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Purpose: Nontuberculous mycobacteria (NTM) is ubiquitous in the environment, but NTM lung disease (NTM-LD) is uncom-
mon. Since exposure to NTM is inevitable, patients who develop NTM-LD are likely to have specific susceptibility factors, such as 
primary ciliary dyskinesia (PCD). PCD is a genetically heterogeneous disorder of motile cilia and is characterized by chronic re-
spiratory tract infection, organ laterality defect, and infertility. In this study, we performed whole exome sequencing (WES) and 
investigated the genetic characteristics of adult NTM patients with suspected PCD.
Materials and Methods: WES was performed in 13 NTM-LD patients who were suspected of having PCD by clinical symptoms 
and/or ultrastructural ciliary defect observed by transmission electron microscopy. A total of 45 PCD-causing genes, 23 PCD-
candidate genes, and 990 ciliome genes were analyzed.
Results: Four patients were found to have biallelic loss-of-function (LoF) variants in the following PCD-causing genes: CCDC114, 
DNAH5, HYDIN, and NME5. In four other patients, only one LoF variant was identified, while the remaining five patients did not 
have any LoF variants. 
Conclusion: At least 30.8% of NTM-LD patients who were suspected of having PCD had biallelic LoF variants, and an additional 
30.8% of patients had one LoF variant. Therefore, PCD should be considered in patients with NTM-LD with symptoms or signs 
suspicious of PCD.
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INTRODUCTION

Nontuberculous mycobacteria (NTM) are ubiquitous organ-
isms commonly isolated from environmental sources.1 Since 
exposure to these organisms is inevitable, otherwise healthy in-
dividuals who develop NTM lung disease (NTM-LD) are likely 
to have specific susceptibility factors that make them vulnera-
ble to these infections. Of particular note, NTM-LD is associ-
ated with disorders of mucociliary clearance, such as primary 
ciliary dyskinesia (PCD).2

PCD is a genetically heterogeneous disorder of motile cilia 
that is characterized by chronic respiratory tract infection, or-
gan laterality defect, and infertility.3 The 9+2 motile cilia are lo-
cated on the apical surface of epithelial cells in the upper and 
lower respiratory tracts, paranasal sinuses, middle ear, ventri-
cles of the central nervous system, fallopian tubes, and sperm 
flagella.4 Therefore, defects in 9+2 motile cilia lead to recurrent 
respiratory infections, chronic sinusitis, chronic otitis media, 
hydrocephalus, and infertility. Recurrent respiratory infec-
tions, chronic sinusitis, and chronic otitis media lead to bron-
chiectasis, anosmia, and hearing loss, respectively. On the other 
hand, 9+0 motile cilia are located in the nodal cilia, which are 
responsible for left-right asymmetry during embryogenesis.5,6 
Therefore, defects of 9+0 motile cilia lead to laterality defect. 

PCD patients are vulnerable to respiratory infections due to 
impaired mucociliary clearance. Approximately 18% of PCD 
patients have been reported to have at least one positive sputum 
culture for NTM.7 In addition, ciliary abnormalities, such as 
reduced nasal nitric oxide production and low ciliary beat fre-
quency, were observed in NTM-LD patients.8 Therefore, PCD 
is considered a genetic susceptibility factor for NTM-LD.9,10

In general, neonatal respiratory distress occurs in about 80% 
of PCD patients within the first 24 hours of life.11 Therefore, 
PCD should be suspected in full-term infants who have unex-
plained neonatal respiratory distress, especially when accom-
panied by an organ laterality defect. The median age at PCD 
diagnosis was 5.3 years in pediatric patients.12 However, diag-
nosis can be delayed by the lack of knowledge of PCD and a 
low level of suspicion. Moreover, the mean age at PCD diagno-
sis was delayed to 17.2 years when adult patients were includ-
ed.13 In addition, the prevalence of PCD in adult bronchiectasis 
patients ranged from 1% to 13%,14-22 which was higher than the 
estimated prevalence of PCD, 1:10000–20000 live births.12 
Therefore, there might be several undiagnosed adult PCD pa-
tients, and PCD should be considered not only in children, but 
also in adults. 

