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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,
DNAHS5, 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.' 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).?

PCD is a genetically heterogeneous disorder of motile cilia
that is characterized by chronic respiratory tract infection, or-
gan laterality defect, and infertility.® 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.’ 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.>®
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.” In addition, ciliary abnormalities, such as
reduced nasal nitric oxide production and low ciliary beat fre-
quency, were observed in NTM-LD patients.® Therefore, PCD
is considered a genetic susceptibility factor for NTM-LD.>*°

In general, neonatal respiratory distress occurs in about 80%
of PCD patients within the first 24 hours of life."* 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.”> 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.” In addition, the prevalence of PCD in adult bronchiectasis
patients ranged from 1% to 13%,'*** which was higher than the
estimated prevalence of PCD, 1:10000-20000 live births."
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.
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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.” 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.* 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/hgl9 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
Lj, et al.® 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,* 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.”® 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
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Fig. 1. Abnormal transmission electron micrographs of respiratory cilia. (A) IDA defects observed in Patient 6. (B) ODA and IDA defects observed in Pa-
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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.”” The variants identified in DNAH5
were known,?** and the other variants were novel. According
to the 2015 ACMG-AMP guidelines, the variants identified in
DNAHS5 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.GIn917*) in CROCC. When viewed on the Integrative Genom-
ics Viewer 2.4.19 (Broad Institute of MIT and Harvard, Cam-
bridge, MA, USA), the ¢.2753G>T variant was in cis with the
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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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¢.2749C>T variant, which could be described as ¢.2749_2753de-
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 (CO 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 ¢.572G>A (pTrp191*) in NME5,
and a parent study revealed that her parents were heterozy-
gous.” The patient had no situs inversus, and CP was absent in
a TEM study. Since NME5 encodes RS neck component,* these
findings were compatible with the phenotypes expected from a
defect of NME5.

Patient 5 was compound heterozygous for c.-41-2A>C and
€.702_705dup (p.Pro236Alafs*11) in CCDC114. Since CCDC114
encodes ODA docking comple, its defect causes the absence
of ODA, and affected patients have a 50% chance of laterality
defect.* 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-
n17901lefs*14) and c.13458dup (p.Asn4487*) in DNAH5. Since
DNAHS5 encodes ODA, its defect causes absence of ODA.*
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 ¢.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.* 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.*" 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,”
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
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al,,"* 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 (¢.572G>A in NME5, ¢.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.* In the case of RAD54L, AC-
MG-AMP guidelines were not applied, since the gene-disease
relationship has not been clearly identified. In NMES5, the last
exon encodes the DPY-30 domain, which is important for the
assembly of RS.* Finally, ¢.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.” Patients 3 and 12 had one LoF variant in each of two dif-
ferent genes, DNAH11/FBF1 and RAD54L/PDE]11A, 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.*® 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
NMES5 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 HYDINZ, 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.

ACKNOWLEDGEMENTS

This work was supported by a National Research Foundation of
Korea (NRF) grant funded by the Korean government (MSIT)
(No. 019R1C1C1004702).

AUTHOR CONTRIBUTIONS

Conceptualization: Chang-Seok Ki and Hee Jae Huh. Data curation:
Eun Hye Cho. Formal analysis: Eun Hye Cho and Hee Jae Huh. Fund-
ing acquisition: Hee Jae Huh. Investigation: Eun Hye Cho and Hee Jae
Huh. Methodology: Chang-Seok Ki and Hee Jae Huh. Project admin-
istration: Chang-Seok Ki, Hee Jae Huh, and Nam Yong Lee. Resourc-
es: Sun Ae Yun, Su-Young Kim, Byung Woo Jhun, and Won-Jung Koh.
Supervision: Hee Jae Huh and Nam Yong Lee. Writing—original draft:
Eun Hye Cho and Chang-Seok Ki. Writing—review & editing: Hee Jae
Huh and Nam Yong Lee. Approval of final manuscript: all authors.

ORCID iDs

Eun Hye Cho https://orcid.org/0000-0002-9328-9389
Chang-Seok Ki https://orcid.org/0000-0001-7679-8731
Sun Ae Yun https://orcid.org/0000-0002-8104-3496
Su-Young Kim https://orcid.org/0000-0002-6369-3399
Byung Woo Jhun  https://orcid.org/0000-0002-6348-8731
Won-Jung Koh https://orcid.org/0000-0002-4756-3527
Hee Jae Huh https://orcid.org/0000-0001-8999-7561
Nam Yong Lee https://orcid.org/0000-0003-3688-0145
REFERENCES

1. Falkinham JO 3rd. Environmental sources of nontuberculous my-
cobacteria. Clin Chest Med 2015;36:35-41.

2. Wu UJ, Holland SM. Host susceptibility to non-tuberculous my-
cobacterial infections. Lancet Infect Dis 2015;15:968-80.

