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Purpose: To assess the diagnostic potential of whole-exome sequencing (WES) and elucidate the clinical and genetic characteris-
tics of primary ciliary dyskinesia (PCD) in the Korean population.

Materials and Methods: Forty-seven patients clinically suspected of having PCD were enrolled at a tertiary medical center. WES
was performed in all patients, and seven patients received biopsy of cilia and transmission electron microscopy (TEM).

Results: Overall, PCD was diagnosed in 10 (21.3%) patients: eight by WES (8/47, 17%), four by TEM. Among patients diagnosed as
PCD based on TEM results, two patients showed consistent results with WES and TEM of PCD (2/4, 50%). In addition, five patients,
who were not included in the final PCD diagnosis group, had variants of unknown significance in PCD-related genes (5/47, 10.6%).
The most frequent pathogenic (P)/likely pathogenic (LP) variants were detected in DNAH11 (n=4, 21.1%), DRCI (n=4, 21.1%), and
DNAH5 (n=4, 21.1%). Among the detected 17 P/LP variants in PCD-related genes in this study, 8 (47.1%) were identified as novel
variants. Regarding the genotype-phenotype correlation in this study, the authors experienced severe PCD cases caused by the
LP/P variants in MCIDAS, DRCI, and CCDC39.

Conclusion: Through this study, we were able to confirm the value of WES as one of the diagnostic tools for PCD, which increases
with TEM, rather than single gene tests. These results will prove useful to hospitals with limited access to PCD diagnostic testing
but with relatively efficient in-house or outsourced access to genetic testing at a pre-symptomatic or early disease stage.
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of diseases caused by structural or functional abnormalities in
the motile cilia of multiple organs. The cause of motile cilia
abnormality is a pathogenic (P) variant in PCD-related genes,
encoding ciliary proteins that regulate ciliary structural, mo-
tility assembly, and transport components.' Although the
global PCD prevalence is reportedly 1:10000, this might be an
underestimation owing to undiagnosed patients and the yet-
to-be-prevalence from East Asia.>*

INTRODUCTION

Primary ciliary dyskinesia (PCD) is a rare, heterogeneous group
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The clinical manifestations of PCD are diverse, including
recurrent oto-rhino-pulmonary infections, respiratory distress
syndrome in the neonatal period, bronchiectasis from early
childhood, situs inversus, and infertility.** Accurate diagnosis
of PCD in the early phase is pivotal for patients to prevent dis-
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ease development and slow its progression.® A clinical diag-
nostic prediction tool, such as PICADAR, was reported to
identify PCD patient efficiently.” However, its non-specific
manifestations and the difficulties associated with accessing
the highly sophisticated diagnostic tests and facilities often de-
lay diagnosis and treatment."*® These effects are compounded
by the requirement for invasive procedures, including nasal or
lung biopsies, and patient participation, such as in nasal nitric
oxide (nNo) testing, particularly in children."**

Recent PCD guidelines specify genetic testing as one of the
essential methods for PCD diagnosis."*" In fact, P variants have
been identified in more than 40 PCD-related genes with a ge-
netic diagnostic yield estimated to be 30%-70% among suspect-
ed or confirmed PCD patients. However, this yield is expected to
increase as new genes related to PCD are identified.®*'*'* Re-
cently, access to genetic testing, either in-house or through
outsourcing, has gradually become easier. Indeed, hospitals
with limited access to PCD diagnostic tests, such as nNO and
high-speed video microscopy (HSVM), can readily access ge-
netic tests to diagnose PCD at a pre-symptomatic or early stage.

The primary purpose of this study is to investigate the diag-
nostic efficacy of whole-exome sequencing (WES) with or with-
out transmission electron microscopy (TEM) analysis in patients
with clinically suspected PCD. In addition, we aim to describe
the clinical and genetic characteristics of PCD and elucidate the
association between the genotypes and phenotypic manifes-
tations in this patient group.

