Received: 22 March 2024

Accepted: 22 July 2024

DOI: 10.1002/ppul.27200

ORIGINAL ARTICLE

[ ;|
.s‘..muwmom Wl LEY

Whole genome sequencing enhances molecular diagnosis of
primary ciliary dyskinesia

Holly A. Black PhD'2

Alison Meynert PhD® |
Robert A. Hirst PhD* |
Daniel Toddie-Moore PhD?

| Sophie Marion de Proce PhD?
Mihail Halachev PhD?
Chris O'Callaghan MD, PhD* |

| Jose L. Campos PhD® |
| Joseph A. Marsh PhD3® |

Amelia Shoemark PhD> |

| Scottish Genomes Partnership |

Javier Santoyo-Lopez PhD® | Jennie Murray MD, PhD%® |

Kenneth Macleod MD, PhD’
Timothy J. Aitman MB ChB, DPhil® |

| DonS.Urquhart MD”® | Stefan Unger MD, PhD”3
Pleasantine Mill PhD?

1Centre for Genomic and Experimental Medicine, MRC Institute of Genetics and Cancer, University of Edinburgh, Edinburgh, UK

25outh East of Scotland Genetics Service, Western General Hospital, Edinburgh, UK

3MRC Human Genetics Unit, MRC Institute of Genetics and Cancer, University of Edinburgh, Edinburgh, UK

“Department of Respiratory Sciences, Centre for PCD Diagnosis and Research, University of Leicester, Leicester, UK

5School of Medicine, Division of Molecular and Clinical Medicine, University of Dundee, Dundee, UK

®Edinburgh Genomics, Edinburgh, UK

“Department of Paediatric Respiratory and Sleep Medicine, Royal Hospital for Sick Children, Edinburgh, UK

8Department of Child Life and Health, University of Edinburgh, Edinburgh, UK

Correspondence

Pleasantine Mill, MRC Human Genetics Unit,
MRC Institute of Genetics and Cancer,
University of Edinburgh, Edinburgh, UK.
Email: pleasantine.mill@ed.ac.uk

Stefan Unger
Email: stefan.unger@ed.ac.uk

Timothy J. Aitman
Email: tim.aitman@ed.ac.uk

Funding information

Chief Scientist Office of the Scottish
Government Health Directorates,
Grant/Award Number: [SGP_1]; MRC Whole
Genome Sequencing for Health and Wealth
Initiative, Grant/Award Number:
(MC_PC_15080); MRC,

Grant/Award Numbers: PM, MC_UU_00007/
14, MR/Y015002/1; European Research
Council (ERC), Grant/Award Number:

Abstract

Background: Primary ciliary dyskinesia (PCD) is a genetic disorder affecting motile cilia.
Most cases are inherited recessively, due to variants in >50 genes that result in abnormal
or absent motile cilia. This leads to chronic upper and lower airway disease, subfertility,
and laterality defects. Given overlapping clinical features and genetic heterogeneity,
diagnosis can be difficult and often occurs late. Of those tested an estimated 30% of
genetically screened PCD patients still lack a molecular diagnosis. A molecular diagnosis
allows for appropriate clinical management including prediction of phenotypic features
correlated to genotype. Here, we aimed to identify how readily a genetic diagnosis could
be made using whole genome sequencing (WGS) to facilitate identification of pathogenic
variants in known genes as well as novel PCD candidate genes.

