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Abstract
Propose To study CCDC103 expression profiles and understand how pathogenic variants in CCDC103 affect its expression
profile at mRNA and protein level.
Methods To increase the knowledge about the CCDC103, we attempted genotype-phenotype correlations in two patients
carrying novel homozygous (missense and frameshift) CCDC103 variants. Whole-exome sequencing, quantitative PCR,
Western blot, electron microscopy, immunohistochemistry, immunocytochemistry, and immunogold labelling were performed
to characterize CCDC103 expression profiles in reproductive and somatic cells.
Results Our data demonstrate that pathogenic variants in CCDC103 gene negatively affect gene and protein expression in both
patients who presented absence of DA on their axonemes. Further, we firstly report that CCDC103 is expressed at different levels
in reproductive tissues and somatic cells and described that CCDC103 protein forms oligomers with tissue-specific sizes, which
suggests that CCDC103 possibly undergoes post-translational modifications. Moreover, we reported that CCDC103 was re-
stricted to the midpiece of sperm and is present at the cytoplasm of the other cells.
Conclusions Overall, our data support the CCDC103 involvement in PCD and suggest that CCDC103 may have different
assemblies and roles in cilia and sperm flagella biology that are still unexplored.
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Introduction

Cilia, motile or non-motile, are surface cell projections whose
skeleton is made of the axoneme. Non-motile cilia are ubiq-
uitous, whereas motile cilia occur in specific tissues, namely
in upper respiratory airways and reproductive system [1, 2].
Respiratory cilia are multiple per cell and present a rotational,
very fast motion. In contrast, the sperm flagellum is single,
longer, and presents a wave-like motion [3]. In common, they
possess the same skeletal structure, the axoneme (Ax), which
is responsible for motility [2, 4]. In these cells, the Ax is
composed of two central single microtubules surrounded by
nine peripheral microtubule doublets, forming a 9d+2s pat-
tern. Doublets are linked by a dynein regulatory complex
(DRC or nexin links) and contain a pair of projections, named
dynein arms (DA), which are nominated by their position as
the inner (IDA) and outer (ODA). The coordinated action of
DA generates motion and thus provides the force necessary to
move fluids or the cell [5]. The two central microtubules are
linked by a central bridge and are surrounded by a fibrillar
central sheath, which constitutes the central pair complex
(CPC). The doublets bind to the CPC by radial projections,
called radial spokes (RS) [2].

Cilia play critical roles in physiology and development,
and when disrupted cause diseases, known as ciliopathies.
Primary ciliary dyskinesia (PCD) is an autosomal recessive
ciliopathy caused by anomalies in motile cilia. Patients with
PCD present a heterogeneous combination of symptoms [6],
including sinusitis, hearing impairment, chronic bronchitis,
and subfertility or infertility. Situs-inversus occurs in half of
the PCD cases, a clinical situation known as Kartagener syn-
drome (KS). The diagnosis of PCD is complex, needing, be-
sides strict clinical features selection, the ultrastructural anal-
ysis of the axonemes, motion analysis, and genetics tests [7].
Given the sophistication of motile cilia, as well as the high
complexity of ciliogenesis [8], the genetic characterization is
also very complex, with several genes having been associated
to PCD [9, 10].

We previously described a PCD infertile male patient with
situs-inversus-totalis, the absence of sperm DA and presence
of a novel missense homozygous variant in the CCDC103
(coiled-coil domain containing-103) gene [11]. CCDC103
was identified as a PCD gene in Pakistani PCD families with
ODA defects [12]. It was shown to code for an oligomeric
coiled-coil domain protein that was found in the sperm axo-
neme and in cytoplasmic extracts of C. reinhardtii and
Zebrafish (D. rerio). However, as CCDC103 was present in
mutants lacking ODA components or assembly factors, the
authors suggested that those components are not necessary
for CCDC103 integration within the sperm axoneme [12].
Later, CCDC103 was shown to specifically bind polymerized
microtubules (MT), being critical to stabilize theMT polymer-
ic structure, which suggests that CCDC103may have a critical

role in ODA assembly [13]. Nevertheless, the knowledge
about the role of this protein in ciliary biology is still very
scarce, with CCDC103 expression in human respiratory cilia
and sperm having not yet been studied.

To further investigate the role of CCDC103 in ciliary struc-
ture and function, we examined the consequences of
CCDC103 pathologic variants in two PCD patients with si-
tus-inversus-totalis, at the ultrastructural, RNA, and protein
level. Furthermore, we analyzed the CCDC103 profile in dif-
ferent reproductive cells and somatic cells (nasal cells and
white blood cells). Our results revealed that these CCDC103
variants have as consequence the absence of both DA and
affected gene and protein expression. Moreover, we observed
that CCDC103 was expressed with tissue-specific features,
suggesting distinct tissue-specific regulation. Our data corrob-
orate the involvement of CCDC103 in PCD/KS and in infer-
tility and suggest that CCDC103 may have different assem-
blies and roles in cilia and sperm flagellum biology that are
still unexplored.

Materials and methods

Ethics

Ethical guidelines were followed in the conduct of research,
with written informed consent obtained before the beginning
of the work. For blood and nasal tissue samples, no further
ethical or institutional approvals were needed as patient sam-
ples and databases are included in the regular clinical assess-
ment of the patients. Surplus sperm, testicular tissue, and oo-
cytes were donated, after assisted reproduction treatments,
under the Portuguese National Law on Medically Assisted
Procreation (http://data.dre.pt/eli/diario/1/142/2017/0/pt/
html) and the Council on Medically Assisted Procreation
guidel ines (www.cnpma.org.pt) , with no further
authorizations required. This work did not involve
experiments on human or animals. Thus, the provisions of
the Declaration of Helsinki as revised in Tokyo 2004 on
human experimentation do not apply to this work.

Patients

To understand patient genotype-phenotype correlations, two
patients with PCD and situs-inversus-totalis were included in
the present study.