3. Fliegauf M, Benzing T, Omran H. When cilia go bad: cilia defects
and ciliopathies. Nat Rev Mol Cell Biol 2007;8:880-93.

4. Leigh MW, Pittman JE, Carson JL, Ferkol TW, Dell SD, Davis SD,
et al. Clinical and genetic aspects of primary ciliary dyskinesia/
Kartagener syndrome. Genet Med 2009;11:473-87.

5. Yoshiba S, Shiratori H, Kuo IY, Kawasumi A, Shinohara K, Nonaka S,
et al. Cilia at the node of mouse embryos sense fluid flow for left-
right determination via Pkd2. Science 2012;338:226-31.

6. Wang G, Yost HJ, Amack JD. Analysis of gene function and visual-
ization of cilia-generated fluid flow in Kupffer’s vesicle. J Vis Exp

https://doi.org/10.3349/ym;}.2021.62.3.224

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

YMJ

2013;(73):50038.

. Noone PG, Leigh MW, Sannuti A, Minnix SL, Carson JL, Hazucha

M, et al. Primary ciliary dyskinesia: diagnostic and phenotypic
features. Am J Respir Crit Care Med 2004;169:459-67.

. Fowler CJ, Olivier KN, Leung JM, Smith CC, Huth AG, Root H, et

al. Abnormal nasal nitric oxide production, ciliary beat frequency,
and Toll-like receptor response in pulmonary nontuberculous my-
cobacterial disease epithelium. Am J Respir Crit Care Med 2013;
187:1374-81.

. Saleeb P, Olivier KN. Pulmonary nontuberculous mycobacterial

disease: new insights into risk factors for susceptibility, epidemiol-
ogy, and approaches to management in immunocompetent and
immunocompromised patients. Curr Infect Dis Rep 2010;12:198-
203.

McShane PJ, Glassroth J. Pulmonary disease due to nontubercu-
lous mycobacteria: current state and new insights. Chest 2015;148:
1517-27.

Mullowney T, Manson D, Kim R, Stephens D, Shah V, Dell S. Pri-
mary ciliary dyskinesia and neonatal respiratory distress. Pediat-
rics 2014;134:1160-6.

Kuehni CE, Frischer T, Strippoli MP, Maurer E, Bush A, Nielsen
KG, et al. Factors influencing age at diagnosis of primary ciliary
dyskinesia in European children. Eur Respir ] 2010;36:1248-58.
Braun JJ, Boehm N, Metz-Favre C, Koscinski I, Teletin M, Debry C.
Diagnosis of primary ciliary dyskinesia: when and how? Eur Ann
Otorhinolaryngol Head Neck Dis 2017;134:377-82.

Shoemark A, Ozerovitch L, Wilson R. Aetiology in adult patients
with bronchiectasis. Respir Med 2007;101:1163-70.

Lonni S, Chalmers JD, Goeminne PC, McDonnell MJ, Dimakou K,
De Soyza A, et al. Etiology of non-cystic fibrosis bronchiectasis in
adults and its correlation to disease severity. Ann Am Thorac Soc
2015;12:1764-70.

Amorim A, Bento ], Vaz AP, Gomes ], de Gracia ], Hespanhol V, et
al. Bronchiectasis: a retrospective study of clinical and aetiological
investigation in a general respiratory department. Rev Port Pneu-
mol (2006) 2015;21:5-10.

Verra E Escudier E, Bignon J, Pinchon MC, Boucherat M, Bernau-
din JE et al. Inherited factors in diffuse bronchiectasis in the adult:
a prospective study. Eur Respir ] 1991;4:937-44.

Pasteur MC, Helliwell SM, Houghton SJ, Webb SC, Foweraker JE,
Coulden RA, et al. An investigation into causative factors in patients
with bronchiectasis. Am J Respir Crit Care Med 2000;162(4 Pt 1):
1277-84.

Qi Q, Wang W, Li T, Zhang Y, Li Y. Aetiology and clinical character-
istics of patients with bronchiectasis in a Chinese Han population:
a prospective study. Respirology 2015;20:917-24.

Guan WJ, Gao YH, Xu G, Lin ZY, Tang Y, Li HM, et al. Aetiology of
bronchiectasis in Guangzhou, southern China. Respirology 2015;
20:739-48.

Dimakou K, Triantafillidou C, Toumbis M, Tsikritsaki K, Malagari
K, Bakakos P. Non CF-bronchiectasis: aetiologic approach, clini-
cal, radiological, microbiological and functional profile in 277 pa-
tients. Respir Med 2016;116:1-7.