Methods: WGS was used to screen for pathogenic variants in eight patients
with PCD.
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1 | INTRODUCTION

Primary ciliary dyskinesia (PCD, OMIM: PS244400) is a genetic disorder
of motile cilia,*~3 which are highly structurally organized organelles that
project from the surface of the cells. Motile cilia beat in a coordinated
manner to effectively propel fluids across the surface of the airways, brain
ventricles and reproductive tracts. In PCD, these cilia have an abnormal
structure and/or function.?® This can result in a chronic respiratory
disease, due to impaired mucociliary clearance, as well as hydrocephalus,
laterality defects (e.g., situs inversus) and fertility defects in a subset of
patients. PCD often presents at birth as unexplained neonatal respiratory
distress. Affected children then develop variable clinical features including
a daily wet cough, chronic respiratory tract infections, rhinosinusitis, and
otitis media. Over time, these can lead to debilitating long-term
complications, including bronchiectasis and hearing impairment.2™®

PCD is a clinically heterogeneous disorder that has significant
phenotypic overlap with other genetic respiratory diseases, such as cystic
fibrosis and primary immunodeficiency. The diagnostic strategy for
suspected PCD cases requires a battery of highly specialized tests.”® This
includes detection of low nasal nitric oxide (nNO), as well as high-speed
video microscopy (HSVM) to assess cilia beating pattern and frequency,
transmission electron microscopy (TEM) to assess the cilia ultrastructure
and immunofluorescence of key proteins from a nasal brush biopsy. None
of the tests are fully sensitive or specific and therefore need to be used in
combination.” *® Genetic testing is generally performed by gene panel or
occasionally by whole exome sequencing, with genetic testing happening
towards the end of the diagnostic strategy within Europe.”*? Under the
ERS guidelines, a PCD diagnosis is confirmed by a hallmark ultrastructural
cilia defect by TEM or by biallelic mutations in a known PCD gene.

PCD is underdiagnosed. PCD has an estimated incidence of 1 in
7500 births, rising to 1 in 2300 in endogamous populations.***° In North
America, it is estimated that only 2000 patients have a confirmed
diagnosis of PCD as opposed to the predicted ~25,000- 50,000 these
rates would suggest to be affected with PCD.2® Similar underdiagnosis is

i)

Results: 7/8 cases had homozygous or biallelic variants in DNAH5, DNAAF4 or
DNAH11 classified as pathogenic or likely pathogenic. Three identified variants were
deletions, ranging from 3 to 13 kb, for which WGS identified precise breakpoints,
permitting confirmation by Sanger sequencing. WGS yielded identification of a de
novo variant in a novel PCD gene TUBB4B.

Conclusion: Here, WGS uplifted genetic diagnosis of PCD by identifying structural
variants and novel modes of inheritance in new candidate genes. WGS could be an
important component of the PCD diagnostic toolkit, increasing molecular diagnostic
yield from current (70%) levels, and enhancing our understanding of fundamental

biology of motile cilia and variants in the noncoding genome.

ciliopathies, molecular diagnosis, primary ciliary dyskinesia, rare respiratory disease, whole

reported across Europe where national registries in Denmark, Switzer-
land, Cyprus, Norway, and United Kingdom account for <25% predicted
patients.”*® A large portion of these missing patients are likely adult
patients within primary care or bronchiectasis clinics, as suggested by one
study which found 12% of bronchiectasis patients had pathogenic
variants in known motile ciliopathy genes.?? This underdiagnosis world-
wide is thought to be due to lack of awareness, disease heterogeneity,
and lack of access to the required specialized diagnostic tests.

PCD is also a genetically heterogeneous disorder. The
majority of cases are autosomal recessively inherited, with over
50 genes currently associated with PCD.2%42%21 Mutations in
these genes account for approximately 70% of PCD cases
screened by gene panel, suggesting additional causal genes exist
and/or more complicated structural variants (SVs) are being
missed in known genes.?? Alternately, rare deep intronic variants
may also exist, as have been reported in CCDC39 and
DNAH11.2%725 Genes associated with PCD encode proteins
involved in cilia structure, cilia assembly or regulatory complexes.
There is often a correlation between the affected gene and the
defects in cilia motility or ultrastructure observed at diagno-
sis.»'®726 However, this is not always the case: it is estimated
that 9%-20% of PCD cases have normal or inconclusive
ultrastructure by TEM.'! In these unsolved cases where TEM
and/or genotyping are normal, a diagnosis is considered highly
likely in the presence of clinical symptoms plus a persistently
abnormal ciliary beat pattern which doesn't normalize after
culture of cells in vitro. In these cases, the patient can be brought
back for further testing as new genetic tests come online.®
Therefore optimization of genetic testing in the PCD diagnostic
pathway provides an accessible diagnostic test, particularly as
next generation sequencing (NGS) is increasingly available.827:28