Patient 1 is a 45-year-old male from the northern of
Portugal. He referred no personal or family consanguinity,
chronic respiratory complaints, namely nasal polyps (surgical
removal at 2012), sinusitis, rhinitis, and bronchitis, without
asthma, and situs-inversus-totalis. As the couple did not
achieve a spontaneous pregnancy, they underwent for infertil-
ity treatments. The karyotype was normal and there were no Y
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chromosome microdeletions, cystic fibrosis transmembrane
receptor (CFTR) mutations or adverse CFTR polymorphisms
(7T/7T). Hormonal values were in the normal range: FSH 1.7
mIU/ml (1.4–18.1), LH 2.7 mIU/ml (1.5–9.3), and total tes-
tosterone 15.1 nmol/L (9.1–55.2). The testicular volume was
normal (20 ml/20 ml), both epididymides were swollen, with-
out globus-major appearance, and the vas deferens were pres-
ent. Semen analysis showed a volume of 5.6 ml, a pH 7.8, and
the presence of very rare total immotile sperm. The patient
undertook testicular sperm extraction (TESE) in November
2006, followed by intracytoplasmic sperm injection (ICSI)
with fresh testicular in situ motile sperm. No pregnancy en-
sued. In 2008, he performed another TESE cycle with fresh
sperm but again, no pregnancy was achieved. A third attempt
was scheduled with cryopreserved testicular sperm and a suc-
cessful twin pregnancy was attained with the birth of two male
twins, whom at 8 years old perfectly healthy. The genetic
analysis by whole-exome sequencing (WES) was formerly
published and revealed a novel missense homozygous variant
in the CCDC103 gene [11]. Patient 2 is a fertile, 53-year-old
female from the northern of Portugal. She reported chronic
respiratory complaints, namely bronchiectasis and chronic
rhinosinusitis, and situs-inversus totalis.

Sample collection

Genomic DNA was extracted from peripheral blood leuko-
cytes of patient 2, using the salting out protocol [14]. The
exome was sequenced using the AmpliSeq strategy on an
Ion Proton next-generation sequencing (NGS) platform (Life
Technologies, Thermo Fisher Scientific, California, USA) and
variant calling was performed as described [11, 15]. All vari-
ants were listed in a Variant Call Format (VCF) file that was
annotated and filtered using the Ion Reporter Software version
5.2 (http://ionreporter.lifetechnologies.com/) and VarAFT 2.
10 (http://varaft.eu) (VarAFT, Aix Marseille University,
France). An autosomal recessive disease model was used.
Alamut Visual v2.10 software (Interactive Biosoftware,
France) assisted variant interpretation. All the suspected
variants were manually checked on the Binary Alignment
Map (BAM) file through GenomeBrowse version 2.0.2
(Golden Helix, Bozeman, USA).

White blood cell (WBC) samples, used for RNA and pro-
tein extraction, from both patients and healthy controls, were
collected from peripheral blood with EDTA anticoagulant
tubes (VACUETTE, Porto, Portugal). Control white blood
cells were obtained from healthy blood donor volunteers.

Nasal cells were obtained by nasal brushing from both
patients and healthy controls, using a cytology soft sterile
brush (Endobrush, Biogyn SNC, Mirandola, Italy), in both
nostrils from the inferior nasal turbinate[16]. Control nasal
cells were obtained from healthy university and volunteers.
After brushing, cells were placed in fixative for transmission

electron microscopy (TEM), or RPMI 1640 Medium (Gibco,
Thermo Fisher Scientific, Massachusetts, USA), for RNA and
immunofluorescence analysis.

Excedentary testicular tissue from patient 1 was obtained
under infertility treatments. Excedentary testicular tissue, used
as control, was obtained from men with obstructive azoosper-
mia under infertility treatments (these could be used as con-
trols as they presented conserved spermatogenesis, normal
karyotypes, absence of Y microdeletions, and CFTR muta-
tions). Control ejaculated sperm were obtained from normo-
zoospermic men from cases undergoing spermiogram evalua-
tion and otherwise healthy. Excedentary oocytes were obtain-
ed under infertility treatments. Sertoli cells were obtained
from primary cultures originated from testicle biopsies of
men with conserved spermatogenesis [17]. Thereafter,
Sertoli cells obtained from primary cultures will be designated
culture Sertoli cells (cSC).

Transmission electron microscopy

Nasal samples were fixed with 2.5% glutaraldehyde (Sigma-
Aldrich, Missouri, USA) in 0.1 M cacodylate buffer (Merck,
Darmstadt, Germany), pH 7.2, 2 h, room temperature (RT)
[16], post-fixed with 2% osmium tetroxide (Merck), 2 h, 4
°C, and dehydrated in a graded ethanol series (VWR,
Pennsylvania, USA). Samples were then treated with 1% tan-
nic acid (Merck) in 100% ethanol and embedded in epoxy
resin (Epon, Sigma-Aldrich). Suitable areas of ciliated cells
were selected in semithin sections (1 μm) stained with meth-
ylene blue-Azur II (Merck). Ultrathin sections were cut on an
LKB-ultramicrotome (Leica Microsystems, Wetzlar,
Germany) using diamond knives (Diatome, Pennsylvania,
USA), and retrieved on copper grids (Taab, Berks, England).
After contrasting with aqueous uranyl acetate (BDH, Poole,
England) and lead citrate (Merck), they were observed in a
JEOL 100CXII transmission electron microscope (JEOL,
Tokyo, Japan), operated at 60 kV.

Patient cilia axoneme ultrastructure was evaluated at
high magnifications in transverse sections, and the diag-
nosis was based on the presence of a systematic defect
in any of the axonemal structures [18]. The ultrastruc-
ture of the testicular sperm axoneme from patient 1 was
previously presented [19].

The ciliary beat axis and ciliary deviation were evaluated in
a minimum of 100 transverse sections examined after printing.
In printed images, a line was drawn a perpendicular to the
central microtubules. A reference line was then chosen based
on the main orientation of the lines drawn. The angle of each
line to the reference line was calculated and subtracted to the
mean. These differences are near zero. The standard deviation
(SD) of these differences corresponds to the ciliary beat axis
and ciliary deviation [20].
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Immunohistochemistry

Testicular tissue from controls was analyzed from formalin-
fixed (VWR) paraffin-embedded blocks (Merck).
Immunohistochemistry (IHC) was performed in tissue sec-
tions of 3 μm thickness attached to adhesive slides
(Starfrost, Braunschweig, Germany). Tissue sections were
deparaffinized with xylene (VWR) and serially hydrated in a
decreasing scale of ethanol followed by a wash in distilled
water. Heat antigen retrieval was performed with citrate buffer
pH 6 (Merck) in a microwave (600 W) for 20 min. Tissue
sections were intensely washed in water. Endogenous perox-
idases were inhibited with 3% of hydrogen peroxide (Merck)
and non-specific background staining wasminimized with 5%
of non-fat milk (Nestlé, Vevey, Switzerland) in PBS pH 7.4
(Panreac, Barcelona, Spain), with both treatments being per-
formed for 30 min at RT.