Olveira C, Padilla A, Martinez-Garcia MA, de la Rosa D, Girén RM,
Vendrell M, et al. Etiology of bronchiectasis in a cohort of 2047 pa-
tients. An analysis of the Spanish historical bronchiectasis registry.
Arch Bronconeumol 2017;53:366-74.

Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C,
Gordin E et al. An official ATS/IDSA statement: diagnosis, treat-
ment, and prevention of nontuberculous mycobacterial diseases.
Am ] Respir Crit Care Med 2007;175:367-416.

Shapiro AJ, Zariwala MA, Ferkol T, Davis SD, Sagel SD, Dell SD, et
al. Diagnosis, monitoring, and treatment of primary ciliary dyski-

229



YMJ

25.

26.
27.
28.
29.
30.

31.

nesia: PCD foundation consensus recommendations based on
state of the art review. Pediatr Pulmonol 2016;51:115-32.

LiY, Yagi H, Onuoha EO, Damerla RR, Francis R, Furutani Y, et al.
DNAHS and its interactions with PCD Genes in heterotaxy and pri-
mary ciliary dyskinesia. PLoS Genet 2016;12:e1005821.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster ], et al. Stan-
dards and guidelines for the interpretation of sequence variants: a
joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecu-
lar Pathology. Genet Med 2015;17:405-24.

Cho EH, Huh HJ, Jeong I, Lee NY, Koh WJ, Park HC, et al. A non-
sense variant in NME5 causes human primary ciliary dyskinesia
with radial spoke defects. Clin Genet 2020;98:64-8.

Takeuchi K, Kitano M, Kiyotoshi H, Ikegami K, Ogawa S, Ikejiri M,
et al. A targeted next-generation sequencing panel reveals novel
mutations in Japanese patients with primary ciliary dyskinesia. Au-
ris Nasus Larynx 2018;45:585-91.

Hornef N, Olbrich H, Horvath J, Zariwala MA, Fliegauf M, Loges
NT, et al. DNAH5 mutations are a common cause of primary ciliary
dyskinesia with outer dynein arm defects. Am J Respir Crit Care
Med 2006;174:120-6.

Berg]JS, Evans JP, Leigh MW, Omran H, Bizon C, Mane K, et al. Next
generation massively parallel sequencing of targeted exomes to
identify genetic mutations in primary ciliary dyskinesia: implica-
tions for application to clinical testing. Genet Med 2011;13:218-29.
Pigino G, Bui KH, Maheshwari A, Lupetti P, Diener D, Ishikawa T.
Cryoelectron tomography of radial spokes in cilia and flagella. J

230

32.

33.

34.

35.

36.

37.

38.

Genetic Analysis of PCD Genes in NTM-LD Patients

Cell Biol 2011;195:673-87.

Knowles MR, Leigh MW, Ostrowski LE, Huang L, Carson JL, Hazu-
cha MjJ, et al. Exome sequencing identifies mutations in CCDC114
as a cause of primary ciliary dyskinesia. Am ] Hum Genet 2013;92:
99-106.

Omran H, Hiffner K, Volkel A, Kuehr J, Ketelsen UP, Ross UH, et
al. Homozygosity mapping of a gene locus for primary ciliary dys-
kinesia on chromosome 5p and identification of the heavy dynein
chain DNAHS5 as a candidate gene. Am J Respir Cell Mol Biol 2000;
23:696-702.

Olbrich H, Schmidts M, Werner C, Onoufriadis A, Loges NT, Raidt
J, et al. Recessive HYDIN mutations cause primary ciliary dyskine-
sia without randomization of left-right body asymmetry. Am ] Hum
Genet 2012;91:672-84.

Paff T, Kooi IE, Moutaouakil Y, Riesebos E, Sistermans EA, Dan-
iels H, et al. Diagnostic yield of a targeted gene panel in primary
ciliary dyskinesia patients. Hum Mutat 2018;39:653-65.

Abou Tayoun AN, Pesaran T, DiStefano MT, Oza A, Rehm HL, Bie-
secker LG, et al. Recommendations for interpreting the loss of
function PVS1 ACMG/AMP variant criterion. Hum Mutat 2018;39:
1517-24.

Gopal R, Foster KW, Yang P. The DPY-30 domain and its flanking
sequence mediate the assembly and modulation of flagellar radi-
al spoke complexes. Mol Cell Biol 2012;32:4012-24.

Hirst RA, Rutman A, Williams G, O’Callaghan C. Ciliated air-lig-
uid cultures as an aid to diagnostic testing of primary ciliary dys-
kinesia. Chest 2010;138:1441-7.

https://doi.org/10.3349/ymj.2021.62.3.224