In this study, we investigated the utility of whole genome
sequencing (WGS) to detect disease-causing variants in children and
young adults with PCD. We selected a non-endogamous population
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where PCD was confirmed by nasal brushing to test whether WGS
could yield a molecular diagnostic. WGS would provide unbiased
genome coverage beyond exons of ~50 genes associated with PCD
whilst simultaneously detecting a range of variants, from single
nucleotide changes, small insertion-deletions (indels) as well as
complicated SVs, which may be missed by targeted sequencing
approaches. Eight patients were recruited, alongside parental
samples where available. This led to a genetic diagnosis for all eight
cases, three of whom had a pathogenic deletion of 3 kb-13 kb and
one patient had a de novo missense variant p.P259L in a novel
candidate gene TUBB4B.

2 | MATERIALS AND METHODS

2.1 | Patient cohort

All subjects who attended the respiratory clinic at the Royal Hospital
for Children and Young People, Edinburgh with a clinical diagnosis of
PCD were consecutively approached. Signed and informed consent
was obtained from the affected individual as well as relatives through
approved protocols. Clinical phenotypes and diagnostic test results
are shown in Table 1. For details of blood samples, DNA extraction,
and analysis of sample ethnicity see Supporting Information S1:
Supplementary Methods and Figure 1. The study was approved by
the London-West London and Gene Therapy Advisory Committee
Research Ethics Committee (REC number 11/LO/0883) and also had
NHS Lothian R+D approval (2011/RC/B01).

2.2 | Whole genome sequencing

DNA was sequenced by WGS at Edinburgh Genomics. Libraries were
prepared using the Illumina TruSeq PCR-free protocol and sequenced
on the lllumina HiSeq X platform. The average yield per sample was
136 Gb, with mean coverage of 36X (range 33.9-38.3).

2.3 | Gene panel, data analysis, and variant
classification

A virtual gene panel of 146 genes was created, which included the
known “green” (diagnostic grade) 34 PCD genes plus 107
suspected ciliopathy genes that may have respiratory features
based on the PCD PanelApp panel (v1.14) with five additional
genes identified in the literature (CFAP300, DNAH6, DNAJB13,
STK36, and TTC25).2773% Analysis of variants was carried out as
described in Supplementary Methods. Additional analyses were
carried out across the FOXJ1 locus for Case 3, in whom no
diagnostic variants were identified using the virtual gene panel. A
genome-wide expanded analysis identified a de novo missense
mutation p.P259L (chr9:g8.137242994:C>T (hg38)) in the gene

TUBB4B only in the patient, and not present in either parent.>?

2.4 | Modeling of whole exome sequencing data

A whole exome sequencing (WES)-like subset of the WGS data was
obtained by extracting only the reads mapping to the regions in the
TWIST Exome Capture Kit (using samtools v1.6) from the BAM file for
each sample. WES CNV calling was performed by ExomeDepth (v1.1.15)
as detailed in Supporting Information S1: Supplementary Methods.

2.5 | Homology modelling of DNAH11 and
location of missense variants

A homology model of the C-terminal region of the DNAH11 motor
domain (residues 3348-4504) was built using PHYRE2.33%* The
effects of mutations in the C-terminal domain (CTD) (residues 4124-
4504) on protein stability were modeled with FoldX.2> Sequences of

human dynein genes were aligned with MUSCLE®® and the sequence
alignment was visualized with MView.%” Further details are given in

the Supporting Information S1: Supplementary Methods.

