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Abstract

Background and Objective Primary ciliary dyskinesia (PCD) is a rare genetic condition characterised by abnormal ciliary
motility, primarily affecting the respiratory tract. Despite its clinical significance, there is currently no gold standard for PCD
diagnosis. This study aims to address this diagnostic challenge by evaluating a comprehensive approach in a large cohort of
patients with suspected PCD.

Methods We conducted a retrospective analysis of 128 patients with suspected PCD at a specialised clinical reference unit.
A thorough anamnesis was performed, followed by a triad of diagnostic tests: (i) a high-speed video analysis of ciliary beat
pattern; (ii) transmission electron microscopy for ciliary ultrastructure examination; and (iii) a genetic analysis, primarily
through clinical exome sequencing. Correlations between the clinical, morphological and genetic findings were studied.
Functional assays on RNA were performed to assess new splicing variants. Pearson’s chi-square test was used to compare
categorical variables and comparisons of means were performed using the Student’s t-test.

Results A definitive PCD diagnosis was established in 72% of the studied patients. Notably, only 58% of the diagnosed cases
showed positive results across all three diagnostic tests. Patients with immotile cilia have a higher frequency of neonatal
respiratory distress and had a higher likelihood of receiving a genetic diagnosis. A high-speed video analysis was altered in
116 patients, 53 of them with immotile cilia. A transmission electron microscopy revealed ultrastructural alterations in 67
patients, with class 1 defects being more common. DNAHS, RSPHI and DNAH11 were the most represented genes among
the 18 causal genes found. Among the 71 causal genetic variants found, we highlight the overrepresentation of the ¢.85G>T
in RSPH1 and describe the aberrant effect on RNA of the splicing variants DNAH11:¢.11497-6T>G, DNAH9:¢.2596-2dup,
CCDC40:¢.2597A>G and CCDC40:¢.2832G> A. Finally, we describe a severe phenotype associated with the RSPHI gene,
contrary to previously reported data.

Conclusions This comprehensive analysis of a large cohort of patients with PCD underscores the challenges in achieving a
definitive diagnosis and emphasises the need for a multi-faceted diagnostic approach. This study enhances our understanding
of this rare condition, including the identification of new splicing variants and an unexpected severe phenotype associated
with RSPH1, challenging previous assumptions about genotype-phenotype correlations in PCD.

1 Introduction

Motile ciliated cells are the most abundant in the respira-
tory epithelium. Their conserved ultrastructure, known as
the axoneme, ensures proper ciliary motion. The axoneme
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is composed of nine pairs of peripheral microtubules and
one central pair (9 + 2 structure). Peripheral microtubules
have outer and inner dynein arms (ODAs and IDAs), which
are the ciliary motor. Peripheral and central doublets are
connected by radial spokes, whereas peripheric doublets are
linked by nexin bridges [1, 2]. Moreover, different protein
complexes are involved with the axoneme to produce an
effective ciliary movement, which is essential for respira-
tory clearance and the prevention of bacterial colonisation.
This efficient ciliary bending consists of two movements [3,
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Primary ciliary dyskinesia is an uncommon and compli-
cated condition that affects the respiratory system and
can be difficult to diagnose.

In this study, we explain the diagnostic process used at
a specialised medical centre, which includes examining
how the cilia move, looking at their structure under a
microscope and performing genetic tests.

We explore how the genetic results relate to the symp-
toms in 128 patients, highlight new genetic mutations
and discuss the unexpectedly high number of cases
linked to the RSPH1 gene in the Spanish primary ciliary
dyskinesia population, as well as the severity of these
cases, which differs from what has been reported in
previous studies.

4]. At first, a forward power stroke that pushes the mucus
toward the pharynx, and then a second backwards recov-
ery movement positions the cilia to start their beating cycle
again. The frequency of this cycle varies from 7 to 16 Hz
under normal conditions, depending on the temperature
and humidity [5]. Abnormal ciliary dynamics, immotility
or aberrant beating, in epithelial respiratory cells lead to
primary ciliary dyskinesia.

Primary ciliary dyskinesia is a clinically heterogenous
rare genetic condition characterised by mucus accumu-
lation in both the upper and lower airways, resulting in
recurrent infections since birth and chronic inflammation
of the airways. The main features include chronic sinusitis,
otitis media with hearing loss and progressive bronchi-
ectasis that may ultimately require lung transplantation.
Other symptoms may include reproductive problems due
to impaired motility of sperm flagella and cilia in the Fal-
lopian tubes [6, 7] and laterality defects, which can be
associated with cardiac defects [8].

Currently, there is no cure for PCD. General treatments
aim at treating lung infections by opening the airways and
reducing inflammation. Thus, antibiotics, bronchodila-
tors and anti-inflammatory medicines are commonly pre-
scribed. Moreover, physiotherapy and aerobic exercise are
also recommended to help expel mucus.

Primary ciliary dyskinesia diagnosis, management and
treatment are essential for the maintenance of the respira-
tory function. However, the clinical diagnosis of PCD is
complex, as there is not a gold standard technique. Instead,
a combination of complementary methods is required:
high-speed video analysis (HSVA), transmission electron
microscopy (TEM), genetic testing, immunoflorescence
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of ciliary proteins and nasal nitric oxide measurement are
the most standardised. High-speed video analysis of nasal
brushing samples is widely used to assess ciliary beat
pattern and frequency [9-11]. However, in clinical prac-
tice, some patients exhibit subtle abnormalities in ciliary
motility that may be easily overlooked or misinterpreted
[4, 12]. Moreover, certain individuals display dyskinetic
patterns that mimic primary defects but are in fact sec-
ondary to chronic inflammation or other acquired condi-
tions. This overlap can complicate the diagnostic process,
highlighting the importance of a multimodal evaluation.
Transmission electron microscopy provides ultrastructural
classification into hallmark (class 1) or supportive (class
2) defects. Nevertheless, approximately 30% of patients
with PCD show no ultrastructural defects via transmission
electron microscopy [13].

