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Abstract
Primary ciliary dyskinesia (PCD) is an autosomal recessive multigenic disease that results in impaired
mucociliary clearance. We have diagnosed 9 subjects with primary ciliary dyskinesia from
geographically dispersed Amish communities, based on clinical characteristics and ciliary
ultrastructural defects. Despite consanguinity, affected individuals had evidence of genetic
heterogeneity.
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Primary ciliary dyskinesia (PCD) is an inherited disorder characterized by functional
impairment of ciliary motility, clinically manifested as chronic bronchitis, pansinusitis, and
suppurative otitis media (1). Evidence of ciliary dysfunction can occur as early as birth with
respiratory distress in the immediate newborn period (2). Ciliary dysfunction can lead to
laterality defects, e.g. situs inversus totalis (3,4). As predicted from the complexity of ciliary
structure and function, PCD is genetically heterogeneous, involving multiple genes. In most
instances, the disease is expressed in an autosomal recessive pattern

First settling in rural Pennsylvania, close-knit agrarian Amish communities have spread across
North America. Because members rarely marry outside the church, consanguinity is common
resulting in closed populations with a high frequency of genetic disorders. Intermarriage,
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relative isolation, and detailed record-keeping make Amish communities ideal for genetic
studies. We found that several children in geographically dispersed Amish communities had
PCD, and hypothesized that additional evaluation would confirm a high frequency of PCD in
these communities and identify a founder mutation.

METHODS
23 individuals from Amish communities in the Midwest who had respiratory distress as term
infants in the immediate neonatal period, situs inversus totalis, recurrent pneumonia, chronic
sinusitis, or male infertility were recruited at a one-day outreach clinic for further study. Signed
informed consent was obtained from all subjects and family members.

Evaluations included detailed clinical and family histories, physical examination, and
otolaryngological assessment. Nasal nitric oxide (NO) levels were measured using established
techniques (model CLD 88, Eco Medics AG). Spirometry and audiometry were performed on
subjects 5 years or older. Sputum or oropharyngeal swabs were collected for microbiological
studies. Nasal scrapings from inferior nasal turbinates were obtained to collect ciliated
epithelial cells for ultrastructural analysis. Blood or buccal cell samples were collected for
genetic analysis; DNA was extracted using a commercially available DNA extraction kit.
Whole genome amplification (REPLI-g kit, Qiagen) was performed on each sample to provide
adequate genetic material for testing. Focused, mutational analysis and sequencing of
DNAI1 was performed. Allele image profiles were generated using genotyping derived from
10K single nucleotide polymorphism arrays (Affimetrix) and microsatellite markers, short
DNA segments with repeated, specific motifs 1–6 bases long, for candidate genes (DNAI1,
DNAH5, DNAH11, DNAH7, DNAH9, DNAI2, DNAL4, DNAH3, and TCTEL1). Haplotypes
were reconstructed such that genotypes could be visualized on pedigrees, and homozygosity
mapping was used to identify a common genetic locus in the consanguineous family.

RESULTS
15 males and 8 females from infancy to adulthood (age range 3 months to 45 years) underwent
evaluation. Based on ciliary ultrastructural analysis, 9 of the subjects (6 male) evaluated were
confirmed to have dynein arm defects (absence of outer dynein arm) consistent with PCD.
Subjects with PCD ranged in age from 3 months to 40 years (median age 14 years).

All were born at term, and 8 cases had neonatal respiratory distress (8/9). Every affected
individual had persistent nasal congestion and coughing. Other clinical findings included
laterality defects (5/9), chronic rhinosinusitis (8/9), and pneumonia (5/9). Surprisingly, only
one subject (1/9) had a history of recurrent, symptomatic acute otitis media. However,
audiological evaluations performed on 5 older children and adults revealed mildly or
moderately abnormal tympanometry measurements and conductive hearing loss thought to be
due to otitis media with effusion.

