM) from a fertile control and the affected individuals (IV:1 and IV:7). Spermatozoa from the patients showed swelled mid-pieces and coiled tails. Scale 
bars=10 µm. WES: whole-exome sequencing.
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Scanning electron microscopy (SEM) and TEM analyses
SEM and TEM analyses were carried out as we have previously 
described.13–15 Briefly, human spermatozoa were washed in PBS and then 
fixed overnight in 0.1 mol l−1 cacodylate buffer (pH = 7.4) containing 
0.2% picric acid, 4% paraformaldehyde, and 8% glutaraldehyde. For 
SEM, sperm were smeared onto a glass, followed by sequenced rinses 
and gradually dehydration. Then they were analyzed by Hitachi S-4800 
Field Emission Scanning Electron Micro-scope (Hitachi, Tokyo, Japan) 
under an accelerating voltage of 15 kV. For TEM, selected spermatozoa 
were rinsed four times with 0.1 mol l−1 cacodylate buffer and then fixed 
with 1% OsO4. These samples were subsequently dehydrated in 30%, 
50%, 75%, 95%, and 100% ethanol and infiltrated with a mixture of 
acetone and resins. The samples were fixed in paraffin and sectioned 
into ultrathin sections (70 nm in thickness), after which they were 
stained with lead citrate and uranyl acetate. The flagellar ultrastructure 
was acquired and analyzed using a transmission electron microscope 
(Hitachi) operating at 100 kV or a microscope (Philips CM10, Philips 
Electronics, Eindhoven, The Netherlands) operating at 100 kV.

Immunofluorescence staining
Immunofluorescence of patient spermatozoa was performed as we 
have previously reported.13 Briefly, sperm from patients were smeared 
on clean slides and fixed with 4% paraformaldehyde followed by 
three washes in PBS. After permeabilization with 0.5% Triton X-100 
for 30 min and blocking with 1% bovine serum albumin (BSA), the 
slides were incubated with primary antibodies, including anti-α-
tubulin (F2168, Sigma, St. Louis, MO, USA), anti-dynein axonemal 
heavy chain 1 (anti-DNAH1; ab122367, Abcam, Cambridge, UK) 
and anti-dynein axonemal intermediate chain 2 (anti-DNAI2; 
ab171964, Abcam), overnight at 4°C. The next day, the slides were 
washed with PBS containing Triton X-100 (PBST) and incubated 
with secondary antibodies against donkey anti-rabbit-555 (DAR555; 
A31572, Molecular Probes, Eugene, OR, USA) and GAM488 (A21121, 
Molecular Probes) for 1 h at 37°C. Finally, the slides were washed 
again and sealed with Hoechst and Vectashield. Images were captured 
by using a laser scanning confocal microscope (Eclipse 80i, Nikon).

RESULTS
Clinical investigation of the patients
A Pakistani consanguineous family with two infertile brothers was 
selected for the current study (Figure 1a). Both affected individuals 
had a normal visceral position (Supplementary Figure 2); no 
symptoms of PCD were observed. Table 1 summarizes IV:1 and 
IV:7 sperm parameters and physical features. According to WHO 
recommendations,12 both affected individuals had normal sperm 
counts (mean ± standard error of the mean [s.e.m.]): IV:1 (31.50 × 106 
± 4.95 × 106 ml−1) and IV:7 (26.50 × 106 ± 3.61 × 106 ml−1). However, 
sperm motility (mean ± s.e.m.) was very low: IV:1 (4.5% ± 0.7%) and 
IV:7 (4.0% ± 1.4%). To determine the possible reason for the severely 
compromised sperm motility, we analyzed sperm morphology in semen 
smear slides for IV:1 and IV:7. Typical abnormalities of sperm flagella, 
such as head and tail anomalies, were observed (Figure 1b). To study 
these anomalies in more detail, we carried out SEM of spermatozoa 
and detected swelled mid-pieces and coiled tails for both family 
members (Figure 1c). All these results indicate that IV:1 and IV:7 have 
asthenoteratozoospermia due to sperm flagellar defects.

WES identified a homozygous missense mutation in CCDC103
To identify the genetic cause of the defects in sperm flagella in this 
family, IV:1, IV:7, IV3, and their mother III:4 were examined by WES. 
After a series of variant filtration steps, a CCDC103 homozygous 

missense mutation (ENST00000035776.2, c.461A>C, p.His154Pro) 
was identified (Supplementary Figure 1). CCDC103 p.His154Pro 
was previously identified as a high-prevalence pathogenic mutation in 
PCD.8,9 Sanger sequencing for all available family members validated 
that this mutation was segregated recessively with an infertility 
phenotype (Figure 2).