Sections were then incubated with primary antibodies,
rabbit polyclonal to-CCDC103-C-terminal (reference
ab177558; Lot GR279559-4) from Abcam (Cambridge,
UK) and mouse anti-acetylated α-tubulin (Santa Cruz
Biotechnology, California, USA) for 1 h at RT. A negative
control, throught the omission of the primary antibody,
was included. Ultraview universal DAB anti-rabbit and
anti-mouse detection kit (Ventana Medical Systems,
Arizona, USA) was used to reveal the expression of
CCDC103 and acetylated α-tubulin antigens, respectively.
After dehydration, sections were mounted on Coverquick
2000 (VWR). Slides were observed under a light micro-
scope BX41 (Olympus, Tokyo, Japan).

Immunocytochemistry

For immunocytochemistry (ICC), smears were made from cell
suspensions, containing nasal cells, sperm, testicular cells, and
cSC, on adhesive slides (Starfrost). Cell smears were air-dried
and directly frozen at − 80 °C until use. Afterward, cells were
fixed with 4% paraformaldehyde (Merck) in PBS for 20 min
at RT, followed by washes in PBS. For permeabilization,
cells were incubated in 0.2% Triton X-100 (Sigma-
Aldrich) in PBS for 15 min at RT. Then, washed in
PBS and incubated with 5% non-fat milk in PBS for
1 h at RT, to inhibit non-specific binding. Afterward,
cells were incubated overnight at 4 °C with the antibod-
ies rabbit anti-CCDC103 (Abcam) and mouse anti-
acetylated α-tubulin (Santa Cruz Biotechnology). For
each experiment, a negative control, throught the omis-
sion of the primary antibody, was included. DyLight-488
anti-rabbit (Biolegend, California, USA) and Texas Red
anti-mouse (Santa Cruz Biotechnology) were used as
secondary antibodies and applied to cells for 1 h at RT.
Then, cells were counterstained with Vectashield mount-
ing medium containing 4′,6-diamidino-2-phenylindole

(DAPI: Vector Laboratories, California, USA). Slides
were observed under an epifluorescence microscope
(Eclipse E400; Nikon, Tokyo, Japan), and also analyzed
with a FluoView FV1000 laser scanning confocal micro-
scope (Olympus) to screen an eventual co-localization of
the signal.

Western blot

For the extraction of total protein fromWBC, peripheral blood
was incubated with erythrocyte lysis buffer (ELB) containing
155 mM NH4CL (Sigma-Aldrich), 10 mM KHCO3 (Merck)
and 1 mMEDTA (Sigma-Aldrich), for 20min on ice, and then
centrifuged at 2000 rcf (G-force) for 10 min. The cellular
pellet was washed twice with ELB and then in cold PBS,
centrifuged at 3000 rcf for 5 min at 4 °C and then stored at
− 20 °C until protein extraction.

For sperm, testicular tissue cells, and cSC, cells were
washed in cold PBS, centrifuged at 3000 rcf for 5 min at 4
°C and ten stored at − 20 °C until protein extraction. In the
case of sperm, the pellet was stored in PBS supplemented with
a commercial protease inhibitor cocktail (Sigma-Aldrich).

For total protein extraction, the cellular pellet was resus-
pended in lysis buffer containing 125 mmol/L Tris-HCl, pH
6.8 (Sigma-Aldrich), 2%SDS (Bio-Rad, Hercules, USA), 4M
urea (Sigma-Aldrich), 10% β-mercaptoethanol (Sigma-
Aldrich) and a commercial protease inhibitor cocktail
(Sigma-Aldrich), and incubated under gentle agitation for
30 min at RT.

Protein concentration was estimated using the Qubit pro-
tein assay kit (Life Technologies). After protein measurement,
the protein was precipitated using trichloroacetic acid
(Merck), washed in acetone (Merck), and stored at − 20 °C
until further use. Then, aliquots of total protein (50 to 100 μg)
were subjected to electrophoresis using the NuPAGE® system
on NuPAGE Bis-Tris midi gels (Life Technologies), accord-
ing to manufacturer’s instructions. Gels were subsequently
transferred overnight at 35 V, 4 °C, to Amersham Protan
0.45 NC nitrocellulose membranes (GE Healthcare, Illinois,
USA). Membranes were blocked with 5% non-fat milk with
0.05% Tween-20 (Sigma-Aldrich) in TBS and incubated with
rabbit anti-CCDC103 (Abcam) and mouse anti-HSP 70 anti-
bodies (Santa Cruz Biotechnology), overnight at 4 °C. As a
negative control, an immunized CCDC103 peptide
(ABCAM) is specifically prepared for blocking peptide for
anti-CCDC103 antibody—C-terminal. Following incubation
with an HRP conjugated goat anti-rabbit or anti-mouse sec-
ondary antibody (Santa Cruz Biotechnology), for 2 h at RT.
The detection was done using ECL Blotting Substrate (Bio-
rad) and the image analyzer LAS3000 (FujiFilm, Tokyo,
Japan). The band size estimation was done with the Image
Lab software (version 6, Bio-rad).
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Gene expression analysis

Total ribonucleic acid (RNA), from cell suspensions contain-
ing nasal cells, sperm, testicular cells, cSC, and WBC, was
extracted using the PerfectPure RNA Cell and Tissue Kit (5
PRIME GmbH, Hamburg, Germany), according to manu-
facturer’s instructions. For oocytes, due to the limited
number of cells available, the single-cell RNA purifica-
tion kit was used (Norgen Biotek, Thorold, Canada). The
concentration and purity of RNA samples were deter-
mined on a Nanodrop spectrophotometer ND-1000
(Version 3.3; LifeTechnologies). Only samples with an
A260/A280 ratio between 1.8 and 2.1 were selected as it
is indicative of highly purified RNA. RNA was then con-
verted to cDNA using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, California, USA),
according to manufacturer’s instructions and including the
optional step of “DNase treatment” that is intended to
digest genomic deoxyribonucleic acid (gDNA) to avoid
gDNA contamination.