In this study, we performed whole exome sequencing (WES) 
for adult NTM-LD patients suspected of having PCD. We ana-
lyzed the known PCD-causing genes and investigated the 
prevalence of PCD in patients with NTM-LD. Furthermore, we 
aimed to discover novel relationships between PCD and PCD-
candidate/ciliome genes in humans. 

MATERIALS AND METHODS

Study population
From April 2015 to April 2019, 15 adult NTM-LD patients with 
suspected PCD were included in this study. All patients met the 
criteria for NTM-LD according to the American Thoracic Soci-
ety guidelines.23 Clinical suspicion of PCD was based on the 
clinical criteria for PCD diagnosis of the PCD Foundation: dai-
ly wet cough/bronchiectasis, daily nasal congestion/pansinus-
itis, and laterality defect.24 Patients with two or more symptoms/
signs were suspected to have PCD. Two patients who had only 
one symptom/sign were excluded. Finally, a total of 13 patients 
were included in this study, and the clinical characteristics and 
transmission electron microscopy (TEM) findings were ob-
tained. The informed consent was obtained from all partici-
pants. This study was approved by the Samsung Medical Cen-
ter Institutional Review Board (approval number: 2013-10-019). 

Whole exome sequencing 
Genomic DNA was extracted from peripheral blood leukocytes 
using a Wizard Genomic DNA Purification kit according to the 
manufacturer’s instructions (Promega, Madison, WI, USA). 
DNA quality was assessed by PicoGreen® dsDNA Assay (Invit-
rogen, Life Technologies, Waltham, MA, USA) and 1% agarose 
gel electrophoresis. Sequencing libraries were prepared ac-
cording to the Agilent SureSelect Target Enrichment Kit prep-
aration guide using SureSelect Human All Exon V4 or V6 (Agi-
lent Technologies, Santa Clara, CA, USA). The libraries were 
sequenced with the Illumina HiSeq 2500 platform (Illumina, 
San Diego, CA, USA). Reads were aligned to the human refer-
ence genome GRCh37/hg19 using Burrows-Wheeler Aligner 
0.7.10 or 0.7.12. Duplicate marking was conducted using 
Picard-tools 1.118 or 1.130. Indel realignment, base recalibra-
tion, variant calling, and filtering were conducted by GATK 
v.3.4.0. Annotation was performed using in-house custom-
made script.

Data analysis and variant interpretation
A total of 45 PCD-causing genes, 23 PCD-candidate genes, and 
990 ciliome genes were selected for analysis (Supplementary 
Table 1, only online). PCD-causing genes were defined as genes 
previously reported as causative of PCD in humans. PCD-can-
didate genes were defined as genes demonstrated to have been 
associated with PCD in animal studies, but not confirmed in 
humans. The list of ciliome genes was adapted from the study by 
Li, et al.25 Taking into account the prevalence of PCD (1/15000), 
we filtered out the variants with an allele frequency greater than 
0.008 in a population database (Genome Aggregation Data-
base, 1000 Genome Project, and Exome Variant Server). Then, 
loss-of-function (LoF) variants, such as nonsense, frameshift, 
and canonical splice site variants, were selected. When only 
one LoF variant was identified in one of the analyzed genes, 
non-synonymous variants identified in the gene were further 
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considered. Since all of these patients were suspected of hav-
ing PCD, based on the clinical criteria for PCD diagnosis of the 
PCD Foundation,24 if two variants were found in one gene, they 
were assumed to be biallelic variants even if family study was 
not performed. The selected variants were interpreted accord-
ing to the 2015 American College of Medical Genetics and Ge-
nomics–Association for Molecular Pathology (ACMG-AMP) 
guidelines.26 Since a gene-disease relationship has not been 
clearly identified in ciliome genes, the ACMG-AMP guidelines 
were not applied to variants identified in ciliome genes.

RESULTS

Patient characteristics
Among 13 patients, 4 (30.8%) were male and 9 (69.2%) were fe-
male. The median age was 38 years (range 16–59 years). The 
proportion of patients with bronchiectasis, sinusitis, and later-
ality defect was 100% (13/13), 76.9% (10/13), and 30.8% (4/13), 
respectively. Ten patients underwent TEM analysis of the re-
spiratory epithelium, and three patients did not. Among the 10 
patients with TEM analysis, seven had abnormal ciliary struc-
ture, and three had normal ciliary structure. Abnormal ciliary 

structure included outer dynein arm (ODA) defect, inner dy-
nein arm defect, radial spoke (RS)/central pair (CP) defect, 
and microtubular disorientation (Fig. 1). The baseline charac-
teristics of the 13 patients are summarized in Table 1. 