Genetic testing has identified more than 50 genes associ-
ated with PCD. Most forms of PCD are inherited in an auto-
somal recessive manner, except for those linked to FOXJI
(autosomal dominant), and DNAAF6, RPGR and OFD1
(X-linked recessive). Single nucleotide variants are the most
commonly reported genetic alterations in PCD, although
copy number variants have also been described [14]. Recent
studies report genetic diagnostic yields of 60-70% [15, 16].
However, identifying biallelic pathogenic variants is now
more relevant than ever, as genotype-based therapeutic
strategies, such as messenger RNA-based therapies, are
under development [17, 18]. Furthermore, understanding
the genetic background of each population improves diag-
nostic accuracy, reveals population-specific variants and
supports the development of equitable targeted therapies.
Other useful techniques recommended by task force experts
for the diagnosis of PCD include immunofluorescence of
ciliary proteins, which is a highly targeted tool but sensi-
tivity is limited [19], and nasal nitric oxide measurement,
which presents practical challenges, especially in paediatric
cases [20].

The absence of a gold standard diagnostic technique has
significant clinical implications, as it contributes to the vari-
ability of diagnostic pathways across countries [20-22]. A
recent study comparing diagnostic testing for PCD in dif-
ferent countries showed that a nasal biopsy was the most
common test in all countries except for North America and
France, where genetic testing was the most common tool
[21]. This inconsistency, together with limited access to
essential diagnostic tests in some hospitals, reduces the diag-
nostic yield and may delay an accurate diagnosis, ultimately
leading to a suboptimal management.

In this study, we present a large cohort of Spanish patients
with suspected PCD from a tertiary hospital. The objective
of this study is to assess the diagnostic PCD rate using the
combination of HSVA, TEM and genetic testing to establish
genotype-phenotype correlations in our population, and to
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perform functional studies to elucidate the impact on splic-
ing of previously unreported variants.

2 Materials and Methods

This is a retrospective descriptive study including clini-
cal, morphological, functional and genetic data from 128
patients belonging to 107 families with clinical suspicion
of PCD. They were referred to La Fe University and Poly-
technic Hospital in Valencia (Spain) between 2019 and early
2024.

Upon clinical suspicion of PCD, a comprehensive anam-
nesis was performed, as well as a triad of tests consisting of
the study of ciliary motility, ciliary ultrastructure and genet-
ics. After the results were analysed, patients were classified
as PCD or PCD like following the European Respiratory
Society guidelines [20]. Patients received a definitive diag-
nosis of PCD when (i) TEM analysis revealed class 1 ultras-
tructural abnormalities; or (ii)) TEM analysis revealed class 2
ultrastructural defects and HSVA revealed an abnormal beat-
ing pattern; and/or (iii) pathogenic variants were detected
in the genetic analysis (details are provided in Sect. 2.4).
Patients were classified as PCD like when (i) HSVA showed
an abnormal ciliary beat pattern and TEM and genetics were
negative or (ii) HSVA revealed a normal ciliary beat pattern,
TEM revealed class 2 ultrastructural defects, and genetic
analysis was negative or only one pathogenic variant was
detected. Patients who did not meet these criteria were
excluded from this study.

This study was approved by the Institutional Ethics
Committee at La Fe Health Research Institute Hospital
(P119/00949; P122/01010). We obtained informed consent
from all patients and/or legal guardians prior to the genetic
analysis, and from family members who participated in seg-
regation studies. Genetic counselling was offered before and
after genetic testing.

2.1 Clinical Assessment

Patient history included records of neonatal respiratory dis-
tress, permanent chronic wet cough, permanent mucopu-
rulent rhinorrhea, pneumonia, bronchiectasis, atelectasis,
asthma-like, otitis, immunodeficiency, hypoacusis, laterality
defects and infertility history.

2.2 Ciliary Beat Pattern Analysis

Ciliated nasal epithelial cells were obtained through nasal
brushing and collected in high-glucose DMEM supple-
mented with 10% streptomycin. Samples were observed
immediately after collection at room temperature using a
conventional microscope connected to a high-speed video

camera. Digital image sampling was performed under 63x
magnification and at 120 frames per second using a Basler
acA1300-200um digital video camera with an ON-Semicon-
ductor PYTHON 1300 CMOS sensor (Basler AG, Ahrens-
burg, Germany). Different fields per sample were analysed
to identify strips of the continuous epithelium and isolated
cells. Records of side and top views were obtained. Images
were analysed via Sisson-Ammonds Video Analysis (SAVA
system) [9]. Interpretation was performed by at least two
independent observers. Samples were classified as normal
beating, immotile cilia or abnormal beating. Altered beating
patterns were also classified into (i) stiff, defined as reduced
bending ciliary capacity and slowed speed; (ii) hyperkinetic,
defined as reduced bending ciliary capacity and faster speed;
(iii) rotational, defined as circular motion; (iv) uncoordi-
nated movement, defined as a lack of ciliary synchrony; and
(v) residual movement, defined as when almost all cilia are
immotile but some of them show dyskinetic movement.