3 | RESULTS

Nine patients attending RHCYP clinics were approached to take part.
Six consented while three declined due to need for additional blood
tests. In addition, two adult PCD patients also agreed to join the
study. None had a prior genetic diagnosis. All had low nasal nitric
oxide (nNO) and most had abnormal ciliary ultrastructure by
transmission electron microscopy (TEM). Eight patients with PCD
(50% female), aged 6-31 years, were recruited to the study as six
trios, one proband-mother duo and one singleton (Table 1). All eight
cases had a clinical diagnosis of PCD, following a nasal brush biopsy.
In all cases, nasal brushings were undertaken for clinical suspicion of
PCD. Presentations and phenotype severity were varied and are
summarized in Table 1.

Using a virtual PCD panel approach to initially screen the WGS,
we confirmed a genetic diagnosis for seven of the eight cases
(Table 2). Three cases had biallelic pathogenic and/or likely
pathogenic variants in the outer dynein arm heavy chain subunit
gene DNAHS5, which has previously been shown to contribute to the
largest proportion of PCD cases among populations of European
descent.! Case 1 had a hemizygous nonsense variant (c.5281C>T,
p.(Arg1761Ter)), inherited from the mother and previously reported

in PCD cases,3®°%?

and an overlapping 13 kb deletion on the other
allele, inherited from the father (Supporting Information S1: Figure 3).
Case 2 had two nonsense variants in DNAH5, c.3949C>T,
p.(GIn1317Ter), previously reported,*® and the
¢.5281C>T, p.(Arg1761Ter) variant. ddPCR was used to phase the

variants in Case 2 (Supporting Information S1: Figure 4). Case 4 had a

which  was

single base pair deletion, resulting in a frameshift and premature
termination codon (PTC) (c.10815del, p.(Pro3606Hisfs)), and a single
base pair duplication, resulting in direct creation of a PTC
(c.13458dup, p.(Asn4487Ter)), which were shown to be in trans



m 3325
SIATRICIPULIONOLOGY Wl LE Y_‘_

i)

through trio-based phasing. Both variants have been reported
previously in PCD cases.®? All three cases with biallelic variants in
DNAH5 were shown to have absence or defects of outer dynein
arms on TEM (Figure 1), with Case 1 and Case 2 also shown to have
static cilia (Table 1, Video S1). This is consistent with loss of DNAHS5,
which has been shown to result in outer dynein arm truncation and
immotile cilia.3* All three share a similar clinical phenotype, with

chronic wet cough, sinus problems, and recurrent chest infections.

Two cases had likely pathogenic variants in the cytoplasmic
axonemal dynein assembly factor DNAAF4 (DYX1C1), necessary for
assembly and/or stability of the inner and outer dynein arms
(Table 2).* Case 5 had a homozygous 3.5 kb deletion encompassing
exon 7 of DNAAF4, which was also heterozygous in the mother.
There was no evidence of uniparental disomy and, given Case 5 is
also reported to have an affected sibling, it is likely the father also
carries the 3.5 kb deletion, although the father's DNA was unavail-
able. This variant has previously been reported in PCD.** Ultra-
structural analysis was consistent with previous reports for DNAAF4
mutations, with reports of absent dynein arms** (Figure 1) and
immotile cilia shown on HSVM. Case 6 had a maternally-inherited
nonsense variant (c.856G>T, p.(Glu286Ter)) and a paternally-
inherited 3.1kb deletion encompassing the last two exons of
DNAAF4, which is predicted to be a loss-of-function variant, as the
resulting transcript would be subject to nonsense-mediated decay.