Homozygous mutation p.His154Pro caused DA absence in patient 
spermatozoa
Since CCDC103 p.His154Pro has been reported to cause partial or total 
DA loss in respiratory ciliary tissue in PCD,8,9 we sought to explore 
whether the same ultrastructural defects might be found in IV:1 and 
IV:7 spermatozoa by TEM analysis, and 60 qualified cross-sections were 
analyzed for both affected individuals. In control samples, nine doublets of 
microtubules (DMTs) grouped circularly around the central pair complex 
(CPC; 9+2 organization) were observed in the axoneme structure. In 
contrast, more than 80% of sperm sections with a complete lack of 
DAs were observed for the affected brothers (Figure 3). To confirm the 
dynein anomalies, we performed immunostaining analysis for DNAI2 
and DNAH1 antibodies (markers used to check assembly of outer dynein 
arms [ODA] and inner dynein arms [IDA]) on control and patient 
spermatozoa (Supplementary Figure 3a and 3b). We found intact and 
well-decorated signals of DNAI2 and DNAH1 on the whole tail of control 
spermatozoa. However, no specific signals were observed on the patient 
sperm, confirming the defective DA assembly. Altogether, the same severe 
DA abnormalities were observed in p.His154Pro-mutated spermatozoa 
as previously reported in p.His154Pro-mutated respiratory cilia.8,9

Figure 2: CCDC103 p.His154Pro cosegregated with an asthenoteratozoospermic 
phenotype in the pedigree. Sanger sequencing results revealed that CCDC103 
p.His154Pro follows a recessive inheritance pattern. Mutation is indicated 
by red arrowheads in patients IV:1 and IV:7 (homozygous) and IV:3, IV:5, and 
III:4 (heterozygous). CCDC103: coiled-coil domain-containing 103; WT: wild 
type; MT: the mutation.
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DISCUSSION
Male infertility is an emerging issue that affects almost 12% of couples.16 
One severe form of male infertility is due to lower progressive sperm 
motility.17 The flagellum is a sperm-specific organelle that is essential 
for motility.18 Both flagella and motile cilia have a conserved axonemal 
9+2 microtubular arrangement. Therefore, pathogenic mutations 
in functional genes in motile cilia may also have an effect on sperm 
motility. In recent decades, with the development of next-generation 
sequencing techniques, genomic investigations of PCD have allowed 
for the identification of more than 40 genes whose mutations will 
cause PCD.2 However, knowledge of the exact effects of PCD genes on 
sperm function is limited, either because of the lack of semen analysis 
in routine PCD clinical investigations or diagnosis in childhood. 
Therefore, the effect of PCD gene mutations on male fertility might 
be underestimated.

In the present study, we discovered the homozygous CCDC103 
p.His154Pro mutation in a Pakistani consanguineous family, with 
two infertile siblings with asthenoteratozoospermia. The CCDC103 
p.His154Pro variant was previously identified as a high-prevalence 
mutation in pediatric PCD patients, though without follow-up 
studies.8,9 Ultrastructural analysis of the spermatozoa of our patients 
showed that DAs were almost completely absent, which is similar to the 
most severe defect of CCDC103 p.His154Pro-mutated respiratory cilia.

Pereira et al.19 first reported the CCDC103 p.R35P variant in an 
infertile male patient who presented typical PCD symptoms, chronic 
respiratory complaints, and situs-inversus totalis. Later, the same 
group studied the effect of CCDC103 p.R35P in nasal cells as well 
as in spermatozoa, and both kinds of cells showed a reduction in 

Figure 3: TEM analysis of CCDC103 p.His154Pro spermatozoa revealed the absence of DAs. Representative TEM micrographs showing cross-sections of 
end piece (first line), middle principal piece (middle line), and longitudinal surface (bottom line) of sperm flagella from a fertile control (left part) and two 
patients (middle part IV:1 and right part IV:7). Scale bars = 2 µm. Red arrow indicates the normal DAs in control and the DA-absent place in patients. 
TEM: transmission electron microscopy; CCDC103: coiled-coil domain-containing 103; DA: dynein arm.

Table  1: Clinical characteristics of patients

Clinical characteristic IV:1 IV:7

General information

Fertility Infertile Infertile

Genotype p.His154Pro/p.
His154Pro

p.His154Pro/p.
His154Pro

Age at diagnosis (year) 50 33

Height/weight (cm/kg) 158.0/79.0 161.6/89.0

Semen parameters

Semen volumea (ml), 
mean±s.e.m.