2.3 Ciliary Ultrastructure Analysis

A second nasal epithelial biopsy was obtained. Samples
were fixed in 2.5% phosphate-buffered glutaraldehyde (pH
7.3) and processed as previously reported [24]. Fifty cross-
sections from different cells per sample were analysed by
TEM. Axonemal defects were classified into class 1 and
class 2 defects according to the international consensus
guidelines [23].

2.4 Genetic Analysis

Genomic DNA was extracted from peripheral blood sam-
ples from patients and their relatives when necessary fol-
lowing standard procedures. Next-generation sequencing
was performed using singleton targeted-exome sequenc-
ing panel (Custom Constitutional Panel 17 MB; Agilent
Technologies, Inc., Santa Clara, CA, USA) for Illumina
(San Diego, CA, USA). Library preparation was carried
out according to the Bravo NGS SureSelectQXT auto-
mated target enrichment protocol (Agilent Technologies,
Inc.) for Illumina multiplexed sequencing. The captured
libraries were sequenced on NextSeq500 (Illumina) in a
paired-end mode to generate a median raw target cover-
age of 100x. The obtained sequences were aligned against
the genome reference sequence GRCh37/hg19 to perform
the variant calling with the Alissa Clinical Informatics
Platform (Agilent Technologies, Inc.). A virtual panel con-
taining 46 genes associated with PCD was analysed (see
Electronic Supplementary Material [ESM]). Addition-
ally, a parallel analysis was performed filtering with HPO
terminology [25] for ciliary dyskinesia (HP:0012265),
abnormal ciliary motility (HP:0012262) and situs inversus
totalis (HP:0001696) when compatible with the patient’s
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phenotype. The annotated variants were filtered accord-
ing to a minor allele frequency value <0.02 to account
for potentially population-specific variants (Exome Aggre-
gation Consortium database/gnomAD (https://gnomad.
broadinstitute.org/) and 1000 genomes (https://www.
internationalgenome.org/)). The Franklin tool was used
to classify putative variants (https://franklin.genoox.com/
clinical-db/home). Additionally, several databases, such
as ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and
HGMD (https://www.hgmd.cf.ac.uk/ac/index.php), were
reviewed. A possible effect on splicing was also evaluated
with SpliceAl and Pangolin (https://spliceailookup.broad
institute.org/) and Maxent in MobiDetails (https://mobid
etails.iurc.montp.inserm.fr/MD/) following the develop-
ers’ recommendations for interpretation. Eventually, open
reading frames were predicted via the ORF Finder (https://
www.bioinformatics.org/sms/orf_find.html). The obtained
variants were classified according to the American Col-
lege of Medical Genetics [26]. Copy number variants
were also assessed using Alissa software. In addition, sin-
gle nucleotide polymorphism-array HD (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and/or multiplex
ligation-dependent probe amplification (MRCH Holland,
Amsterdam, the Netherlands, probes P237 and/or P238)
were carried out when necessary and analysed using
Chromosome Analysis Suite and Coffalyser, respectively.

Segregation analyses of candidate variants were performed
in the family when possible via Sanger sequencing.

Functional analyses of RNA were performed to assess
the pathogenicity of previously unreported variants sus-
pected of altering normal splicing (Table 1). RNA from
patients and controls was extracted from nasal epithelial
cells using RNeasy Mini Kit (Qiagen, Venlo, The Nether-
lands). Reverse transcription polymerase chain reaction was
performed using the PrimeScript RT Reagent Kit (Takara
Bio Inc., Shiga, Japan). Amplification of regions of inter-
est was then performed via conventional polymerase chain
reaction following standard procedures and specific prim-
ers (Table 1). After the samples were run on a 1% agarose
gel, the obtained bands were cut and purified—when the
difference in length of both alleles allowed it—for Sanger
sequencing.

2.5 Statistical Analysis

Descriptive analysis of clinical and diagnostic data was per-
formed. The Pearson’s chi-square test was used to compare
categorical variables, and comparisons of means were per-
formed using the Student’s t-test. In all analyses, p < 0.05
was considered statistically significant. Statistical analysis
was performed using SPSS Statistics for Windows Version
26.0.0.0 (IBM Corporation, Armonk, NY, USA).

Table 1 Candidate variants impacting splicing, splicing predictor scores and primer design for evaluation on complementary DNA

Patient Gene Variant Prediction Primers AT
SpliceAl  Pangolin  Maxent
42241 DNAHII ¢.11497-6T>G 0.45(AL) 0.76 (SL) WT: =3.23 WT: 7.98 F: ACAAGCTCACCTTCC 55°C
0.95 (AG) 0.84 (SG) MUT: 5.37 MUT: 1.47 TGTCC
Var (%): +266.25 Var (%): —81.58 R: CACCGTCTCCTGACC
TTGTC
43611 DNAH9 ¢.2596-2dup 0.65 (AL) 0.43(SL) WT: 13.42 WT: —1.67 F: GCAGCAGAGGAG 60 °C
0.6 (DL) MUT: 3.91 Var (%): MUT: 8.72 ACTTTGAAC
—70.86 Var: +622.16 R: GCCCATCATTCTCTG
GACTC
93733 CCDC40 c¢.2597A>G 0.39 (DL) 0.45(SL) WT: -0.82 F: GCCCCTGGAGCT 60 °C
93734 0.97 (DG) 0.85(SG) MUT: 7.36 TGAAATCA
Var (%): +997.56 R: GATTCAGGAGGG
TCGCCTTC
93733 CCDC40 ¢.2832G>A 0.58 (AL) 0.70 (SL) WT:9.16 F: ATGCAGGACAAG 60 °C
93734 0.89 (DL) MUT: 4.44 CTGAACCA
Var (%): —=51.53 R: GTCTGCCTGAAT
CACCGACA