In the 4 subjects with PCD who could perform spirometry, the mean FVC was 74.5% (range
55 to 82%) and mean FEV1 was 66.5% predicted for age (range 36 to 80%). Bacterial pathogens
isolated from sputum cultures included Haemophilus influenzae (6/9), Streptococcus
pneumoniae (2/9), and Pseudomonas aeruginosa (1/9). Atypical mycobacteria were isolated
from an adult PCD subject (1/9).

Nasal NO measurements were extremely low in these subjects ranging from 1.2 to 11.1 nL/
min with all 9 PCD subjects having NO levels < 14 nL/min.

Initial genetic testing from those with confirmed PCD at selected exons identified 3 individuals
carrying a founder splice mutation (IVS1+2_3insT) of DNAI1, the most common mutation
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associated with PCD (Figure). This mutation was present on a single allele, and full sequencing
of DNAI1 in these subjects did not reveal a second mutation. Genotype analysis of selected
microsatellites from candidate genes followed Mendelian patterns of inheritance, based on
haplotypes. No concordance was found in affected individuals within the same family with
any microsatellite marker tested, indicating that affected individuals harbor a disease-causing
mutation in a previously unidentified PCD gene. Genome-wide linkage search of closely
related PCD subjects was performed, and multipoint linkage analysis identified 4 regions of
high concordance on chromosomes 2p, 4p, 6p, and 13p.

DISCUSSION
We describe members from related Amish communities who have PCD, based on clinical
evaluation and ultrastructural defects of the ciliary axoneme. Extensive, genetic analyses,
however, indicated significant genetic heterogeneity.

PCD has been estimated to occur in approximately 1 in 12,000 to 20,000 live births (3,4). The
current “gold standard” for diagnosis relies on identification of ciliary ultrastructural
abnormalities by transmission electron microscopy (5), but this method has drawbacks (6).
Fuller understanding of the genetic basis of PCD may lead to another, superior diagnostic
modality to identify affected individuals. The genetic heterogeneity of PCD is predicted by the
complexity of the ciliary structure (7). Several potential candidate dynein genes are involved
in PCD, including mutations in DNAI1 (8) and DNAH5 (9). Other dynein arm-coding genes,
DNAH11 and DNAH7, have also been associated with PCD (10).

All subjects in this population with confirmed PCD reported chronic nasal congestion and
cough. Although there are other causes of neonatal respiratory distress, our population supports
the observation that neonatal respiratory distress is a common presenting feature of PCD.
Surprisingly, only one subject had a history of chronic middle ear involvement, a feature
thought to be common to all PCD patients. The reason for the low prevalence of otitis media
in this population is unclear, though it is likely related in part to underreporting.

Spirometry revealed significant intrathoracic airway obstruction in subjects who could perform
pulmonary function testing, though it is difficult to make conclusions based on the few subjects
studied. Nasal NO concentrations were low in all subjects with PCD, confirming previous
observations that individuals with PCD typically have reduced nasal NO production (10).

In conclusion, we have found that several members of related, geographically dispersed, Amish
families have PCD. Although the specific genetic causes for most PCD are still unknown, such
families provide us with an opportunity to understand this “rare” lung disease. We have
collected extensive clinical and family data describing affected individuals, which should allow
us to better define the genetics of disease and phenotype-genotype relationships. Already, we
have found unexpected genetic heterogeneity in this inbred Amish community. Further
evaluation is necessary to identify the specific mutations in this population.
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ABBREVIATIONS

NO nitric oxide

PCD primary ciliary dyskinesia

DNAI1 dynein axonemal intermediate chain 1
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Figure.
Pedigree of consanguineous kindred with related nuclear families. Legend: si, situs inversus;
sa, situs ambiguus; ODA, outer dynein arm defect; DNAI1, dynein axonemal intermediate
chain 1; +/−, heterozygous. Symbols: □ male, ○ female, and filled symbols indicate affected
individuals. Three subjects with confirmed PCD carried a splice mutation (IVS1+2_3insT) of
DNAI1, and the other 6 affected individuals were negative for this founder mutation.
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