Diagnostic yield
Among 13 patients, four had biallelic LoF variants and were 
compatible with PCD, resulting in a 30.8% diagnostic yield. 
These four patients had biallelic LoF variants in PCD-causing 
genes (CCDC114, DNAH5, HYDIN, and NME5), which includ-
ed one patient with a novel NME5 variant that had been report-
ed in our previous work.27 The variants identified in DNAH5 
were known,28-30 and the other variants were novel. According 
to the 2015 ACMG-AMP guidelines, the variants identified in 
DNAH5 were interpreted as pathogenic variants, and the oth-
ers were interpreted as likely pathogenic variants (LPVs). De-
tailed evidence of variant interpretation is summarized in Ta-
ble 1.

A total of 30.8% (4/13) of patients had only one LoF variant. 
Among them, Patient 11 had c.2749_2753delinsTAACT 
(p.Gln917*) in CROCC. When viewed on the Integrative Genom-
ics Viewer 2.4.19 (Broad Institute of MIT and Harvard, Cam-
bridge, MA, USA), the c.2753G>T variant was in cis with the 

Fig. 1. Abnormal transmission electron micrographs of respiratory cilia. (A) IDA defects observed in Patient 6. (B) ODA and IDA defects observed in Pa-
tient 12. (C and D) RS/CP defect observed in Patient 4 and Patient 9. (E) ODA, IDA, and RS/CP defects observed in Patient 1. (F) RS/CP defect with microtu-
bular disorganization observed in Patient 8. IDA, inner dynein arm; ODA, outer dynein arm; RS, radial spoke; CP, central pair.
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c.2749C>T variant, which could be described as c.2749_2753 de-
linsTAACT. Patient 13 had another missense variant in addi-
tion to a LoF variant in SLC49A3. The missense variants identi-
fied in SLC49A3 showed different prediction results according 
to the in-silico algorithms (C0 in Align GVGD, tolerated in SIFT, 
possibly damaging in PolyPhen-2). In 38.5% (5/13) of the pa-
tients, no LoF variants were identified. The variants identified 
in the 13 patients are summarized in Table 1.

Genotype-phenotype correlation
Patient 4 was homozygous for c.572G>A (p.Trp191*) in NME5, 
and a parent study revealed that her parents were heterozy-
gous.27 The patient had no situs inversus, and CP was absent in 
a TEM study. Since NME5 encodes RS neck component,31 these 
findings were compatible with the phenotypes expected from a 
defect of NME5. 

Patient 5 was compound heterozygous for c.-41-2A>C and 
c.702_705dup (p.Pro236Alafs*11) in CCDC114. Since CCDC114 
encodes ODA docking complex, its defect causes the absence 
of ODA, and affected patients have a 50% chance of laterality 
defect.32 The patient’s situs inversus was confirmed, but the ab-
sence of ODA could not be evaluated, as TEM study was not 
conducted. 

Patient 8 was compound heterozygous for c.5367del (p.As-
n1790Ilefs*14) and c.13458dup (p.Asn4487*) in DNAH5. Since 
DNAH5 encodes ODA, its defect causes absence of ODA.33 
However, contrary to the expected phenotype, TEM study 
showed some cilia exhibiting microtubular disorganization 
with loss of the CP. 

Patient 9 was compound heterozygous for c.10558-1G>C and 
c.15333delA (p.Lys5111Asnfs*6) in HYDIN. HYDIN encodes 
projection of the CP, and the changes in projection of the CP 
are too subtle to be identified by TEM.34 Therefore, most of the 
patients with HYDIN defect showed normal ciliary structure 
in TEM studies. However, contrary to our expectation, TEM 
study showed some cilia exhibiting outer singlet microtubules 
with loss of the CP. 