AG acceptor gain; AL acceptor loss; AT annealing temperature; DG donor gain; DL donor loss; F forward; MUT mutant; R reverse; SG splice

gain; SL splice loss; Var variant; WT wild type

The SpliceAl and Pangolin scores range from O to 1. The higher the value is, the greater the probability that the variant affects splicing

Two events were predicted to occur for the c.11497-6T>G variant in DNAHI1 and the c.2597A>G variant in CCDC40, in agreement with all
three predictors. Pangolin predicted only one splicing event for the ¢.2596-2dup variant in DNAH9 and the ¢.2832G>A variant in CCDC40,

whereas SpliceAl and Maxent predicted two splicing events
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3 Results
3.1 Clinical Evaluation

A total of 128 patients from 107 families with a clinical his-
tory suggestive of PCD were included in this cohort. Overall
mean age in this cohort was 28 years [range 0-70 years].
Fifty-three patients (41%) were paediatric (under 18 years
of age), with a mean age of 9 years. For the 75 adult patients
(59%), mean age was 42 years. Male and female patients
were equally represented (N = 64).

Clinical characteristics are summarised in Table 2. Neo-
natal respiratory distress was the first clinical sign of PCD
in 54% (N = 69) of the patients. According to the patient’s
medical history, other typical features of PCD progressively
appeared over time. Persistent wet cough and mucopuru-
lent rhinorrhea were the most prevalent manifestations and
were observed in 88% of the patients (N = 113 and N =
112, respectively). Recurrent pneumonia was reported by
63% (N = 80) of patients, and 66% (N = 85) developed

bronchiectasis. A significant difference was observed in the
mean age between patients with and without bronchiecta-
sis (p < 0.0001), with bronchiectasis being more frequently
observed in adults (above 18 years of age). Otitis was also
common, affecting 58% (N = 74) of the patients. Approxi-
mately one quarter of the patients presented with lateral
defects (N = 34; 27%), and/or atelectasis (N = 35; 27%), or
PCD coexisted with asthma-like symptoms (N = 38; 30%).
Hypoacusis was less common, occurring in 17% of the cases
(N = 22), and only one patient also presented with humoral
immunodeficiency. Among the 46 patients with reproduc-
tive intentions, 42 (91%) were infertile. Lung transplanta-
tion was considered for seven patients but was ultimately
performed in five patients (patients 53012, 86613, 97538,
37900 and 84629; see ESM), with a mean age of 50 years
[range 35-62 years]. Patient 36159 was deemed ineligible
for lung transplantation after analysing the cost-benefit of his
health status, and patient 43791 unfortunately died before
transplantation at the age of 47 years because of pneumonia
and lung hemoptysis. All the transplanted patients reported

Table 2 Clinical characteristics and diagnostic findings of patients with primary ciliary dyskinesia of this series

Clinical sign/diagnostic findings Paediatric population Adult population Total population
N=53 N=75 N=128
[N (%)] [N (%)] [N (%]

Neonatal respiratory distress 22 (42%) 47 (63%) 69 (54%)
Persistent wet cough 41 (77%) 72 (96%) 113 (88%)
Mucopurulent rhinorrhea 41 (77%) 71 (96%) 112 (88%)
Recurrent pneumonia 26 (49%) 54 (72%) 80 (63%)
Bronchiectasis 19 36%) 66 (88%) 85 (66%)
Otitis 23 (43%) 51 (68%) 74 (58%)
Asthma-like symptoms 12 23%) 26 (35%) 38 (30%)
Atelectasis 11 21%) 24 (32%) 35 27%)
Laterality defects 13 (25%) 21 (28%) 34 27%)
Hypoacusis 2 (4%) 20 (27%) 22 (17%)
Infertility® 0 42/46 91%) 42/46 91%)
HSVA

Normal beating 6 (11%) 4 (5%) 10 (8%)

Immotile cilia 24 (46%) 30 (40%) 54 (42%)

Abnormal beating 22 (42%) 39 (52%) 61 (48%)

Inconclusive/not performed 1 2%) 2 (3%) 3 (2%)
TEM

Normal 17 (32%) 21 (28%) 38 (30%)

Class 1 defects 14 27%) 27 (36%) 41 (32%)

Class 2 defects 7 (13%) 19 (25%) 26 (20%)

Inconclusive/not performed 15 28%) 8 (11%) 23 (18%)
Genetics

Positive 27 (51%) 48 (64%) 75 (59%)

Negative 26 (49%) 27 (36%) 53 (41%)

HSVA high-speed video analysis; TEM transmission electron microscopy

nfertility frequency was calculated among a total of 46 patients who reported reproductive intentions
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a significant improvement in their quality of life after lung
transplantation.

3.2 Ciliary Motility

Table 2 shows percentages of diagnostic findings for ciliary
motility. Ciliary beat pattern was correctly analysed in 125
patients. Three samples were not optimal for analysis, or
informed consent was not obtained. High-speed video analy-
sis was altered in 115 patients (90%), whereas 10 patients
(8%) exhibited apparently normal ciliary motility (movie is
shown in the ESM). Among those altered, 54 (42%) patients
had immotile cilia (movie is shown in the ESM), and 61
(48%) presented with abnormal beating. Among these 61
patients, stiff cilia was the most common altered pattern (N
= 27;44%) as the sole defect (movie is shown in the ESM),
and in the other five patients, stiff cilia was altered in com-
bination with uncoordinated and/or slowed movement.
Uncoordinated and slowed movement was observed in 11
patients. A rotational pattern was observed in seven patients
(movie is shown in the ESM), whereas hyperkinetic move-
ment was identified in five patients (movie is shown in the
ESM). Uncoordinated movement as the sole alteration was
described in four patients.