Fo r g ene exp r e s s i on ana l y s i s o f CCDC103
(NM_213607.2), specific PCR primers were designed and
amplified by polymerase chain reaction (PCR). The list of
primers and conditions are included in Supplementary
Table S1. Successful PCR products were enzymatically
purified using Illustra ExoStar kit (GE Healthcare,
Buckinghamshire, UK) and sequenced with BigDye
Terminator v1.1 Cycle Sequencing Kit (LifeTechnologies) ac-
cording to manufacturer’s instructions and analyzed by high-
resolution electrophoresis in a 3130xl genetic analyzer
(LifeTechnologies).

Real-time quantitative PCR (qPCR) was performed to
evaluate the mRNA expression of CCDC103 in all cells.
The B2M and GAPDH genes were used as housekeeping
genes to normalize gene expression levels. qPCRs were
carried out in a Bio-rad CFX96 (Bio-Rad), with NZY
qPCR Green master mix (NZYTech), following manufac-
ture instructions. “Three technical, and, excluding the
patient samples, three biological replicates were per-
formed in each PCR assay. Fold variation of gene ex-
pression levels was calculated following a mathematical
model using the formula 2-ΔΔCt [21]. The statistical
significance was determined using the non-parametric
statistical test Mann-Whitney test, with alpha < 0.05,
Two-tailed p value. Manny-Whitney is the non-
parametric counterpart of the t test. Tests were performed
in the GraphPad Prism (version 6.01, GraphPad
Software, California, USA). When analyzing patient’s
data (Fig. 3), patient samples were compared with sam-
ples from individuals without PCD/KS. When analyzing
the mRNA expression from different control cells types
(Fig. 8), samples were compared in pairs (as described in
legend from Fig. 8b).

Results

Patients with CCDC103 disease-causing variants
present absence of dynein arms

The main aim of the present study was to analyze the
genotype-phenotype correlations between two cases with
Kartagener syndrome that presented different variants in the
CCDC103 gene. Following clinical studies and transmission
electron microscopy, the genetic nature of the diseases was
evaluated through WES analysis.

Patient 1 presents chronic respiratory complaints, situs-
inversus totalis, and infertility due to the presence of rare
total immotile sperm in the ejaculate. The ultrastructure of
testicular sperm showed the absence of DA and DRC
[19]. Here, we analyzed nasal cilia and found the same
ultrastructural axoneme defects observed in sperm (Fig.
1a, b), which suggests that this gene affects both struc-
tures indistinctively. Altogether with the high SD value
(SD 26.94) obtained from the determination of the ciliary
beat axis and ciliary deviation, data establishes the diag-
nosis of PCD/KS in this patient.

Patient 2 presents chronic respiratory complaints, situs-
inversus totalis, but no infertility. The axoneme ultrastructure
of nasal cilia revealed the absence of DA and DRC (Fig.
1c, d), and the determination of the ciliary beat axis and ciliary
deviation showed a high SD (SD 24.60), which corroborates
the diagnosis of PCD/KS in this patient.

In both patients, WES analysis leads to the identification of
novel homozygous, potentially pathogenic, gene variants in
CCDC103 (Fig. 2). Patient 1 showed a missense variant,
caused by a guanine to an adenine substitution at position
104 (c.104G > A), that corresponds to the replacement of a
positively charged arginine (Arg) by a non-polar proline at
protein position 35 [11]. According to the American
College of Medical Genetics and Genomics (ACMGG)
guidelines from 2015 [22], this variant is considered of
unknown clinical significance, with a moderate evidence
(PM2), and is a recessive variant with a very reduced
frequency (0.00001) according to Exome Aggregation
Consortium (ExAC) and supporting (PP3) since several bio-
informatic programs, namely Polyphen (score = 0.999), SIFT
(score = 0.002), FATHMM (score = − 2.69), and MutPred2
(score = 0.896), predicted this variant as damaging with high
confident scores. Patient 2 presents a duplication of two nu-
cleotides (AG) between chromosomal position 17:42980013
and 17:42980014 (c.569_570dup), which results in a frame-
shift variant. This variant was submitted to ClinVar (https://
www.ncbi.nlm.nih.gov/clinvar/), with accession number
SUB5094211 (under processing). According to the ACMGG
guidelines from 2015 [22], this variant is considered likely
pathogenic, with a pathogenic very strong evidence (PVS1),
since this variant is expected to affect protein length as a result
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of the frameshift variant, and with a moderate evidence (PM2)
, as this variant is absent from variant populational databases.

Patients with the CCDC103 variant present reduced
mRNA and protein expression

Patient and control cDNA, from WBC and nasal cells, was
used to analyze CCDC103 mRNA expression. In WBC of
both patients, mRNA expression was significantly reduced
(p < 0.0001) of about 0.2-fold (Fig. 3) to controls. In nasal
cells of patient 1, no significant differences were observed,
whereas, in patient 2, mRNA expression was significantly
reduced (p = 0.0013) of about 0.5-fold (Fig. 3) to controls.

Protein expression was evaluated by ICC in nasal cells of
patients and controls. In controls, staining was localized in the
cytoplasm and at the base of cilia (Fig. 4). In patients,

cytoplasmic staining was strongly reduced, especially in pa-
tient 2, and did not invades the base of cilia (Fig. 4), which
suggests that CCDC103 pathogenic variants affect protein ex-
pression but do not cause protein misallocation.

Protein expression was also evaluated by ICC in testicular
cells of patient 1 and controls, in ejaculated sperm of controls
and in cSC. In controls, CCDC103 was localized in the cyto-
plasm and perinuclear region of cSC, in the cytoplasm of
primary spermatocytes (ST1), secondary spermatocytes
(ST2), and round spermatids (Sa), and in the midpiece of
sperm (Fig. 5). In patient 1, staining was observed in the
cytoplasm and perinuclear region of ST1 and ST2, in the basal
nuclear pole of Sa and in the midpiece of sperm (Fig. 6).

Protein expression by Western blot analysis was evaluated
in the WBC from patients and controls. This revealed very
challenging due to CCDC103 specific biochemical

Fig. 1 Ultrastructure of the axoneme. a Sperm axoneme of patient 1; b
axoneme of nasal cilia cells of patient 1; c, d axonemes of nasal cilia cells
of patient 2. Note absence of dynein arms (*) and nexin links (dotted line).

