
HYDIN Variants Are a CommonCause of Primary
Ciliary Dyskinesia in French Canadians

To the Editor:

Primary ciliary dyskinesia (PCD) is a rare genetic disorder resulting in
chronic sino-oto-pulmonary infections, bronchiectasis, and organ
laterality defects (OnlineMendelian Inheritance in Man #244400).
Various PCD diagnostic tests are recommended per American
Thoracic Society and European Respiratory Society clinical practice
guidelines (1, 2), including nasal nitric oxide (nNO)measurement,
ciliary ultrastructural analysis on transmission electron microscopy
(TEM), ciliary beat pattern analysis with high-speed video
microscopy, and genetic testing for PCD-related genes. However, no
single diagnostic test detects all forms of PCD. In the past two
decades, more than 50 PCD-related genes have been discovered (3),
but most commercial genetic multigene panels analyze only a portion
of these using next-generation sequencing (NGS) techniques.

Recently, a known PCD gene,HYDIN (HYDIN axonemal
central pair apparatus protein; chromosome 16, NM_001270974.2,
OnlineMendelian Inheritance in Man #608647), rarely associated
with PCD andmostly in consanguineous individuals from the Faroe
Islands (c.922A.T [p.Lys308Ter]; ClinVar identifier 39699), was
implicated in 8% of suspected European PCD cases with normal
organ arrangement (situs solitus) (4). Inherited in an autosomal-
recessive pattern and encoding a ciliary protein in the central
apparatus,HYDIN is a large gene (85 coding exons, 5,121 amino
acids), with biallelic pathogenic variants causing PCD. The
phenotypic characteristics are reported as situs solitus, normal results
on TEM, and low nNO (5). Presence of the nearly identical
pseudogeneHYDIN2 (HYDIN axonemal central pair apparatus
protein 2; chromosome 1) complicates mutational analysis, as
additional steps are necessary to ascertain the identified variants map
onHYDIN. Hence, most commercial genetic panels do not include
variant analysis of this large, complex, and seemingly rare PCD gene.

The PCD clinic at McGill University Health Centre (MUHC;
Montreal, Quebec, Canada) is the provincial referral site for suspected
PCD cases, following 104 patients with PCD (84 families), with 76
patients (63 families) who are definitively diagnosed through TEM
defects and/or molecular genetic testing. The remaining 28 patients
with probable PCD (21 families) display strong PCD clinical
phenotypes but are “unsolved,” with normal or inconclusive TEM
findings and nondiagnostic commercial genetic panels testing 30–36
PCD-related genes (not includingHYDIN). In each family, cystic
fibrosis and immunodeficiency test results are negative, and most
have nNO, 77 nl/min (6). We hypothesized thatHYDIN played a
significant role in these unsolved cases.

Methods
Human studies with informed consent were completed per approved
Institutional Review Board protocols. Unsolved PCD cases from
2015 to 2021 were investigated through two distinct protocols as they
were available: 1) from 2015 to 2018 (MUHC Research Ethics Board
#14-138-PED), research whole-exome sequencing and analysis
(WES), as described previously (7, 8), through the Genetic Disorders
of Mucociliary Clearance Consortium, and 2) from 2019 to 2021
(MUHC Research Ethics Board #2021-7474), 43 PCDmultigene
commercial panels through Blueprint Genetics, analyzing 62 of 85
HYDIN exons using NGS (9). In cases investigated usingWES, allele-
specific PCR and Sanger sequencing were used to ascertain that
identified variants were indeed residing inHYDIN and not in
HYDIN2, but we did not perform copy number variant analysis in
samples evaluated usingWES. In cases analyzed with NGSmultigene
panels, bidirectional Sanger sequencing or digital polymerase chain
reaction methods were used to orthogonally confirm variants that did
not meet rigorous internal sequencing quality score thresholds and
other proprietary laboratory criteria with Blueprint Genetics (https://
blueprintgenetics.com/pseudogene). NGS analysis also confirmed
copy number variants if they were,10 exons (heterozygous) or
,3 exons (homozygous or hemizygous) in size or had not been
confirmed at least three times previously in Blueprint’s laboratory.
We did not perform high-speed video microscopy analysis or ciliary
protein immunofluorescence staining through any of these protocols.