3.3 Ciliary Ultrastructure

Transmission electron microscopy analysis was conducted
in 105 patients (82%) [see Table 2]. This analysis could not
be performed in the remaining 23 patients because of the
absence or limited presence of ciliary structures in the col-
lected samples. Among those analysed, 67 patients (64%)
presented with positive findings, with class 1 ultrastructural
defects being more prevalent than class 2 defects (N = 41
[39%] and N = 26 [24%], respectively). Among the class
1 defects, the most frequently observed alteration was the
ODA defect (N = 28), followed by the MD + IDA defect
(N = 12). Only one patient showed ODA + IDA defects
(Fig. 1). With respect to class 2 ultrastructural defects, CCD
was the most prevalent alteration (N = 24) (Fig. 1). The MD
defect with IDA present and a combination of CCD + ODA
defects were found each one in one patient.

3.4 Genetics

A genetic cause of PCD was identified in 76 patients from 62
families, indicating a genetic diagnostic yield of 58% of the
families (see Table 2). A total of 70 different causal single
nucleotide variants (SNVs) were found (ESM) , 24 of which
were not previously reported. Only one copy number vari-
ant was found in this cohort (patient 36460). Among all the
analysed genes, we only found pathogenic/likely pathogenic
variants in 18 genes, with the most frequent being DNAH5
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Fig.1 Electron micrographs of transmission electron microscopy
findings. The most prevalent alteration within class 1 defects was the
outer dynein arm defect (A), followed by the microtubular disorgani-
sation + inner dynein arm defect (B). Within class 2 defects, the cen-
tral complex defect was the only one detected. The axonemes of these
patients showed the typical 8 4+ 1 and 9 + O configurations (C and D,
respectively). Bar = 100 nm

(14 patients from 13 families), RSPHI (14 patients from 11
families) and DNAH11 (10 sporadic cases) (Fig. 2). These
three genes accounted for 32% of the families suspected
of having PCD. Other recurrent causative genes included
CCDC39 (eight patients from seven families), ODAD4 (four
patients from three families), CCDC40 (three patients from
two families) and DNAII (two sporadic patients). DNAI2 and
DNAAF6 were found in one family, each with four affected
members. Biallelic mutations in RSPH4A were found
in three patients from two families. Other less common
PCD genes were CCDC151, DNAAFI, DNAHI, DNAH9,
DNAAFI11, DNAJBI3, DYXICI and RSPH9, which were
found to be the cause of PCD in one sporadic patient each.
Notably, four patients with genetically confirmed PCD were
also carriers of another pathogenic variant in another PCD
gene (see ESM). In two independent cases, biallelic patho-
genic variants in the MNSI gene were detected.

Only one candidate allele was found in a recessive PCD
gene in 11 families: five families were heterozygous with a
likely pathogenic/pathogenic mutation (ESM), whereas six
families were heterozygous for only one variant of unknown
significance (data not shown). No suspected mutation was
found in 34 families.

Two previously reported mutations were frequently found
in this cohort, both of which were in the RSPHI gene. The
most common repeated variant was the pathogenic ¢.85G>T
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Fig.2 Schematic of the genetic
findings. Genetic testing yielded

107 families suspected of PCD

positive results in 62 families,
inconclusive results in 5, and
negative results in 40. Incon-
clusive means that only one
pathogenic allele in a reces-

sive primary ciliary dyskinesia
(PCD) gene had been found. For
the positive and inconclusive
cases, the corresponding genes
are listed, with the number of

Positive: 62 (58%)

DNAHS5 (13) DNAAF6 (1)

RSPHI (11) CCDC151 (1)
affected families indicated in DNAH11 (10) DNAAF1 (1)
parentheses. *MNS1 is not a €CDC39 (7) DNAHI (1)
confirmed PCD gene [OMIM: ODAD4 (3) DNAH9 (1)
610766] CCDC40 (2) DNAAF11 (1)
DNAI1(2)  DNAJBI3 (1)
RSPH4A (2) DYX1C1 (1)
DNAI2 (1)  RSPH9 (1)
MNSI* (2)

variant, which was found in eight genetically solved families
(five compound heterozygotes, three homozygotes). Moreo-
ver, it was found in a heterozygous state in another three
genetically unsolved patients from two independent families.
Overall, the allele frequency of this variant in our cohort was
0.0703. The second recurrent mutation in RSPHI was c.275-
2A>C. This mutation was found in seven patients from four
families (one homozygous and three compound heterozy-
gous). Notably, the c.245del variant in the ODAD4 gene
was identified in homozygosity in three unrelated families,
whereas the ¢.3574+1G>C variant in CCDC39 was detected
in three other families, in both homozygous and heterozy-
gous states.

Functional studies were performed on four previously
unreported variants, all of which were predicted to alter
normal splicing (Table 1). The ¢.11497-6T>G variant in
the DNAH1 gene was identified in homozygosity in patient
42241. In silico tools predicted the loss of the natural accep-
tor splice site (3’ss) and the creation of a new site. The com-
plementary DNA (cDNA) assay revealed the loss of natural
3’ss and the creation of a new acceptor site (atcatAGtacag)
affecting intron 70. As a consequence, 5 bp from intron 70
were included in the messenger RNA (TACAG), leading to
a frameshift and the creation of a premature stop codon 13
amino acids downstream of the mutation (ESM).