MATERIALS AND METHODS

Patients
From April 2020 to February 2021, 47 patients who were clini-
cally suspected of having PCD from 46 unrelated families were
prospectively enrolled at a single tertiary medical center in Ko-
rea. Clinically suspected PCD was defined when at least two of
the following clinical criteria of the European Respiratory Soci-
ety guidelines for diagnosing PCD were fulfilled: 1) persistent
wet cough, 2) persistent rhinitis, 3) chronic middle ear disease
with or without hearing loss, 4) unexplained neonatal respira-
tory distress in term infant, 5) situs anomalies, and 6) unex-
plained bronchiectasis in the chest computerized tomography
(CT) scan.” The patient’s medical history and clinical charac-
teristics, including family history and physical examination
findings, were evaluated. Additionally, radiological, pathologi-
cal (TEM results), and functional testing results, including spi-
rometry and echocardiogram, were collected for each patient.
The study was approved by the Institutional Review Board
of the Yonsei University Health System, Severance Hospital
(No. 2019-3160-007). All procedures involving human partici-
pants were in accordance with the ethical standards of the in-
stitutional and/or national research committee and with the
1964 Helsinki Declaration and its later amendments or com-

https://doi.org/10.3349/ym].2023.0238

YMJ

parable ethical standards. Informed consent was obtained
from all individual patients (or their legal guardian if the pa-
tient was younger than 19 years of age).

Genetic analysis

The WES was performed for all enrolled patients with quanti-
fied DNA. Genomic DNA from the leukocytes of each patient
was extracted using the DNeasy kit (Qiagen, Hilden, Germany),
according to manufacturer’s guidelines. Subsequently, librar-
ies were generated using an Illumina TruSeq sample prepara-
tion kit. Whole exomes were captured using an Illumina TruSeq
Exome enrichment kit and then sequenced on an Illumina
HiSeq next-generation sequencer, as previously described.'
DNA was fragmented to 100 bp fragments, end-repaired, ligated
to adapters, and hybridized with probes. The sequenced reads
were mapped to the human reference genome (GRCh37), and
sequencing alignment was performed using the Burrows-
Wheeler Aligner software package. For all patients, copy number
variations (CNVs) and large deletion/insertion was screened us-
ing the ExomeDepth software. The detected sequence variants
and CNVs were confirmed using Sanger sequencing or quanti-
tative PCR. If consent was obtained from the patient’s family,
segregation tests were performed.

Data analysis and interpretation of the detected variants
DNA variants were prioritized using the following criteria:
1) sequence quality; 2) allele frequency [filtering out the vari-
ants of the dbSNP database, Exome Aggregation Consortium
(ExAC) and Korean Reference Genome Database (KRGDB;
http://coda.nih.go.kr/)]; and 3) presence in HGMD (http://
www.hgmd.cf.ac.uk), OMIM (www.omim.org), dbSNP (https://
www.ncbi.nlm.nih.gov/snp/), or ClinVar (https://www.ncbi.
nlm.nih.gov/clinvar/) databases. Variants were identified by in
silico prediction algorithms, Polymorphism Phenotyping ver-
sion 2 (PolyPhen-2), and Sorting Tolerant from Intolerant
(SIFT; https://sift.bii.a-star.edu.sg/). After comprehensively
analyzing all of the results, we classified detected variants into
a five-tier level as P, likely pathogenic (LP), variant of uncertain
significance (VUS), likely benign, or benign, according to the
American College of Medical Genetics and Genomics (ACMG)
guidelines."”

PCD diagnosis

Patients were diagnosed with PCD when they presented with
the abovementioned characteristic clinical features, and TEM
revealed typical ciliary ultrastructural defects of the respiratory
epithelium, or genetic testing results were positive.'® Patholog-
ic criteria of TEM followed the guideline for class 1 or class 2
defects based on the international consensus guideline for re-
porting TEM results in the diagnosis of PCD."* We determined
a positive result in the genetic testing if bi-allelic P/LP variants in
one known autosomal recessive PCD-related genes or a hemi-
zygous P/LP in X-linked PCD-related genes were detected, ac-
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cording to the diagnostic guideline."

RESULTS

Patient characteristics

Of the 47 patients enrolled in this study (median age: 29.6 years;
range: 4-67 years), 23 (48.9%) were pediatric patients, below 19
years old. Among all patients, 22 (46.8%) were male and 25
(53.2%) were female. Eleven patients (23.4%) had a family his-
tory of recurrent respiratory disease. Twelve patients (25.5%)
underwent nasal (n=8) or lung biopsy (n=4) before and after
WES, and seven underwent TEM analysis with biopsy samples.
Regarding clinical symptoms, 40 patients (85.1%) had a recur-
rent wet cough, 32 (68.1%) had recurrent sinusitis, 19 (40.4%)
had recurrent otitis media, 21 (44.7%) had idiopathic bronchi-
ectasis, and 2 (4.3%) had situs inversus.