1 and 3, numbering of the peripheral duplets; A, microtubule A of a
peripheral duplet; B, microtubule B of a peripheral duplet; dotted circle,
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characteristics. Further, there are no other commercial avail-
able monoclonal antibody against CCDC103 and all available
commercial antibodies were designed using the same immu-
nogen, a synthetic peptide directed towards the C-terminal
region, thus we could not discard the hypothesis of incomplete
access to native protein due to the presence of self-association
or complex alpha helices in these regions. In our Western
blot experiences, we were unable to obtain at least three
consistent replicates as we observed variable band inten-
sity and instability of the monomer band, which was not
always detected. This occurred despite all protocol pro-
cedures being carefully followed. Nevertheless, it was
possible to infer that both patients revealed reduced pro-
tein expression, especially patient 2 (Fig. 7).

CCDC103 is present in several cells at different
expressions levels

To further increase the knowledge of CCDC103 wild-type
expression in human cells, cells from somatic and reproduc-
tive tissues obtained from healthy individuals (i.e., individuals
without PCD/KS or other related diseases found) and from
men with conserved spermatogenesis that are under infertility
treatments were compared. TakenWBC as a reference, results
showed that mRNAwas expressed in all tissues but with dif-
ferent expression levels. Testicular cells, cSC, oocytes, and
nasal cells evidenced low expression levels. Ejaculated sperm
showed the highest expression levels, about 10-fold more than
oocytes and about 2-fold more than WBC, the second more

Fig. 2 Sequencing
electropherograms of variants
found in the CCDC103 gene
(NM_213607.2). a Variant
c.104G>A of patient 1. b Variant
c.569_570dup of patient 2

Fig. 3 CCDC103 mRNA expression levels in a nasal cells and b white
blood cells from patients in comparison to cells from healthy individuals
(without PCD/KS or other related diseases found). SYBR Green was the
fluorescent dye used. Statistical significance was determined using the

Mann-Whitney test, with alpha < 0.05. **p < 0.01 and ***p < 0.0001.
B2M and GAPDH were used as reference genes, with no statistical
significance being observed between the normalizations performed with
each locus
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expressed tissue, with nasal cells showing the lowest expres-
sion levels (Fig. 8).

Western blot analysis revealed the presence of the protein
in ejaculated sperm, testicular cells, cSC, and WBC, with dif-
ferent size bands. This confirms previous findings obtained in
model species, which showed that the CCDC103 protein has
special biochemical features, namely great oligomerization
capabilities [13].We observed that CCDC103 forms dimers
and higher order oligomers whose sizes appear tissue-
specific (Fig. 9). The theorical band size of about
27 kDa (monomer) was only observed in WBC, which
also presented a dimer of about 50 kDa. In cSC, bands
of about 37, 70, and 150 kDa were observed . If in these
cells, we assume the 37 kDa band as a cSC-specific
monomer, thus the other correctly correspond to dimer
and higher order oligomers. Testicular cells presented a
similar profile to cSC, but with the absence of the
70 kDa dimer. In ejaculated sperm, the protein was hard
to detect despite multiple extraction protocols tested and
was only achieved when total protein was protected with
proteinase inhibitors before and after pelleted cells. Sperm

evidenced the nearly 70 kDa dimer, comparably to cSC,
and a higher order oligomer of about 125 kDa.

Total mRNA was sequenced, including the untranslated
regions (UTR), to search if the presence of the different iso-
forms could explain those protein size differences. As no dif-
ferences in mRNA sequences were found, results suggest that
these differences observed in WB experiments might be
caused by tissue-specific post-translational modifications or
tissue-specific differences in oligomerization.

CCDC103 is differentially located in germ cells

To gain further insights about CCDC103 location in germ
cells, IHC detection in paraffin sections of seminiferous tu-
bules was performed. Tubulin staining was observed in the
cytoplasm and perinuclear region of cells, being intense in
spermatogonia (SG), moderate intense in ST1, weakly intense
in ST2, Sa, and Sertoli cells, and intense in the sperm flagel-
lum (Fig. 10). CCDC103 staining was also observed in the
cytoplasm and perinuclear region of cells but, in contrast to
tubulin, staining was weak in SG, intense in ST1 and ST2,

Fig. 4 Immunocytochemical
detection of CCDC103 (green)
and of axoneme-specific
acetylated α-tubulin (red), with
merged images, in nasal cilia cells
of controls (i.e., cells from healthy
individuals, without PCD/KS or
other related diseases found),
patient 1 and patient 2. Nuclei
stained with DAPI (blue). C, cilia;
*, cytoplasm; n, nucleus. Scale
bars, 10 μm
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moderate in Sa and Sertoli cells, and intense in the sperm
midpiece (Fig. 11).

CCDC103 location in sperm was also inspected by
laser scanning confocal microscopy. Staining exhibited

a helix shape throughout the midpiece region, involv-
ing it as a scarf (Supplementary videos S1, S2). No
staining were observed by immunogold detection
(Supplementary file S1).

Fig. 5 Immunocytochemical detection of CCDC103 (green) and of
axoneme-specific acetylated α-tubulin (red), with merged images, in
cells of the seminiferous tubules from controls (i.e., samples obtained
from men with conserved spermatogenesis that are under infertility
treatments). Staining was observed in the cytoplasm of primary
spermatocytes (ST1: a–c), secondary spermatocytes (ST2: d–f), and

round spermatids (Sa: d–f), and in the midpiece of sperm (Sz: g–j). In
culture Sertoli cells (SC: k–m), staining was observed in the cytoplasm
and in the perinuclear region. Nuclei stained with DAPI (blue). White
arrowheads-CCDC103 staining, red arrowheads-tubulin staining. Scale
bars, 5 μm
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Discussion