The ¢.2596-2dup variant in the DNAH9 gene was found
in heterozygosity in patient 43611. A bioinformatic analysis
predicted a pathogenic effect on splicing consisting of the
loss of natural acceptor and donor splicing sites. The cDNA
analysis revealed in-frame skipping of exons 15 and 16,
which did not alter the reading frame (ESM). We speculate
that missplicing of exon 15 also alters the splicing of exon
16, as they may share some cis regulatory elements because
of their proximity.

|

Genetic testing

o |

Inconclusive: 5 (5%)

Negative: 40 (37%)

(Only one pathogenic allele)

RSPH1 (2)
DNAH9 (1)
DNAAF11 (1)
€CDC103 (1)

Finally, ¢.2597A>G and ¢.2832G>A variants in the
CCDC40 gene were found in compound heterozygosity in
patients 93733 and 93734 (family F73). Parental testing
confirmed that both variants were in trans configuration.
For the ¢.2597A>G variant, bioinformatic predictions
suggested a splice-site donor gain. Evaluation of cDNA
revealed the loss of the natural donor splice site (5’ss) of
intron 15 and the generation of a new site within exon 15
(agagAGtgagt). As a consequence, the last 23 bp of exon 15
were skipped in the messenger RNA, and a shift in the read-
ing frame occurred, thus creating a premature stop codon
seven amino acids downstream of the mutation (ESM). The
¢.2832G>A variant affected the last nucleotide of exon
17 of the CCDC40 gene. Bioinformatic tools predicted a
pathogenic effect on splicing. The cDNA assay revealed
the loss of the natural 3’ss of intron 16, thus skipping exon
17 and creating a premature stop codon seven amino acids
downstream of the mutation.

Segregation analyses of parental samples and/or other
family members were performed for 26 families. This
analysis was not concordant for patient 35912. He was
homozygous for the c.1300_1322del variant in DNAAFI,
but only his mother carried this mutation in heterozygosity.
After confirmatory DNA parental testing, a single nucleo-
tide polymorphism array was performed on the patient and
the mother, revealing two regions of homozygosity (ROH)
spanning 38.73 and 6.68 Mb on chromosome 16 (at cyto-
bands 16p11.2-16q22.1 and 16q23.3-16qter, respectively)
(Fig. 3). The DNAAF] gene is located at 16q24.1 thus lying
inside the second ROH. Therefore, the homozygous state
of the DNAAF1 variant in the patient resulted as a conse-
quence of a segmental maternal isodisomy of chromosome
16 (UPiD (16)).
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Fig.3 Single nucleotide polymorphism (SNP) array results for
patient 35912 showing chromosome 16. Chromosome 16 is repre-
sented at the top of the figure, and the detected ROHs are marked in
purple. The B-allele frequency (BAF) plot represents the SNP geno-
type. Following the formula [B]/([A]+[B]), homozygous AA SNPs

3.5 Diagnosis of PCD Combining HSVA, TEM
and Genetic Testing

A total of 92 (72%) patients received a definitive diagnosis
of PCD, and 36 patients (28%) were classified as PCD
like. High-speed video analysis, TEM and genetic test-
ing provided all three diagnostic information, positive or
negative, in 100 patients (80%), but only 53 patients were
positive for all three analyses. The intersection between
positive results for each test is shown in Fig. 4, thus dem-
onstrating the complexity in the diagnosis of PCD. Ten
patients were not genetically diagnosed, although they had
both an altered beat pattern and ciliary ultrastructure (four
with class 1 defects and six with class 2 defects). Only
two patients received genetic biallelic confirmation with
a normal beat pattern and ultrastructure (MNSI patients:
58068 and 71091). Eleven patients presented with altered
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are given a BAF score of 0, homozygous BB SNPs are given a score
of 1 and heterozygous AB SNPs are given a score of 0.5. Thus, two
large regions of homozygosity involving cytobands 16p11.2-16q22.1
and 16q23.3-16qter were detected. The telomeric ROH (bottom of the
figure) involves many genes, including DNAAF1

ciliary movement and biallelic mutations but a normal
ultrastructure, whereas 21 patients were positive only for
altered ciliary beating. Two patients, who belonged to dif-
ferent families, did not show altered ciliary movement,
and no genetic conclusion was achieved. However, these
patients presented with class 1 and class 2 ultrastructural
defects, respectively. One patient (patient P122) was posi-
tive for genetics and ultrastructure, but the beating pattern
was normal.

The genetic cause of PCD was identified in 7 out of 23
patients for whom a ciliary ultrastructure analysis could
not be performed. Conversely, among the 53 patients with
negative genetic findings, a ciliary ultrastructure analysis
revealed class 1 defects in 5 cases and class 2 defects in 7
cases.

The relationship among the ciliary beat pattern, ultras-
tructure and genetics is summarised in Table 3. Immotile
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HSVA

21 2

11 1

Fig.4 Venn diagram representing positive results for each of the
three tests analysed. Among the 100 patients for whom all three tests
were conclusive, only 53 were positive for all three (high-speed video
analysis [HSVA], transmission electron microscopy [TEM] (class 1
or class 2) and genetics). Ten patients showed an altered HSVA and
ciliary ultrastructure (four with class 1 defects and six with class 2
defects), but no genetic diagnosis was achieved. Only two patients
received genetic biallelic confirmation with a normal HSVA and
ultrastructure (MNS! patients: 58068 and 71091). Eleven patients
showed an altered HSVA and genetics but a normal ultrastructure,
whereas 21 patients were positive for only HSVA. Two patients only
showed ultrastructural defects. One patient was positive for genetics
and ultrastructure, but the beating pattern was normal

cilia were mainly observed in patients with biallelic path-
ogenic variants in DNAH5, CCDC39, ODAD4, DNAII,
CCDC40, DNAAF6, RSPH4A, DNAHI, DNAAFI and
DYXICI. All of these genes were also related to class 1 cili-
ary ultrastructural defects. Moreover, we found a significant
association between completely immotile cilia and (i) the
manifestation of neonatal respiratory distress (p = 0.006)
and (ii) the presence of situs inversus (p = 0.001).