Final diagnostic yield of patients with clinically
suspected PCD

The final diagnostic rate was 25.5% (12/47); the diagnosed pa-
tients included 10 patients with PCD and one each with cystic
fibrosis and 5q35.1935.2 microdeletion.

Among the 10 PCD confirmed patients (10/47, 21.3%), eight
patients were confirmed with positive results of WES (8/47,
17%). Four patients were diagnosed as PCD with positive TEM
results. Among them, two patients showed consistent results of
PCD with WES and TEM (patients 2 and 6), but two patients
were diagnosed as having PCD only with the abnormal find-
ings of TEM analysis exclusively, even though the genetic test
showed negative results (patients 9 and 10). Notably, for the
patient with confirmed PCD based on the TEM result (patient 9),
we detected two VUSs in HYDIN, PCD-related genes, as com-
pound heterozygous variants. However, HYDIN has a pseudo-
gene named HYDINZ, and these two variants cannot completely
exclude the possibility of being pseudogene sequences using
next generation sequencing.

In addition, we found one LP and eight VUS of PCD-related
genes in five patients who were clinically suspected PCD. How-
ever, we did not include these five patients in the final diagnos-
tic yield group. Details of patients with the final diagnosis are
provided in Supplementary Table 1 (only online).

Clinical characteristics of PCD patients

The mean age of the patients confirmed as having PCD was
25.2 years (range: 4-45 years), of which 5 (50.0%) were pediat-
ric patients, aged under 19 years. Four patients (40.0%) had a
family history of PCD-related clinical symptoms.

Among the 10 patients with PCD, 10 (100.0%) had recurrent
wet cough, 7 (70.0%) had bronchiectasis, 8 (80.0%) had chronic
sinusitis, 4 (40.0%) had chronic otitis media, 2 (20.0%) had situs
inversus, and 1 (10.0%) had a history of neonatal respiratory
distress. In addition, three patients underwent lung transplan-
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tation before the WES test was performed, and one of them re-
ceived lung transplantation three times. Eight patients (80%)
underwent pulmonary function test, and the FEV,/FVC ratio
was less than the lower limit of normal (z-score <-1.645) in
seven patients.

Detection of genetic variants and genotype-phenotype
correlation

We detected 17 P/LP variants of seven PCD-related genes in 10
patients and three P/LP variants of CFTR in two patients. The
most frequent P/LP variants were detected in DNAHI1 (n=4,
22.2%), DRCI (n=4, 22.2%), and DNAH5 (n=4, 22.2%). Interest-
ingly, we detected a multi-exon deletion of DRCI in two unre-
lated patients. This exon deletion was revealed as a known P and
homozygous variant; the parents of both patients were identi-
fied as asymptomatic carriers.”

Among the 17 P/LP variants in PCD-related genes, 9 (55.6%)
had been previously reported, while 8 (47.1%) were identified
as novel variants not yet reported.?* Of them, two were in
DHAH]1 1, three in DNAH5, two in CCDC39, and one in DNAH14.
Regarding the P variant type, four nonsense variants, six mis-
sense variants, four multi-exon deletions, and three frameshift
variants were detected. In addition, 15 VUSs of five PCD genes
in eight patients and three VUSs of CFTR in two patients were
identified.

For genotype-phenotype relationships, the authors experi-
enced severe PCD cases with LP/P variants in MCIDAS, DRCI,
and CCDC39. One patient with MCIDAS variants, one with
CCDC39, and one with DRCI variants underwent lung trans-
plantation. Another patient with DRCI variants was awaiting
lung transplantation at the time of genetic testing. Notably, both
patients with DNAHS5 variants presented situs inversus with re-
spiratory manifestations; these symptoms were not observed
in patients with variants in other genes.

Of the four patients with positive TEM results, two also test-
ed positive via genetic testing for PCD. One patient with P vari-
ants in DRCI presented microtubular disarrangement with a
central apparatus (CA) defect. The patient with outer dynein
arm (ODA) carried DNAH5 P/LP variants. In addition, one pa-
tient with CA defect had two HYDIN VUSs.