Patient 1 presents PCD, situs-inversus-totalis, the absence of
DA in the sperm axoneme, severely reduced total sperm
count, total sperm immobility, and infertility [19]. WES anal-
ysis revealed a novel homozygous pathogenic variant in the
CCDC103 gene [11]. Panizzi and co-workers have shown that
CCDC103 is an essential gene for dynein arm assembly and
cilia motility, as in Zebrafish model, an antisense morpholino

knockdown of ccdc103, induced curved body axes, left-right
asymmetry defects, hydrocephalus and kidney cysts, and
caused cilia paralysis [12]. The variant detected in this gene
caused a change of an arginine by a proline in the protein α-
helix region that contains the dynein attachment factor N-
terminus domain. The wild-type arginine is a polar amino acid
that contains a side chain consisting of a 3-carbon straight
chain ending in a guanidine group that is positively charged.
This amino acid is frequent in protein binding sites, as the

Fig. 6 Immunocytochemical detection of CCDC103 (green) and of
axoneme-specific acetylated α-tubulin (red), with merged images, in
cells of the seminiferous tubules from patient 1. Staining was observed
in the cytoplasm and perinuclear region of primary spermatocytes (ST1:
a–c) and secondary spermatocytes (ST2: a–c), at the basal pole of the

nucleus preceding axoneme extrusion in early round spermatids (Sa1: d–
f) and late round spermatids (Sa2: g–i), and (granular appearance) in the
midpiece of sperm (Sz: j–m). Nuclei stained with DAPI (blue). White
arrowheads, CCDC103 staining; red arrowheads, tubulin staining. Scale
bars: a–c, 4 μm; d–f, 2 μm; h, i, 4 μm; g, 2 μm; j–m, 2 μm

1692 J Assist Reprod Genet (2019) 36:1683–1700



Fig. 8 CCDC103 RNA expression levels (a) from control testicular cells
(TC), culture Sertoli cells (SC), sperm (SZ), oocytes, nasal cells (nasal)
and white blood cells (WBC). SYBRGreen was the fluorescent dye used.
Statistical significance was determined using the Mann-Whitney test,
with alpha < 0.05. WBC was used as a calibrator and B2M as the
reference gene. Resume of all possible combinations between samples
(b). The C (calibrator) column means that this tissue was used as
calibrator. For example, using WBC as a calibrator, it was observed that

samples (S) from TC, SC, oocytes, and nasal cells present a reduced
expression (↓), while SZ has a higher expression (↑) than WBC. ⇔
means that there were no statistically significant differences between the
two groups. Controls: for TC cells are samples obtained from men with
conserved spermatogenesis that are under infertility treatments; for the
remaining cells, are cells from healthy individuals, without PCD/KS or
other related diseases found

Fig. 7 CCDC103 protein detection in white blood cells from controls
(i.e., cells from healthy individuals, without PCD/KS or other related
diseases found), patient 1 and patient 2 (a, b). *Possibly monomer

form; **possibly dimer and/or higher order oligomers. HSP70
(molecular weight (MW) of about 70 kDa) was used as loading control
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positive charge enables to interact with negatively charged
groups, forming multiple hydrogen bonds [23]. In contrast,
the mutant amino acid proline is smaller, has a neutral charge,
and is hydrophobic. The side chain of proline is a cyclic struc-
ture, named pyrrolidine ring, that confers non-polar character-
istics. This characteristic side chain is non-reactive and gives
proline an exceptional conformational rigidity. Consequently,
proline is not commonly involved in protein function [23],
suggesting that this mutation may impact on the protein struc-
ture, namely preventing dynein binding [24].

In patient 1, axoneme ultrastructure of both sperm and na-
sal cilia revealed the absence of DA. In humans, there are no
studies that had simultaneously evaluated the effect of PCD
gene mutations on the ultrastructure of the axoneme in both
respiratory cilia and sperm flagellum. Although the axoneme
structure of cilia and sperm are quite similar, some differences
are known in the pathways regulating both. It is known that
NOTCH signalling plays a crucial role in the differentiation of
ciliated cells, with E2F transcription factors being required to

activate centriole amplification genes, which are essential to
the formation of multiple cilia. In contrast, WNT signalling
plays a critical role in sperm flagellum formation, with E2F
transcription factors being not so critical as sperm develop a
single flagellum, with only one centriole [25]. The present
observations that this variant in CCDC103 affected
indistinctively both cilia and the sperm flagellum suggest that
this variant may act in a shared pathway of DA formation in
both cell types.

Patient 2 also presents PCD, situs-inversus-totalis, and ab-
sence of DA in respiratory cilia. Interestingly, WES analysis
revealed a novel frameshift pathogenic variant also in
CCDC103. This variant causes duplication of nucleotides
AG at positions 569 and 570 in exon 4. The mutant protein
presents a Glu187Argfs*22 change at the RPAP3-Cter do-
main. Presently, only three genes, RPAP3, SPAG1, and
CCDC103 have been found to code for an RPAP3 domain
and, curiously, all those genes are directly (CCDC103 and
SPAG1) or indirectly (RPAP3) involved to cilia assemble and

Fig. 9 CCDC103 protein
detection from control sperm
(SZ), culture Sertoli cells (SC),
testicular cells (TC), and white
blood cells (WBC). *Possibly
monomer form. **Possibly dimer
and/or higher order oligomers.
Polyclonal CCDC103 antibody
from ABCAM was used. HSP70
was used as loading control
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formation [26]. Although its function is not fully understood,
the RPAP3 domain was suggested to participate in protein
oligomerization and to be critical for maintaining ATPases in
a conformation suitable for Client binding [26]. Client is the
designation of a limited set of substrate proteins whose matu-
ration is assisted by the heat-shock protein 90 (Hsp90), a mo-
lecular chaperone [27]. Thus, the variant found in patient 2
could affect the ATPases cycle and consequently DA
assembly.

Expression studies of CCDC103 have only been per-
formed in Chlamydomonas and Zebrafish. Studies
showed that CCDC103 is an oligomeric coiled-coil do-
main protein present in the sperm Ax. This protein was
found to bind to MT, forming linear arrays along MT with
spacing consistent with the ODA repeat distance. Further,
CCDC103 was shown to be critical to stabilize the MT
polymeric structure [13].

As far as we know, no human studies regarding mRNA and
protein expression of CCDC103 in normal and pathologic
conditions have yet been performed, and to get further insights
on the role of CCDC103 variants in cilia biology, we studied
CCDC103 gene expression in both patients at mRNA and
protein levels.