Results
In this single-center analysis, the most common PCD-related genes
areDNAH5 (dynein axonemal heavy chain 5; n=11 families
[15.9%]),DNAH11 (dynein axonemal heavy chain 11; n=8 families
[11.6%]), CCNO (cyclin O; n=4 families [5.8%]), and RSPH1 (radial
spoke head component 1; n=4 families [5.8%]). Testing of our 21
unsolved PCD families revealed 6 additional families (11 cases, 36%
male, median age 16.1 yr [range, 1–31 yr]) harboring two pathogenic
or likely pathogenicHYDIN variants, confirming PCD. BothHYDIN
variants were in transwhere segregation studies were performed
(Table 1). FiveHYDIN families had normal TEM findings, with one
additional family having inadequate or inconclusive TEM findings.
Figure 1 two additional families carried only one pathogenic or likely
pathogenicHYDIN variant, though one of these (M15, family 7) also
had a variant of uncertain significance on an extended splice-acceptor
site. None of these HYDIN variants is previously published in human
cases of PCD, and specific variant details, including American College
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of Medical Genetics and Genomics pathogenicity classifications, can
be found in Table 2.

Interestingly, five families (nine cases) harbored a common
HYDIN variant in a homozygous or compound heterozygous state.
This nonsense pathogenic variant (c.10426C.T, p.[Arg3476*]),
presumed to generate premature translation termination in exon 62,
is predicted to cause loss of normal protein function, either through
protein truncation (3,475 of 5,121 amino acids) or nonsense-
mediated messenger ribonucleic acid decay. This ultrarare variant is
not in ClinVar or the Human GeneMutation Database, but five
heterozygotes (no homozygotes) appear in the Genome Aggregation
Database, which covers.15,000 genomes. Each participant with the
c.10426C.T variant wasWhite and of French Canadian ancestry,
with both sets of grandparents born in Quebec and known parental
consanguinity in one patient.

All subjects withHYDIN had normal organ arrangement except
for one (M90, polysplenia and intestinal malrotation, unclear if PCD
related or incidental), and all displayed classic PCD phenotypes with
low nNO (median 24 nl/min; range, 5–75 nl/min). Four cases had
scoliosis, which has not been associated withHYDIN (Table 1).
Median forced expiratory volume in 1 second was 77% predicted

(range, 49–108%), six cases (55%) had bronchiectasis at diagnosis,
and four cases (36%) had Pseudomonas aeruginosa in sputum
cultures.

Discussion
Pathogenic variants inHYDIN aided diagnosis in 6 of 21 (28.5%)
families with previously unsolved PCD. Thus, pathogenic variants in
HYDIN are responsible for a large percentage of PCD in Quebec,
accounting for 6 of 69 (8.7%) families with definitively diagnosed
PCD in this provincial clinic. This makesHYDIN the third most
prevalent PCD gene (afterDNAH5 andDNAH11) in our Quebec
cohort. The high proportion ofHYDIN-related variants in our cohort
may be related to our enrollment of mainly cases with unsolved PCD
with low nNO values (which are associated withHYDIN but less so
with other PCD genes known to result in nondiagnostic TEM
images) (10). However, we speculate that the prevalence of such
variants may be even greater once the remaining 23HYDIN exons are
analyzed in our commercially unsolved (NGS) PCD cases. Although
this high prevalence may be due to a possible founder variant at
c.10426C.T, otherHYDIN variants were observed, meaning that a
founder effect alone is not responsible for the high burden of
pathogenic variants inHYDIN among French Canadians in Quebec.