DISCUSSION

PCD is a genetically heterogeneous disorder of motile cilia and 
is considered a genetic susceptibility factor of NTM-LD.9,10 In 
this study, we performed WES in 13 NTM-LD patients with 
suspected PCD, and demonstrated that 30.8% of patients had 
biallelic LoF variants and an additional 30.8% of patients had 
one LoF variant. Although patients with suspected PCD were 
enrolled in the present study, the diagnostic yield was lower 
than the 67.6% diagnostic yield reported in a previous study,35 
which might be due to the patient demographics in our study. 
In general, PCD patients are diagnosed at pediatric age, as 
they have experienced respiratory symptoms that begin in the 
neonatal period. According to the previous study by Kuehni, et 

al.,12 the median age at PCD diagnosis in children was 5.3 years. 
On the other hand, the median age of the patients in our study 
was 38 years, which was higher than the median age reported 
in a previous study. The delayed diagnosis in our patients might 
be due to the unavailability of diagnostic tests for PCD diagno-
sis, such as nasal nitric oxide measurement and high speed 
videomicroscopy, in Korea. 

Among the 15 LoF variants identified in this study, three vari-
ants (c.572G>A in NME5, c.15333del in HYDIN, and c.2133dup 
in RAD54L) were located in the last exon and would escape 
nonsense-mediated decay; therefore, we applied the refining 
PVS1 criterion addressed by the ClinGen Sequence Variant 
Interpretation Working Group.36 In the case of RAD54L, AC-
MG-AMP guidelines were not applied, since the gene-disease 
relationship has not been clearly identified. In NME5, the last 
exon encodes the DPY-30 domain, which is important for the 
assembly of RS.37 Finally, c.572G>A in NME5 was interpreted 
as LPV (PVS1_strong, PM1, PM2). The c.15333del in HYDIN 
disrupt the last 11 amino acid residues, which do not encode 
a specific domain. Therefore, the effect of this variant was not 
clear. As another HYDIN variant identified in the same patient 
was interpreted as LPV, c.15333del was interpreted as LPV 
(PVS1_moderate, PM2, PM3). 

In the present study, four of the nine patients who did not 
have biallelic LoF variants had only one LoF variant. If copy 
number analysis had been performed for the patients with only 
one LoF variant, the diagnostic yield might have been increased 
further. In addition, there is a possibility that digenic interaction 
can contribute to PCD, as shown in a previous study by Li, et 
al.25 Patients 3 and 12 had one LoF variant in each of two dif-
ferent genes, DNAH11/FBF1 and RAD54L/PDE11A, respec-
tively. Assessment of digenic interaction between these genes 
can help improve diagnostic yield. 

Among four patients with biallelic LoF variants, except one 
patient who did not undergo TEM analysis, only one showed 
the expected TEM results in the gene with biallelic LoF vari-
ants. The genotype-phenotype correlation was not evident in 
the other two patients, perhaps because a single TEM study 
was conducted in the patients in this study. A single TEM study 
can lead to a false-positive result, as it is difficult to distinguish 
between primary and secondary changes.38 Since the patients 
in this study suffered from prolonged NTM-LD, secondary 
changes from NTM infections can cause nonspecific TEM find-
ings, which might lead to poor genotype-phenotype correla-
tion and even cause false-positives in PCD diagnoses.

This study had several limitations. First, family studies were 
not conducted, except for one patient who had a homozygous 
NME5 variant. Therefore, the assumed biallelic variants might 
not actually be biallelic, and the diagnostic yield could be 
changed according to the result of the family study. Second, we 
did not confirm whether or not the variants identified in HY-
DIN were in HYDIN2, the highly homologous pseudogene. 
Third, we did not focus on variants other than LoF variants. 
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The pathogenicity of variants other than LoF variants was diffi-
cult to assess without functional and/or family studies. Fourth, 
we did not enroll all suspected PCD patients. Instead, we fo-
cused on suspected PCD patients among NTM-LD patients. 
The difference in diagnostic yield from previous studies might 
be due to this characteristic of our enrolled patients. 

In conclusion, at least 30.8% of patients with NTM-LD who 
were suspected of having PCD had biallelic LoF variants, and 
an additional 30.8% of patients had one LoF variant. Therefore, 
PCD should be considered in NTM-LD patients with PCD-as-
sociated symptoms. Early suspicion makes early PCD diagno-
sis possible, which leads to improved patient prognosis. 
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