Quantification of mRNA revealed that CCDC103 is
expressed in WBC and nasal cilia cells. In WBC, patients
exhibited significantly reduced mRNA expression. In nasal
cells, no significant differences to controls were observed for
patient 1, whereas a significant reduction in mRNA expres-
sion was found for patient 2. We believe that the observed
differences between both patients are due to the mutation type,
with the frameshift variant having a higher potential to affect
the phenotype than the missense variant. However, as in nasal
cells, the wild-type expression of CCDC103 was much re-
duced compared with CCDC103 expression in the other cell

Fig. 10 Immunohistochemical
detection of tubulin in paraffin
sections of control seminiferous
tubules. a Negative control
(absence of staining). b–d
Staining was intense in the
cytoplasm and perinuclear region
of spermatogonia (SG),
moderately intense in the
cytoplasm and perinuclear region
of primary spermatocytes (ST1),
and weakly intense in secondary
spermatocytes (ST2), round
spermatids (Sa), and Sertoli cells
(SC). The flagellum (white
arrowheads) of late spermatids
(Sd) presents strong staining.
PTC, peritubular cells; BL, basal
lamina. Scale bars, 10 μm
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types, specifically in blood cells (Fig. 7), this could alterna-
tively explain the observed differences of CCDC103 expres-
sion in patient nasal and blood cells. In this explanation, as the
effect of the missense variant (P1) could be small, consequent-
ly, the differences to controls could not be statistically signif-
icative. Another alternative hypothesis to explain the observed
differences in the two cell types is that CCDC103 may be
differently regulated in blood cells and in nasal cells due
to alternative splicing mechanisms, and thus, the same
variant could affect differently both cell type [28]. For
instance, the binding site of the spliceosome may be dis-
tinct in different cell types.

As referred above, the missense variant found in patient 1 is
predicted by several bioinformatic tools, with high confident
scores, as deleterious. It is highly conserved as the proline
replacement is not found in any animal homologues of

CCDC103. Further, this variant shows a very reduced fre-
quency in population databases. Altogether, it supports a pre-
sumed pathogenic role of this sequence variant. However, the
mechanism underlying the reduction of CCDC103 expression
observed in blood cells of patient 1 was not elucidated and
beyond the scope of this study. Nonetheless, we can speculate
some gene regulatory mechanisms that could explain such
effect. One hypothesis is that the observed reduction of gene
expression is due to the regulation of transcriptions factors.
Several studies show that the FOXJ1 and RFX transcription
factors regulate a multiple sets of genes involved in motile
ciliogenesis [25, 29]. A study from Geremek and co-workers
had suggested the existence of a coordinated regulation
among the ciliary genome, and that the presence of a mutated
ciliary gene may interfere with the FOXJ1 and RFX transcrip-
tion factors and thus down-regulate the expression of a part of

Fig. 11 Immunohistochemical
detection of CCDC103 in paraffin
sections of control seminiferous
tubules obtained from men with
conserved spermatogenesis that
are under infertility treatments (a,
b). Stainingwas weakly intense in
spermatogonia (SG), intense in
the cytoplasm and perinuclear
region of primary spermatocytes
(ST1) and secondary
spermatocytes (ST2), and
moderately intense in the
cytoplasm and perinuclear region
of Sertoli cells (SC) and round
spermatids (Sa). c The midpiece
of the elongated spermatids (Sd)
showed intense staining (white
arrowheads). PTC, peritubular
cells; BL, basal lamina. Scale
bars, 10 μm
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ciliary genes that act together [30]. Consequently, it is possible
that the missense variant causing a defective CCDC103 pro-
tein presented may activate such regulatory mechanism, lead-
ing to a down-regulation of ciliary genes, including CCDC103
itself. Another possible explanation is the involvement of mi-
cro RNAs (miRNAs). Recent bioinformatics experiments
suggest that up to 30% of human genes may be regulated by
micro RNAs (miRNA) [31] and, interestingly, according to
TargetScan (a web-based tool that predicts biological targets
of miRNAs),CCDC103 includes a small sequence region that
is well conserved and is complementary to the miRNA-140.
Although, the variant found in P1 is not placed in this se-
quence, this may suggest that CCDC103 may be regulated
by miRNA and the variant may interfere in the cascade of
regulation. miRNA are still largely unknown, but several lines
of evidence are beginning to recognize miRNAs as important
cytoplasmic regulators of gene expression that may act as
post-transcriptional regulators of their mRNA targets com-
manding the mRNA degradation and/or translational repres-
sion [32]. Further, recent studies have revealed the role of
miRNA, namely miR-34/449, in ciliogenesis of motile cilia
in vertebrates [33, 34]. Therefore, if we assume that
TargetScan database is accurate and CCDC103 is regulated
by miRNA, the missense variant presented may be a signal to
miRNA-140 to activate a cascade of post-transcriptional reg-
ulators that will lead to down-regulation of CCDC103 gene.

We are aware that further studies using animal models or
culture of ciliated cells are needed to evaluate the hypothesis
here presented. Further, culture of ciliated cells, by ALI-cul-
ture, which is already known as a valuable tool for PCD re-
search [35, 36], may be also an alternative to increase statisti-
cal power, particularly in the cases where the cells are rare and
repeated nasal brushing should be avoided. However, this re-
cent technique still needs further studies to guarantee that the
genetic information is not affected by the culture process.

Immunofluorescence staining revealed the presence of
CCDC103 in the cytoplasm of cilia cells. Patients exhibited
reduced staining, but again, the reduction in patient 2 was
more notorious, corroborating the hypothesis that the frame-
shift variant could have a more deleterious impact on the phe-
notype. Further studies on animal models are important to
understand if those differences in patients’ phenotypes are
related to the type of variant or the variant location itself.
Immunocytochemistry also revealed CCDC103 staining in
the cytoplasm and perinuclear region of cSC and in control
and patient 1 germ cells, and in the sperm midpiece. As label-
ling was reduced in patient 1, results indicate that the
CCDC103 pathogenic variant can affect reproductive cells.