3.25±1.06 3.50±1.00

Semen pHb Alkaline Alkaline

Sperm concentrationc (×106 ml−1), 
mean±s.e.m.

31.50±4.95 26.00±3.61

Normal sperm morphologyd (%) 17.5±3.5 15.0±5.0

Active sperm (%) 4.5±0.7 4.0±1.4

Sluggish sperm (%) 14.5±0.7 6.3±1.5

Immotile sperm (%) 81.0±1.4 89.7±1.5

Flagellar defects (%)

Coiled 40.0 36.8

Short 25.2 23.4

Bent 18.9 21.3

Multiple 7.4 6.3

Absent 4.2 6.7

Irregular caliber 1.1 1.4

Normal 3.2 4.1

Two independent experiments were performed. Reference values were published in 
WHO (2010): asemen volume >1.5 ml; bsemen pH is alkaline; csperm concentration 
>15×106 ml−1; and dnormal sperm morphology >4%. s.e.m.: standard error of mean; 
WHO: World Health Organization
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CCDC103 mRNA expression and an absence of DA on axonemes.19,20 
Unlike the patient carrying the CCDC103 p.R35P mutation, our 
patients did not display any typical PCD symptoms. This might be 
because the accuracy of PCD diagnosis requires strict clinical feature 
investigations, ultrastructural analysis of axonemes, motion analysis, 
and genetic testing.21

In previously reported childhood PCD cases with CCDC103 
p.His154Pro mutations, the ultrastructure of the axoneme of respiratory 
cilia showed varying degrees of DA defects, ranging from apparently 
normal to complete ODA and IDA loss, which is consistent with 
impaired ciliary beating ability and respiratory symptoms. Patients with 
the same mutation but different phenotypic severities have also been 
found in another family with a CCDC103 loss-of-function mutation 
(p.Gly128fs25*).8 One child exhibited severe defects of both ODA 
and IDA, but other siblings with the same mutation had remnants of 
ODAs. The different degrees of phenotype severity observed among 
individuals carrying the same mutation suggests alteration of the 
phenotype by genetic modifiers, as is frequently observed in other 
autosomal recessively inherited disorders.22

In our patients, CCDC103 p.His154Pro mutation appeared to lead 
to severe destruction of DAs in sperm flagella. However, combined with 
previous ultrastructural analysis of CCDC103 p.His154Pro-mutated 
respiratory cilia, the possibility remains that sperm flagella exhibit 
different degrees of ultrastructural abnormalities in patients with 
asthenospermia genetically diagnosed with CCDC103 p.His154Pro. For 
these cases, pathology-based PCD diagnostic protocols may provide 
a normal diagnosis, and further ultrastructural analysis of respiratory 
cilia, as well as close attention to patients who may present an unclear 
status or gradually develop PCD symptoms, is necessary. However, 
there is still a possibility that CCDC103 p.His154Pro only affects DA in 
sperm flagella in certain genetic backgrounds or that unknown genetic 
modifiers result in nonsyndromic male infertility. To cope with this 
issue, genetic testing for CCDC103 p.His154Pro is required in a larger 
asthenospermia cohort.

CONCLUSION
In conclusion, we report the CCDC103 p.His154Pro mutation with an 
asthenoteratozoospermia phenotype in a Pakistani consanguineous 
family, expanding the phenotypic spectrum of this mutation. These 
findings improve our understanding of sperm flagellar anomaly 
etiology and pathophysiology and provide further information for 
genetic counseling and diagnosis of both PCD and male infertility.
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Supplementary Figure 2: X-ray clinical investigation. X-ray clinical study of 
IV:7 showed situs solitus.

Supplementary Figure 1: WES data analysis flowchart. In the flowchart, variant 
filtration was performed using WES data from the two affected siblings 
(IV:1 and IV:7), a fertile brother (IV:3), and the mother (III:4). CCDC103 p. 
His154Pro was identified as the candidate variant.
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Supplementary Figure 3: DNAI2 and DNAH1 immunostaining confirmed dynein arm disorganization. (a) Representative image of spermatozoa from fertile controls 
and patients stained with an anti-DNAI1 antibody, an anti-α-tubulin antibody, and Hoechst. Scale bars = 10 µm. (b) Representative image of spermatozoa 
from fertile controls and patients stained with an anti-DNAH1 antibody, an anti-α-tubulin antibody, and Hoechst. Scale bars = 10 µm.
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