Case 6 has bronchiectasis with a recurrent need for antibiotics. He

A further two cases had pathogenic or likely pathogenic variants
in the outer dynein arm heavy chain subunit DNAH11. Case 7 had a
homozygous missense variant in DNAH11 (c.13373C>T, p.(Pro4458-
4546 at a low frequency in
gnomAD and in silico predictions support pathogenicity (Table 2).
There was sufficient evidence to classify the variant as likely
pathogenic using ACMG guidelines.**? Case 8 had a heterozygous
(c.10221_10222del,

p.(Cys3409Trpfs)), which was classified as pathogenic (Table 2).

resulting in a PTC

The second variant was a heterozygous missense (c.13288G>C,
p.(Gly4430Arg)). This variant is at a low frequency in gnomAD and in
silico predictions support pathogenicity, but it has not previously
been reported in PCD cases. As the variant is in trans with the
¢.10221_10222del variant, shown by phasing with parental samples,
there is sufficient evidence to classify the variant as likely pathogenic
(Table 2). Both Case 7 and Case 8 were shown to have a normal cilia
ultrastructure with a dysmotile phenotype (Figure 1, Video S2),
consistent with loss of DNAH11, which localizes to the proximal
portion of respiratory cilia.”® There is however phenotypic variability
between Case 7 (situs inversus with dextrocardia and recurrent chest
infections) and Case 8 (chronic wet cough and recurrent ear

The two missense variants in DNAH11 both reside at the 3'
C-terminal domain (CTD) of the axonemal dynein heavy chain.
While there is no structure available for DNAH11, there are
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DNAH11

DNAAF4

HG-004 ——

HG-005 ——

FIGURE 1 Ultrastructure analysis supports genetic diagnosis for
outer arm dynein variants in PCD. (Left) DNAH5 variants disrupt
outer dynein arms (red arrowhead = disrupted, black arrowheads
normal) across axonemes of nasal brush samples from cases HG-001,
HG-002, and HG-004. (Right) In contrast, DNAH11 variants do not
uniformly disrupt outer dynein arms (black arrowheads) in cilia from
nasal brush of case HG-007. Disruption of both inner and outer
dynein arms (red arrowheads) is observed in DNAAF4 variants, as
shown for HG-005. Scale bars = 100 nm.

the effects of the DNAH11 missense mutations on protein
structure, we built a homology model of the DNAH11 motor
domain. Both mutations occur within the CTD, on the outer side
of the dynein motor dimer (Figure 2A) and are intriguingly very
close to each other in three-dimensional space (Figure 2B),
separated by only 4.2 A.

Molecular modelling of the missense mutations using the program
FoldX®® predicts that the Gly4430Arg should be extremely disruptive to
protein structure, with a AAG of 10.9 kcal/mol. We also modeled all other
CTD missense variants presented in the gnomAD v2.1 database.’!
Remarkably, out of 269 variants (Table S1), Gly4430Arg has the highest
AAG and therefore is predicted to be the most damaging. Moreover, this
position is fully conserved across all human dyneins (Figure 2C). This
strongly suggests that Gly4430Arg is pathogenic due to its disruptive
effects on protein structure.

In contrast to Gly4430Arg, Pro4458Leu is predicted to be
relatively mild at a structural level, with a AAG of 1.1 kcal/mol,

s WILEY——7

making it only the 65th most damaging out of 269 variants (Table S1).
However, this residue is highly conserved, existing as a proline across
all human dyneins except DNAH1, where it is an alanine. Thus, while
Pro4458 is unlikely to cause a severe destablization of protein
structure, its remarkable proximity to Gly4430 combined with a
moderate structural perturbation and high conservation are support-
ive of pathogenicity.

To assess whether the three deletion variants identified in Cases
1, 5, and 6 would have been identified using WES, as opposed to
WGS, the WGS data was subsetted to create a WES-like data set for
each sample (Supporting Information S1: Figure 2). CNV calling using
ExomeDepth was able to identify the DNAH5 variant ¢.5272-
955_6197del p.(?) in both the proband and father for Family 1.
However, the deletion, which spans five exons and has a breakpoint
within exon 37, was called as covering only four of the five affected
exons in the proband. The single exon deletion of DNAAF4 c.784-
1037_894-2012del p.(?) was identified for the proband in Family 5,
where it is homozygous, but not in the heterozygous mother. The
DNAAF4 deletion ¢.1048-149_*1048del p.(?) identified in Family 6
was not detected in the proband or father, despite both carrying the
variant.

