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Infertility in an adult cohort with primary
ciliary dyskinesia: phenotype-gene
association

To the Editor:

Primary ciliary dyskinesia (PCD) is a rare autosomal recessive disorder (prevalence 1:10000 to 1:40000
births) characterised by impaired mucociliary clearance because of abnormal motile ciliary function [I, 2].
Five main ultrastructural PCD phenotypes have been described. Most result from a lack of dynein arms
(DAs): no outer and inner DAs (2DAs), outer DAs alone (ODA) or inner DAs with microtubular
disorganisation (IDA/MTD); or defects yielding an abnormal central complex (CC). Some patients with
genetically confirmed PCD have apparently normal ciliary structure on electron microscopy (nEM). More
than 30 genes encoding proteins involved in the structure or assembly of the axoneme, the ciliary internal
cytoskeleton, are implicated in PCD [3]; their analysis enables identification of bi-allelic disease-causing
mutations in 50-75% of patients. Approximately half of PCD cases are associated with situs inversus, thereby
defining Kartagener’s syndrome. Moreover, because motile cilia and sperm flagella share common axonemal
structures, most PCD-affected males are thought to be infertile [4]. According to the literature, male infertility
is caused by severe or total asthenozoospermia and is currently treated by recourse to in vitro fertilisation or
intracytoplasmic sperm injection [5, 6]. However, spontaneous fatherhood of PCD patients has been reported.

The prevalence of infertility among PCD females is unclear [4]. Some authors suggested that more
frequent ectopic pregnancies could reflect altered motility of Fallopian tube cilia [7]. However, RaDT et al.
[8] described nine female PCD patients with severely dysfunctional respiratory cilia who conceived
spontaneously and delivered babies.

Hypothesising a potential association between infertility risk in males and females with PCD and genotype
because translated protein expressions vary in different human tissues, we evaluated the fertility of a large
adult cohort with well-phenotyped and well-genotyped PCD patients recruited from the Center of Rare
Pulmonary Diseases (RESPIRARE) in France and the Dept of Pneumology at the University Center of
Leuven, Belgium.

We retrospectively recorded the fertility status of adults with definite PCD diagnosis between January 2014
and January 2016. Every patient’s ultrastructural phenotype was well documented and the genotype was
established based on the identification of two nonambiguous mutations in known PCD gene(s). The
ciliary phenotype was determined in respiratory airway samples obtained from the inferior nasal turbinate
or a bronchus, as previously described [9]. All the coding regions and intronic boundaries of all known
PCD genes related to each ultrastructural phenotype in genomic DNA were studied by Sanger sequencing
(primers available upon request) or next-generation sequencing for those >30 exons. All PCR and
sequencing primers were designed to avoid polymorphisms with an allele frequency >0.1% in control
populations exceeding 1000 individuals from the 1000 Genomes database. Our institution’s ethics review
board approved this study (CCTIRS no. 08.015bis) and all patients gave informed consent.

Fertility data were systematically evaluated by the treating physician during a routine outpatient visit or
from patients’ files. Spontaneous conception defined normal fertility. Failure to conceive spontaneously for
>1 year and/or when pregnancy was obtained after assisted reproductive technologies (ART) defined
infertility [10]. For the statistical analysis, a comparison between patients with and without infertility was
performed using the Chi-squared or the Fisher test (as appropriate) for the study of independence among
categorical variables.
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Among the 167 adult PCD patients (74 women, 93 men) recruited, only 85 (50.9%) had fertility data
available at the time of evaluation (table 1; supplementary data is available on request from the authors).
Among the remaining 83, 61 had not yet tried to conceive and no information on their sexual activity was
collected. Patients with available data were older than those without fertility information (median (range)
ages 40.5 (33.3-47.0) versus 30.0 (23.5-35.0) years, respectively).

Among the 36 women included, 14 (38.9%) had spontaneously conceived at a median age of 36 (28-39)
years and delivered 31 children. The miscarriage rate was 8%. No ectopic pregnancy was reported. Among
22 (61.1%) women considered infertile (median age 43 (36-46) years), six became pregnant after ART,
yielding six live births.

Among the 49 males, 12 (24.5%) had spontaneously fathered a child (median age 34.5 (33-40.2) years)
and 37 (75.5%) were infertile (median age (range) 42.5 (35-52) years). Among the latter, 15 benefitted
from ART, which yielded 22 children.

Cilia motility, evaluated for 64 patients, revealed no difference between fertile and infertile patients
(Chi-squared=1.34, p=0.25).

When classified according to EM, the percentage of infertile patients differed significantly (Fisher’s exact
test, p=0.005). Patients with IDA/MTD and 2DA defects were more likely to be infertile. On the other
hand, patients with other EM defects, e.g. ODA, CC or nEM, had a higher chance of being spontaneously
fertile. Analysis of the different genes involved, in groups of three or more patients, showed that patients
with mutations in CCDC39 or CCDC40 (associated with IDA/MTD defects), those with mutations in
DNAAFI (LRRC50) or LRRC6 (associated with 2DA defects) were more likely to be infertile; those with
RSPH4A mutations were more likely to be fertile. However, we did not identify any statistical association
between the genotype leading to a potential protein synthesis and fertility (Chi-squared=0.73, p=0.39).