Cytoplasmic staining of CCDC103 was previously ob-
served in the cell body of C. reinhardtii [13]. It was proposed
that CCDC103 may assemble during axonemal growth, pro-
viding a high-affinity track along doublets to allow the asso-
ciation between the ODA/docking complex [35]. Our

observation of CCDC103 expression in cells without motile
cilia, altogether with its cytoplasmic staining, supports previ-
ous findings that CCDC103 act as cytoplasmatic dynein as-
semble factor. However, in contrast with what was described
in the sperm of C. reinhardtii [13], we did not observe
CCDC103 staining along the whole flagellum length of hu-
man sperm, but only in the sperm midpiece. C. reinhardtii
flagella have been proved to be a suitable model species to
study the molecular components of axonemes and the
ciliogenesis process [36], and the CCDC103 gene is well con-
served. Nevertheless, the protein sequence of both species
only shares 32% identity, which could explain those location
differences. Moreover, both species may certainly have differ-
ent post-translational modifications that can likely regulate
protein location. The present observations clearly indicate that
CCDC103 has a broad distribution, being present both in so-
matic tissues, namely WBC and nasal cilia cells, and in repro-
ductive cells (Sertoli cells, spermatogonia, spermatocytes,
spermatids, and sperm). As cytoplasmic dyneins are present
in nearly all animal cells [37], our present data corroborates
that CCDC103 is a cytoplasmic dynein arm assembly factor
and suggests that the CCDC103 gene may be present in an
initial pathway of the ciliogenesis process and/or that its func-
tion is not exclusive to axonemal DA assemble.

The present results showed that CCDC103mRNA expres-
sion in control nasal cells was very low in comparison to
WBC. A quantitative proteomic analysis of human airway
cilia also observed that CCDC103 expression was about
0.0015-fold lower than that found in DNAH5 and DNAH9,
two well-known cilia genes [38]. In contrast to cilia cells,
we observed that sperm presented the highest expression
levels, 10-fold more than oocytes and about 2-fold more than
WBC, which further confirms that CCDC103 may have a
special role in reproductive function and corroborates findings
in reproductive cells of patient 1. We here also firstly describe
the presence of mRNA CCDC103 transcripts in human cSC
and oocytes.

Western blot experiments in control somatic and germ cells
showed that the protein CCDC103 forms monomers, dimers,
and higher order oligomers, whose size appeared tissue-spe-
cific, corroborating previous findings that state oligomeriza-
tion as a property of CCDC103 [13, 39]. These results show
the heterogeneity of this protein and likely reflect different
functions or interactions. Earlier studies of CCDC103 in
Chlamydomonas and Zebrafish presented that CCDC103
can homodimerize and migrate as a dimer or higher order
oligomer following SDS-PAGE [12, 13]. Further, these stud-
ies showed that CCDC103 exhibited extraordinary biophysi-
cal properties and highlighted the difficulties in obtaining the
linear protein structure, as it refold to its native conformation
even following heating at 100 °C in the presence of detergent
(SDS) [13]. We obtained a great variability among experi-
ences, with the monomer bands not always being observed,
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which corroborates its strong dimerization proprieties.
Therefore, the observed variability was probably due to these
biophysical proprieties that made difficult to disrupt the pro-
tein native conformation into a linear structure, leading to the
absence of a consistently detected in Western blot experi-
ments. Additionally, these results may suggest that this protein
may have a high turnover rate, making hard to have good
reproducibility. Nevertheless, the great variability among ex-
periments precluded us to comparatively quantify the protein
in these experiments.

To infer about the observed size differences among cells,
we sequenced the full mRNA of CCDC103, including UTR,
which are known to play crucial roles in the post-
transcriptional regulation of gene expression [40]. As no dif-
ferences were detected between cells, data indicate that the
differences could be explained by external factors that can
regulate the dimerization process. For instance, post-
translational modifications, such as tyrosine phosphorylation,
were described as having a role in dimerization of the
RACK1A protein [41]. According to the NetPhos 3.1 Server
(http://www.cbs.dtu.dk/cgi-bin/), several phosphorylation
sites are predicted for the CCDC103 sequence, and
thus, it is possible that tissue-specific protein regulation
could explain differences in the dimerization process.
Besides post-translational modifications, the alternative
splicing mechanism can also be a possible explanation
to the observed CCDC103 protein size differences
among different cell types. Although we did not find
differences in the sequence of the mRNA, we can not
exclude elementary alternative splicing events that do
not necessarily affect the mRNA sequence [37]. For
instance, cassette exons are splicing events in which
an exon from the mature mRNA sequence can be either
included or skipped in order to generate two distinct
protein isoforms [38].

Moreover, another possibility could be the regulation by
microRNAs. It is still a largely unknown mechanism, but sev-
eral evidences showed that microRNA have an important role
in the regulation of mRNA and could thus also have a role in
the generation of protein isoforms [39]. Further studies are
needed to be performed in cell cultures or animal models to
better understand those mechanisms.

We further report, for the first time, CCDC103 staining in
testicular germ cells, showing the presence of CCDC103
throughout spermatogenesis, in a cell-stage specific manner.
Cytoplasmic and perinuclear staining was observed in sper-
matogonia (weak), spermatocytes (intense), spermatids (mod-
erate), and Sertoli cells (moderate). Sperm showed intense
staining in the midpiece. This data suggests that also exists a
cell-stage regulation of CCDC103. This localization is similar
to ZMYND10. ZMYND10 is another gene known to be in-
volved in the assembly of DA, which was shown to be strong-
ly expressed in the cytoplasm of mouse primary

spermatocytes and spermatids [42]. This suggests that DA
assembly could start in spermatocytes.

Conclusions

In conclusion, here we describe that CCDC103 is
expressed differently in different reproductive cells and
in WBC and that the protein forms dimers whose sizes
are tissue specific. We also described for the first time the
presence of CCDC103 in WBC and in testicular germ
cells, with higher staining at the spermatocyte-stage and
local staining in the midpiece of both testicular and ejac-
ulated sperm. Further, we could show that the pathogenic
variants found in the CCDC103 gene lead to an absence
of DA and to a significant reduction of gene expression
and protein expression that was also tissue-specific.

Our work gives a genotype-phenotype correlation of
CCDC103 pathogenic variants in PCD patients with situs-
inversus totalis and firstly characterizes the expression pro-
files of CCDC103 in human cells, thus increases the knowl-
edge regarding its expression and subcellular localization. Our
data corroborate the involvement of CCDC103 in PCD and
suggest also a role in infertility. We believed that CCDC103
may have more unknown functions in cilia biology and male
reproduction. Thus, these results added an additional piece to
the complex puzzle of the axonemal dynein assembly process
and ultimately may help to further understand the PCD
pathophysiology.
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