Class 2 ultrastructural defects have been found in asso-
ciation with genes related to radial spokes, such as RSPH1,
RSPH4A and RSPHY, with central complex defects being
the unique main finding. With respect to their motility pat-
tern, stiff cilia was a hallmark. However, normal movement,
as well as a rotational pattern, has also been observed in
association with RSPH . Finally, no ultrastructural defects
were detected in the ten patients with biallelic mutations in
the DNAH11 gene. Among them, half exhibited hyperkinetic
ciliary beating, whereas the others presented with stiff cilia,
uncoordinated movement or the absence of ciliary activity.

In general, a genetic cause was more common in patients
with immotile cilia than in those with dyskinetic movement

(p = 0.035). Furthermore, we found a significant association
between reaching a genetic diagnosis and a positive result
on the TEM test (p < 0.001). However, no differences have
been found regarding the class of the ultrastructural defect.
In fact, no ultrastructural defects were detected in 17% (N =
13) of the genetically solved patients (ESM).

4 Discussion

The diagnosis of PCD is complex because of its clinical
heterogeneity and overlap with other respiratory diseases.
For these reasons, the real frequency of PCD is believed
to be underestimated [27]. There are several protocols for
assessing PCD, but the complexity of the evaluation and
the fact that a negative result does not exclude the diagnosis
make it very difficult to achieve a conclusion in many cases.

In this study, we have reported a PCD cohort of 128
patients from 107 families. Our findings highlight the com-
plementary role of the ciliary beat pattern, ciliary ultrastruc-
ture analysis and genetic testing in the diagnostic work-up
of PCD. Overall, 72% of patients received a definitive diag-
nosis of PCD, and 28% were classified as PCD like. Our
diagnosis pathway and results are in accordance with similar
studies in other cohorts [28-32].

4.1 Diagnostic Challenges in PCD

There is no gold standard technique for diagnosing PCD, and
the three tests applied in this study present their own limita-
tions. High-speed video analysis is a good first approach
for PCD diagnosis, but care must be taken, as some muta-
tions can cause very subtle defects in the ciliary beat pattern.
This is the case for pathogenic variants in RSPH1, as we
have shown, and in other genes, such as HYDIN or GASS
[4, 12]. Transmission electron microscopy is a powerful tool
for diagnosing patients with PCD. In this cohort, a positive
result in TEM was significantly associated with a positive
result in the genetic analysis, irrespective of the ultrastruc-
tural defect found. However, some ultrastructural defects are
under its limit of resolution, represented by at least 17% of
the genetically solved patients described here. Additionally,
secondary ultrastructural defects, such as those caused by
chronic respiratory infections, inflammation or sample han-
dling, can lead to false-positive results [23]. Recently, axone-
mal symmetry break analysis via TEM has been reported as
a new ultrastructural defect yet not included in the consensus
guidelines [24], thus expanding the advantages of TEM in
the diagnosis of PCD. Finally, genetic analysis has gained
importance since the implementation of next-generation
sequencing to analyse the exome, which has been chosen
as the first diagnostic tool in many centres. However, it has
also limitations, not only concerning deep-intronic areas
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Table 3 Correlations between genetics, beating patterns and defects in the ciliary ultrastructure found in our cohort of genetically solved patients

Ultrastructure Beat pattern Gene (no. of
patients/fami-
lies)

Outer dynein arm defect Immotile cilia DNAHS5

Minimal residual dyskinetic movement (14/13)
Immotile cilia DNAII
(2/2)
Slowed uncoordinated movement DNAI2
(4/1)
Mix of cells with immotile and stiff cilia CCDC151
(1/1)
Immotile cilia DNAAFI
/1)
Rotatory and uncoordinated ciliary movement DNAH9
/1)
Immotile cilia DNAAF6
(4/1)

Outer dynein arm defect Immotile cilia DYXICI

Microtubular disorganisation (1/1)

Outer dynein arm defect Immotile cilia ODAD4

Inner dynein arm defect (4/3)

Microtubular disorganisation

Microtubular disorganisation and inner dynein  Immotile cilia CCDC39

arm defect Some biopsies with minimal residual dyskinetic movement @8/7)
Immotile cilia CCDC40
(372)
Central complex defect Rotational and uncoordinated ciliary movement or stiff or some biopsies with RSPH1
normal beat pattern (14/11)
Most cilia immotile mixed with few cells with stiff cilia RSPH4A
/1)
Stiff RSPHY9
(/1)
Normal cross-sections Hyperkinetic or stiff cilia DNAHI1
One sample with immotile cilia (10/10)
Most cilia are immotile DNAH1
Few cells with vibrational movement (/1)
Conserved ciliary beat pattern MNS1
(2/2)
Inconclusive Inefficient vibrational movement DNAJBI13

(/1)

or structural variants but also because the number of PCD-
related genes is still under discovery [33].