Patients confirmed to be PCD-positive based on
familial genetic testing

Co-segregation analysis can be a pivotal component in inter-
preting and determining the pathogenicity of newly identified
variants, particularly for PCD-related genes, as there are few
known P variants. In this study, one father of two siblings (pa-
tients 4 and 5) diagnosed as having PCD was also identified to
have PCD from the co-segregation test. Initially, patients 4 and 5
with clinically suspected PCD underwent WES; one shared LP
(c.727A>G) and three non-shared VUSs (c.2892G>T, ¢.2047C>t
and ¢.7204T>G) in DHAN11. The co-segregation test results for
the subjects’ father revealed that he had bronchiectasis with
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emphysematous changes of unknown etiology from his early
twenties. According to our Sanger sequencing analysis, he had
three VUSs (¢.2892G>T, ¢.4306C>T, and c.7204T>G) that were
not shared in either daughter, and his wife carried one LP vari-
ant (c.727A>G) in DNAH11. After genetic testing, the analysis of
HSVM conducted at another hospital on the sibling’s father
presented the hyperkinetic beating patterns of axonemes. This
result was also consistent with the PCD findings. Taken togeth-
er, patients 4 and 5 and their father were diagnosed with PCD,
and the two VUSs in their family were re-classified as LP ac-
cording to the ACMG guidelines (Fig. 1).

DISCUSSION

Herein, we present the first PCD cohort data, including the di-
agnostic yield in patients clinically suspected of having PCD
and their clinical and genetic characteristics, in Korea. This
study obtained a diagnostic yield of 21.3 % (10/47) when diag-
nosing PCD using WES and/or TEM. If the pathogenicity of
VUSs could be re-classified through the accumulation of data,
the diagnostic yield can increase to 29.7% (14/47).

The diagnostic yield in this study was comparable to that re-
ported previously. One study reported diagnostic yield as 21.7%
(10/46) in patients with clinically suspected PCD (mean age:
16.6 years, range: 1-64 years). They applied Sanger sequencing
to screen variant hotspots in DNA11 and DNAHS5, followed by
targeted exome sequencing with 32 known PCD genes.* In an-
other study presenting WES results in 13 adult patients with
nontuberculous mycobacteria infections and suspected PCD in
Korea, 30.8% (4/13) were found to carry biallelic loss-of-function
variants in PCD-causing genes.” Other studies reported higher
diagnostic yields, which was postulated to be due to a high pro-
portion of consanguinity.®>*** The low consanguineous mar-
riage rate in Korea and the fact that this study did not include
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consanguineous families might account, in part, for the rela-
tively low diagnostic yield.

According to the guidelines of diagnosing PCD, any single
diagnostic test is insufficient. Therefore, a combination of di-
agnostic tests, including TEM analysis, genetic testing, HSVM,
and nNO, is recommended to accurately diagnose PCD."'*1>%
Ofnote, the possibility of PCD should not be excluded in patients
with clinically suspected PCD, even if the genetic test results are
negative. However, similar to our hospital, several others might
not be equipped with facilities to conduct diagnostic testing for
PCD, such as the nNO or HSVM test, and access to genetic test-
ing, either in-house or through outsourcing, is gradually be-
coming easier. Therefore, the WES results obtained in this study
are expected to be helpful in diagnosing PCD patients at an
early stage in hospitals with limited access to other diagnostic
tests. As a database of PCD-related genes is generated, genetic
testing is considered a more important first-tier diagnostic
method for patients with clinical symptoms suggestive of PCD.

In terms of gene distribution, DNAH11, DNAH5, and DRCI
were the most prevalent in this study. Although this result tend-
ed to agree with those of other studies, certain differences were
noted depending on ethnicity (Supplementary Table 2, only
online). DNAH5 has been described as the most prevalent gene
in Caucasian and East Asian populations; howevey, it is rare in
Arab populations.'****"3% Meanwhile, RSPH9, which was not
found in this study, is reportedly a major gene in Arab popula-
tions.*'** The relatively high frequency of DRCI in PCD patients
is a noticeable finding of the present study. Contrary to the low
prevalence (<1%) of DRCI in patients from Western countries,
DRCI exon 1-4 deletions are highly recurrent in East Asian pa-
tients, particularly in Japanese and Korean populations.**3

PCD is a heterogeneous disease that can be caused by more
than 40 genes involved in the structure and function of each part
of primary cilia (Table 1). Therefore, the spectrum and severity
of PCD manifestations can be determined based on the caus-
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Fig. 1. (A) Family pedigrees of patients 4 and 5in DNAH11. (B) Sanger sequencing results of the maternal allele (a) and paternal alleles (b), (c), (d).
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ative gene; sufficient genotype-phenotype information can
lead to the accurate prediction of disease prognosis.

In terms of WES results and TEM correlations, the results ob-
tained in this study were consistent with previous research
findings. MTD or CA abnormalities have been reported to be
related to DRC1, and ODA defect alone is a classical finding of
DNAH5.%% TEM findings of patient 2 with P variants in DRC1
and patient 6 with P variants in DNAH5 were consistent with
those results.