The phenotype of Case 3 is particularly relevant as ultra-
structural analysis revealed ciliary agenesis (Video S3), sometimes
referred to as reduced generation of multiple motile cilia (RGMC),
a specific subtype of PCD. In addition, Case 3 has shunted
hydrocephalus, having undergone initial ventriculo-peritoneal
(VP) shunt insertion at 6 weeks, and a subsequent VP shunt
revision aged 12 years. To date, few genes have been implicated
in this RGMC phenotype by recessive inheritance, CCNO (cyclin
0) and MCIDAS (multicilin)®25% but no pathogenic or potentially
pathogenic variants were identified in either gene. Heterozygous
de novo mutations in the master motile ciliogenesis transcrip-
tional regulator FOXJ1 were identified as the first autosomal
dominant cause of a distinct PCD-like condition, associated with
chronic respiratory disease, laterality defects and hydrocepha-
lus.” Similar cellular defects are observed with reduced apical
docking of centrioles and fewer cilia, but a focused analysis
revealed no identifiable pathogenic mutations in the FOXJ1 locus.
An expanded, whole genome analysis for SNP and indel candi-
dates produced a very limited list of variants (Table S2).
This included a de novo mutation p.P259L
(chr9:g.137242994:C>T (hg38)) in the gene TUBB4B only in the

patient, and not present in either parent or found on gnomAD 4.0

missense

or other publicly available databases. While interpretation of
pathogenicity from a single patient is limiting, as part of a large
international collaboration, we identified a further 11 patients
with PCD carrying heterozygous TUBB4B variants identified by
next-generation sequencing (NGS),3? indicating it is inherited in
an autosomal dominant manner. This included five patients with
PCD-only carrying the identical p.P259L (chr9:8.137242994:C>T)
variant. In summary, our WGS strategy was very effective at
identifying a novel PCD disease gene with the first report of
dominant negative disease mechanisms.
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FIGURE 2 Structural and evolutionary analysis of DNAH11 missense mutations. (A) Structure of the human cytoplasmic dynein-1 dimer
(PDB ID: 5NUG), with the location of the C-terminal domain colored beige, and the equivalent sites of the DNAH11 mutations highlighted in red.
(B) Homology model of the DNAH11 C-terminal domain with the sites of the missense mutations shown in red, along with the AAG values
calculated with FoldX. (C) Multiple sequence alignment of human dynein proteins around the region where the missense mutations occur.

4 | DISCUSSION

In this study, WGS of affected probands and family members led to a
genetic diagnosis in all eight PCD patients, representing 11 different
mutations in three autosomal recessive PCD genes and one de novo
mutation in a novel autosomal dominant PCD candidate TUBB4B. In
Case 3, a patient with features of reduced generation of motile cilia
and hydrocephalus, no pathogenic variants would been identified in a
panel-based approach, even with targeted sequencing of potential
candidates for known RGMC loci. The diagnostic rate of 100% in our
small study is higher than previous reports, in which 60%-70% of
cases received a genetic diagnosis based on the known PCD gene
panels,>21:2254 75% on extended NGS panels®® and 68%-94% by
WES.47,56758

Next-generation sequencing (NGS) technologies continue to
revolutionize rare genetics research and clinical diagnostics, where
the advantages of WES versus WGS are often fiercely debated.
Cheaper in terms of costs of sequencing, analysis and data storage,
WES is generally preferred as a front-line diagnostic tool. WES,
however, has several issues in terms of evenness of genome
coverage and sequence bias, particular for copy number variants
(CNV). In comparison, several studies have found more accurate