The median diagnostic age for our subjects with HYDIN is 16
years, which is older than the median diagnostic age of 6 years
reported in the PCD literature (11). This delay likely reflects
decreased clinical consideration of PCD in patients lacking organ
laterality defects or TEM ultrastructural defects. Yet most of these
HYDIN-related patients presented as newborns with respiratory
distress and displayed other classic PCD symptoms of year-round wet
cough and year-round rhinosinusitis from infancy (12). As
knowledge of the classic PCD phenotype increases, patients such as
these will hopefully be diagnosed at earlier ages, allowing them to
start routine PCD therapies.

Initially discovered as a cause of human PCD in 2012,HYDIN
encodes a protein residing in the c2b projection of the central
apparatus. Before this,HYDIN variants in the murine ortholog hy3
(hydrocephalus 3) were studied as a hydrocephalus model because of
effects on motile, ependymal cilia (13). Unfortunately, early postnatal
death of hy3murine models precluded study of a PCD respiratory
phenotype, but a complete lack of organ laterality defects was noted
(14). Before 2020,,25 overall families withHYDIN causing PCD
were published, and because of the complex genetic and
ultrastructural analyses required,HYDIN assessment was relegated
mainly to research laboratories, without incorporation into clinical
PCD testing. With abnormal, rotational beat patterns on high-speed
video microscopy, moreHYDIN-related cases were likely detected
at some European PCD centers performing ciliary beat pattern
analysis on high-speed video microscopy, but these cases were
largely unconfirmed through genetic testing. In 2020, absent
immunofluorescent antibody staining for SPEF2 (sperm flagellar 2), a
central apparatus chaperone protein in the c1b projection assisting
with HYDIN protein colocalization in the c2b projection, suggested
thatHYDIN variants were responsible for a larger proportion of PCD
in Europe than initially considered (4). Our data support this
suspicion ofHYDIN variants’ causing a larger number of human
PCD cases than previously believed, and we report approximately the
same prevalence in our population as in the recent European cohort.
Unfortunately, we were not able to perform similar SPEF2

Figure 1. Transmission electron microscopy in a participant with
HYDIN-related disease. Ciliary cross-sections from participant M101
(HYDIN c.10426C.T, p.[Arg3476*], homozygous) showing normal
ultrastructure with 91 2 arrangement of the outer microtubule doublets
and central apparatus plus visible outer and inner dynein arms;
80,0003 magnification. Nondiagnostic electron microscopy changes
may be seen in HYDIN-associated cases, including shrunken central
pairs and occasional translocations of peripheral doublets to the
central pair area (not pictured here). Suggestion of an absent C2b
projection from the central apparatus can also be identified
(surrounding white spaces and clearly visible radial spoke heads,
black arrow). Definitive absence of the C2b projection requires
advanced imaging techniques, including image averaging microscopy
and computed tomography of affected cilia (5). HYDIN=HYDIN
axonemal central pair apparatus protein.
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immunofluorescent analysis in this cohort, though this testing may
have helped confirm additional HYDIN cases unsolved via genetic
testing (Table 1, cases M15 andM80).

AsHYDIN is one of the largest PCD-related genes, the potential
for genetic lesions is accordingly increased, and it is possible that
HYDIN accounts for a significant percentage of PCD across North
America. Recent analysis of the PCD Foundation Clinical and
Research Center Network reveals that the majority of sites use
commercial genetic panels that do not includeHYDIN analysis. It is
not clear if our increasedHYDIN prevalence will be observed in
populations outside Quebec, but it is tempting to speculate a
widespread higher prevalence given the allelic heterogeneity already
observed in this cohort. Thus, transitioning to commercial panels that
analyzeHYDIN seems critical to accurately diagnose patients with
PCD, notably those with situs solitus, normal TEM findings, and low
nNO.�

Author disclosures are available with the text of this letter at
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