Regarding the genotype-clinical phenotype correlation in this
study, the authors experienced severe PCD cases with MCI-
DAS, DRCI, and CCDC39 variants presenting with relatively se-
vere and rapid lung function impairment, and those who un-
derwent or awaited lung transplantation. The patient with
MCIDAS and CCDC39 variants showed severe pulmonary
manifestations, which was consistent with earlier reports.*’
However, regarding DRCI, previous studies reported contradic-
tory genotype-phenotype correlations in DRCI variants.*"** For
example, Japanese PCD patients with DRCI showed milder
clinical phenotypes compared to the patients in this study, with
subtle ciliary alterations. Therefore, in the case of PCD caused
by DRCI variants, further research is needed to confirm a more
exact phenotypic pattern. One possibility is that additional fac-
tors, such as digenic or environmental cofactors, may have in-

Table 1. Genes Known to Induce the Development of PCD

PCD genes associated with laterality defect
Defect of ODA
Heavy chain: DNAH5*, DNAH9', DNAH1T*
Intermediate chain: DNAI1, DNAIZ, NME8
Light chain: DNALT
Docking defect of ODA
ARMC4, CCDC103, CCDC151, CCDC114, MNST!, TTC25
Defect of 96nm axonemal ruler
CCDC39*, CCDCAT
Defects of cytoplasmic preassembly of DA

DNAAFT1, DNAAFZ, DNAAF3, DNAAF4, DNAAFS, DNAFF6, LRRCS,
ZMYND10, SPAG1, C210RF59, CFAP300

PCD genes without laterality defect

Defect of radial spoke
RSPHT', RSPH3, RSPH4A, RSPHY, DNAJB13

Defect of central pair associated protein
HYDIN, STK36

Defect of nexin dynein regulatory complex (N-DRC)
CCDC65, CCOC164(DRCT, GAS8

Defect of transcription factor
MCIDAS**

Defect of amplification of centrioles
CCNO*

PCD, primary ciliary dyskinesia; DA, dynein arm; ODA, outer dynein arm.
*Genes associated with confirmed PCD diagnosis in the study; 'Genes known
to be associated with severe clinical symptoms; *Genes known to be associ-
ated with relatively mild clinical symptoms.
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fluenced the prognosis in our patient with DRC1 mutation.
Although the entire genotype does not exhibit identical pheno-
typic correlations, this genotype-phenotype tendency might in-
form the patient’s prognosis, particularly if they were diagnosed
in the early phase.

Proper genetic counseling for the affected family is essential
in the case of PCD. Additionally, family-based segregation in-
vestigation based on the appropriate genetic counseling is im-
portant not only to elucidate the pathogenicity of VUSs, but also
for the provision of valuable information regarding the diagno-
sis and treatment of additional patients in the proband family.
In our study, two sisters were diagnosed with PCD, and their
father was also diagnosed with PCD, according to the segrega-
tion study results (Fig. 1). For the family members who have
been definitively diagnosed, better treatment options should be
possible to improve the overall prognosis. Indeed, the diagnosis
of PCD at an early disease stage via genetic analysis should facil-
itate conservative management, including physiotherapy and
active infection control, that can effectively slow the progres-
sion of the disease.

The current study has certain limitations. First, it was de-
signed as a single-center study, and the number of patients in-
cluded was small. Second, the long-term prognosis of patients
was not revealed due to the short recruitment and follow-up
periods. PCD tends to get worse with age, and it was difficult to
accurately compare disease severity according to the causative
genes due to the broad age spectrum of the patients. In partic-
ular, for the genotype-phenotype correlation analysis, further
longitudinal analysis with larger number of patients is required
to confirm our findings.

In this study, we confirmed the value of WES as a diagnostic
tool for PCD, particularly for hospitals in which accessibility to
diagnostic tests for PCD are limited, and genetic testing is
available relatively easily. Although the higher diagnostic rate
was secured through complementary tests, namely, TEM rath-
er than single gene testing, genetic tests are likely to have more
diagnostic potential with additional genetic information in the
future. Furthermore, elucidating specific PCD genotypes can
help manage patients and predict the progression of patients’
manifestations. In addition, by providing appropriate genetic
counseling for diseases, it will be possible to identify family
members of patients, even in the asymptomatic period, to po-
tentially prevent the development of genetic diseases.
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