variant calls, as well as even and unbiased coverage of coding regions,
are generated by WGS.24°%%° Our analysis was focused on known
and candidate PCD genes, screening simultaneously for single
nucleotide variants (SNVs), small indels and more complex SVs
(Table S3). In three cases, pathogenic deletions were identified,
ranging in size from 3 to 13 kb. Modelling of our WGS data to
represent WES-like data suggested that WES data would only have
identified the deletion in one of these three cases, in which the
deletion was homozygous. Since our WES-like model has more
uniform coverage than true WES data, our WES-like model could be
considered more reliable for CNV calling than real-life WES
sequence. However, we acknowledge that our model is based on
36X WGS data, whereas WES would be nearer 100X in practice but
coverage does vary across commercial platforms. The ability to
detect SVs in PCD is of importance and consistent with recent
diagnostic guidelines for PCD, which highlighted that causal SVs and
intronic mutations can be missed due to the large number and size of
PCD genes.®?” Further, WES would not have provided the precise
breakpoint information that allowed confirmation of the three
deletion variants by Sanger sequencing.

Where WGS was clearly advantageous was PCD disease gene
discovery in patients without biallelic variants in known genes or in
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the one recent example of autosomal dominant inheritance (FOXJ1)
or in the few cases of X-linked recessive inheritance (RPGR, PIH1D3,
OFD1).?! In Case 3, WES would have likely identified the de novo
SNV in TUBB4B, as WES panels identified SNVs in the other 11
TUBB4B patients.3? Here, the clear advantage of WGS was to rule
out potential noncoding alterations in the known RGMC PCD genes
of known inheritance such as FOXJ1 as to quickly prioritize novel
candidates in our first proband. In our study, WGS was applied to
patients with PCD, all having low nNO and most having abnormal
ciliary ultrastructure, and where the majority of variants identified
were in genes involved axonemal dynein assembly. However, the
TUBB4B case demonstrates that expanding the application of WGS to
a broader cohort of patients with PCD, such as those with normal
TEM or nonclassical PCD features, may reveal more fundamental
insights into motile cilia and show an even greater diagnostic yield
than the current 70% ceiling.?? A clear benefit of WGS, similar to
WES, is that its findings are future-proof; the data generated can be
re-screened for PCD-causing variants identified subsequent to
genetic testing, if initial testing is inconclusive. However, only WGS
will allow future analysis of noncoding genome for variations in
regulatory elements such as transcription factor binding sites that
may underlie a subset of unsolved PCD cases.

Whatever the modality, increased genetic testing for PCD is
critical. Importantly, a delayed PCD diagnosis is associated with a
poorer prognosis.®1? Therefore securing a molecular diagnosis in
the neonatal period, by screening term neonates with respiratory
distress and/or situs defects by WGS may improve patient

6364 |ncreasing availability, reducing costs

outcomes long term.
and recognized clinical utility of NGS platforms such as WGS in the
neonatal and paediatric intensive care unit setting would be
consistent with such indications.*®¢%:¢365-%8 Moreover, either
WES or WGS would help rule out other confounding clinical
presentations such as primary immune deficiency disorders (PIDs),
with overlapping symptoms of frequent, often severe, airway
infections as well as recurrent otitis media, and sinusitis.*®¢?7°
Both platforms are advantageous as they allow analysis of all
potential causative genes, known and novel, thus faster to keep up
with recently reported genes that may not yet be included on PCD-
gene panels. Indeed such technologies may prove to be more cost-
and time-effective as providing a molecular diagnosis test for PCD
than conventional clinical gene panels.>¢~>%71

PCD needs to enter the precision medicine era. A genetic
diagnosis is key to improved patient prognosis as we better
understand genotype-phenotype relations’? and critically to being
trial-ready as much-needed genetic therapies come online.”37#
Increased genetic testing is also being combined with a curated
worldwide database, similar to that of CFTR2 for cystic fibrosis,”® to
enable a better understanding of these genotype-phenotype rela-
tions in PCD called CiliaVar. Such a database will significantly
facilitate interpretation of variants, of which 21% has been suggested
to be variants of unknown significance (VUS).”® For example, in Cases
7 and 8 in our study, structural modelling of the CTD of DNAH11

aided the assignment of pathogenicity of two missense variants, with

i)

one predicted to be detrimental to protein stability and the second, in
close proximity to the first, shown to be highly conserved.