In agreement with previously reported data, DNAHS and
DNAH]1 genes were two of the most common genes in our
cohort [34]. The RSPHI gene is described in the literature
as rarely causing PCD [8]. Nonetheless, the high incidence
of RSPH I mutations in our cohort was remarkable and was
as frequent as that of DNAHS5. This result is in concordance
with another Spanish PCD cohort [35]. Moreover, although
most families in our cohort carried family-unique mutations,
it is worth highlighting the c.85G>T (p.(Glu29*)) mutation
in RSPHI, which was the most common mutation identi-
fied in the whole cohort (7.5% of families). Although this
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variant has also been reported in other PCD cohorts [14, 35,
36], its frequency has only been reported to be high in the
Spanish PCD population [37]. These data are also reflected
in the increased minor allele frequency of this variant in the
Southern European population (0.09478% GnomAD v2.1.1).
Another mutation that was overrepresented in this work was
c.245del (p.(Lys82Argfs*29)) in the ODAD4 gene, which
was found in homozygosity in three independent families
and in heterozygosis in one family. This variant has scarcely
been reported before [35, 38] and has never been reported
as a recurrent mutation.

The role of the MNSI gene in nodal cilia and sperm fla-
gella related to defects in organ laterality and male infertility



Clinical, Genetic, Morphological and Functional Correlations in Primary Ciliary Dyskinesia

has been well established [39]. Nonetheless, although MNS/
has been reported to be expressed in human nasal respiratory
epithelial cells as well [40], few mild respiratory symptoms
are associated with it [40, 41] but no association with PCD
have been stablished. Here, we have presented two independ-
ent patients with biallelic pathogenic variants in MNSI who
were referred to our PCD centre because of a chronic wet
cough, mucopurulent rhinorrhea, bronchitis and situs inver-
sus. No pathogenic variants were detected in other genes
related to PCD, and both ciliary beating and ultrastructure
studies were negative. Therefore, these data enlarge the res-
piratory phenotype associated with MNSI, so we recom-
mend its analysis under suspicion of PCD.

In this cohort, we described one PCD case as a result of
uniparental disomy (patient 35912), which represents the
second case reported in the literature to our knowledge [42].
Although uniparental disomy is a rare mechanism under-
lying PCD, it is necessary to assess it in those cases with
homozygous patients and discordant parental segregation
results. These data are very important in terms of preconcep-
tion genetic counselling.

The high rate of a variant of unknown significance in
PCD makes a genetic diagnosis difficult in many cases. In
this sense, functional studies are needed to elucidate the true
effect of a variant of unknown significance, and RNA analy-
sis is a good strategy because nasal epithelial cells are easy
to collect through a minimally invasive biopsy. Following
this approach, we demonstrated the splicing effect of four
unreported variants in three PCD-related genes. All efforts
in achieving a genetic diagnosis are important to improve
early management of the disease, as well as to benefit from
familial genetic counselling in terms of planning future
pregnancies and detecting heterozygous carriers. In addi-
tion, genetic diagnosis is essential to take advantage of new
genetic therapies, such as those that are messenger RNA
based [17, 18].

Lung transplantation is considered in patients with PCD
with severe respiratory complications. In our cohort, we
have presented five patients who underwent lung trans-
plantation, four of whom carried biallelic mutations in the
RSPHI gene. Furthermore, an additional patient with bial-
lelic RSPH mutations was proposed for lung transplantation
but was eventually refused because of his frailty. Although
other RSPHI patients who underwent lung transplantation
have been reported in the literature [36], the proportion of
these patients in our cohort was greater than expected. In
fact, the RSPH1 gene is associated with a milder PCD phe-
notype, with a delayed onset of symptoms compared with
other genes [43]. One possible explanation may be the delay
in diagnosis in our patients, as all of them were diagnosed
during adulthood. This highlights the importance of early
diagnosis to offer proper treatment and a better follow-up
during the course of the disease.

4.2 Limitations

The genetic diagnostic yield in this study is below other
published cohorts, and several reasons may explain this dif-
ference. One of the inherent limitations of exome sequencing
is its inability to reliably detect certain types of variants and
to cover non-coding or highly homologous regions of the
genome. As a result, potentially relevant pathogenic variants
located in poorly captured exons or in deep intronic, regula-
tory or structurally complex regions may go undetected. For
example, following this strategy it is not possible to prop-
erly analyse the HYDIN gene, which has been reported to
be one of the genes most commonly associated with PCD
in other cohorts [44, 45]. HYDIN has a 98% homologous
pseudogene, HYDIN2, which makes it difficult to distinguish
via short-read sequencing, as it has been performed in the
present work. Only HYDIN exons 1-5—regions absent in
HYDIN2—can be reliably assessed using short-read exome
sequencing. Therefore, a proper genetic analysis of HYDIN
may increase the genetic yield in this cohort. Furthermore,
it is possible that some of the patients classified into the
PCD-like group would be indeed affected by other respira-
tory diseases that clinically overlap, such as primary immu-
nodeficiency [46]. Finally, the genetic knowledge of PCD is
constantly being expanded. Different groups are working to
study deep intronic areas and alternative pathogenic mecha-
nisms and also trying to describe new genes. All these new
data will increase the diagnostic yield in the future.

5 Conclusions

The complex and extensive molecular composition of cilia
involves many genes in both their function and dysfunction.
This makes the diagnosis challenging in many patients with
suspected PCD. On the basis of the results obtained from
this cohort of patients with PCD, we can conclude that PCD
is a heterogeneous disease in terms of its clinical manifesta-
tions, morphological and functional ciliary alterations, and
genetics, leading to a controversial diagnosis in some cases.
Therefore, the involvement of a multidisciplinary team of
specialists is strongly recommended to ensure the accurate
diagnosis and appropriate treatment of patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40291-025-00801-w.
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