To our knowledge, fertility of PCD female patients has never been thoroughly reported. Our study is the
first evaluating fertility as a function of known gene defects in a large adult PCD cohort. Despite data
being based on patients’ responses to questionnaires and retrospective chart analyses, and the sperm status

TABLE 1 Fertility status of adult PCD patients according to sex, electron microscopy (EM] and
gene classifications

Ciliary defect PCD gene Patients Men (n=49) Women (n=36)
(EM) (n=85) Fertile Infertile Fertile Infertile
(n=12) (n=37) (n=14) (n=22)
cC DNAJB13 1 0 1 0 0
HYDIN 6 1 1 0 4
RSPH1 4 0 1 1 2
RSPH3 2 0 1 0 1
RSPH4A 3 3 0 0 0
RSPH? 2 0 0 1 1
IDA/MTD CCcDC3? 8 0 7 0 1
CccDeC40 10 1 8 0 1
GAS8 1 0 1 0 0
ODA DNAHS5 7 3 1 2 1
DNAIT 5 0 3 2 0
NMES8 1 0 0 0 1
(TXNDC3]
2DAs Dyxict 2 0 2 0
DNAAF1 4 0 1 0 3
(LRRC50]
LRRCé 6 0 4 0 2
RPGR 1 1 0 0 0
SPAG1 1 0 1 0 0
ZMYND10 1 0 1 0 0
nEM DNAHT11 17 3 4 7 3
Others CCNO 2 0 0 1 1
MCIDAS 1 0 0 0 1

PCD: primary ciliary dyskinesia; CC: abnormal central complex; IDA/MTD: inner dynein arms with microtubular
disorganisation; ODA: no outer dynein arms; 2DAs: no inner and outer dynein arms; nEM: no EM-detected
defect.
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of a female patient’s partner not always known, the following conclusions can be drawn. The primary
female infertility rate (63%) was high, compared with that of the general population (<30% of women 44-
45 years old) [11]. Although the patients’ cilia motility was altered, no ectopic pregnancy occurred in our
cohort and the miscarriage rate was 8%, which is even lower than the 15% observed in the general
population. Our male patients were not strictly infertile, since 24% of them spontaneously fathered a child.

Our findings illustrate a potential link between fertility status, ultrastructure and the involved gene(s).
Therefore, this information makes it important to include fertility in patient counselling. According to the
literature, among the 90 families harbouring CCDC39 or CCDC40 mutations, involved in IDA/MTD,
fertility data were available for 17 adults (three women and 14 men, including some of our patients); all of
them were infertile [12, 13]. We confirmed those observations, as 17 of our 18 patients with mutations
involving those genes were infertile. Notably, the only fertile patient in the IDA/MTD subgroup carries a
homozygous hypomorphic CCDC40 mutation, ¢.552G>A; p.(Leul84=), which is predicted to partially
modify without completely disrupting the intron-3 donor splice site. Hence, the amount of protein
produced by that patient is probably not null. Similarly, the four patients with DNAAFI (LRRC50) and the
six with LRRC6 mutations (2DA group) were 100% infertile [14-16]. We confirmed that finding herein: 10
patients with DNAAFI and LRRC6 mutations were also infertile. Taken together, these results suggest that
PCD patients with mutations in one of these four genes (i.e. CCDC39, CCDC40, DNAAFI or LRRC6) are
very likely to be infertile. These clinical findings correspond well with tissue protein expression data
provided by the Human Protein Atlas. All four genes have been shown to have high selective expression
levels not only in epithelial cells of the airways, but also in Fallopian tubes and testicular cells. All our
findings might be important for ART issues, since sperm quality in known to decay over time, and sperm
cryopreservation could be proposed to young PCD patients.

Limitations of the study are the retrospective collection of information. In addition, the lack of fertility
data for 22 patients illustrates that, despite these patients being followed in referral centres, physicians do
not always collect fertility data and, moreover, highlights the difficult in assessing fertility, especially in
women. Indeed, although men can request sperm analysis, women have no way to test their potentially
PCD-related fertility before trying to conceive.

In summary, in contrast to what is often suggested in the literature, PCD does not implicitly/always cause
infertility; it only implies an increased risk of fertility problems in both sexes. Furthermore, ART techniques
are helpful for most male and female patients. PCD-related fertility, especially for women, might go
undetected for a long time. Therefore, all PCD specialists should be aware of these issues. Fertility counselling
should be included in standard PCD patient care, in close collaboration with fertility specialists. For women, it
is difficult because no simple technique is available to evaluate the motility of Fallopian tube cilia. Finally, a
larger prospective study on ultrastructural phenotype and genotype, including the gene(s) involved and the
existence of at least one hypomorphic mutation, and fertility-related parameters (e.g. smoking and body mass
index), would contribute to better evaluation for the fertility prognoses of PCD patients.
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