In conclusion, this study demonstrates the benefits of using
WGS to obtain a genetic diagnosis for PCD, through its ability to
detect SNVs and SVs simultaneously as well as detecting variants
in genes outwith current gene panels. The detection of multi-
kilobase deletions in three of the seven diagnosed cases highlights
the need to detect SVs as part of the genetic testing for PCD. It
also allowed rapid prioritization of SNVs in novel candidate genes
with dominant modes of inheritance. Practically and financially,
WGS would likely sit behind current standard of care panel-based
or WES diagnostic platforms. Given the high genetic diagnostic

rate observed here and elsewhere,”:3%3628

we suggest that
genetic testing could be an early step in the current diagnostic
pathway for PCD, particularly in cases where nasal brush biopsy is
unavailable. A prospective study would appear to be warranted to
assess the utility of WGS for PCD in the neonatal period where
there is potential for transformative long-term reduction in
morbidity with access to specialist care and disease-modifying

therapies commenced before permanent lung damage.

AUTHOR CONTRIBUTIONS

Holly A. Black: Investigation; validation; formal analysis; data
curation; writing—original draft; writing—review & editing. Sophie
Marion de Proce: Investigation; formal analysis; writing—review &
editing. Jose L Campos: Writing—review & editing; formal analysis.
Alison Meynert: Writing—review & editing; formal analysis; data
curation; supervision. Mihail Halachev: Formal analysis; data cura-
tion; writing—review & editing. Joseph A Marsh: Formal analysis;
visualization; writing—review & editing; methodology. Robert A Hirst:
Formal analysis; writing—review & editing. Chris O'Callaghan: Writing
—review & editing; resources. Amelia Shoemark: Writing—review &
editing; investigation. Daniel Toddie-Moore: Writing—review &
editing. Javier Santoyo-Lopez: Writing—review & editing; investiga-
tion. Jennie Murray: Resources; writing—review & editing. Kenneth
Macleod: Writing—review & editing; resources. Don S Urquhart:
Resources; writing—review & editing; project administration; concep-
tualization. Stefan Unger: Writing—review & editing; resources;
project administration; conceptualization. Timothy J Aitman: Con-
ceptualization; writing—review & editing; project administration;
resources; funding acquisition; writing—original draft. Pleasantine
Mill: Writing—original draft; writing—review & editing; conceptuali-

zation; funding acquisition; resources; project administration.

ACKNOWLEDGMENTS

The Scottish Genomes Partnership is funded by the Chief
Scientist Office of the Scottish Government Health Directorates
[SGP_1] and the MRC Whole Genome Sequencing for Health and
Wealth Initiative (MC_PC_15080). We acknowledge support from
the MRC (PM: MC_UU_00007/14, MR/Y015002/1); the Eur-
opean Research Council (ERC) (PM: grant n°866355); an MRC
Career Development Award (MR/M02122X/1) and Lister Prize
Fellowship to J. A. M.; an NHS Research Scotland fellowship to S.



BLACK ET AL.

3330
30 | wi LEY—=5

U.; and an NRS/R+D fellowship from the NHS Lothian R&D office
to D. U. Some study authors and data contributors participate in
the BEAT-PCD clinical research collaboration, supported by the
European Respiratory Society. We thank the PCD families who
participated in this study and the UK PCD Family Support Group
for support; Dr Lee Murphy and colleagues at the Wellcome Trust
Clinical Research Facility; Edinburgh Genomics for sequencing
and analysis; and the Brompton Hospital PCD Diagnostic Service

and South East Scotland Genetics Service for clinical support.

CONFLICTS OF INTEREST STATEMENT

A. Meynert received core funding from the UKRI Medical
Research Council. M. Halachev received core funding from the
UKRI Medical Research Council. J. A. Marsh received funding
from the UKRI Medical Research Council and Lister Institute. A.
Shoemark received consulting fees from Spirovant, Translate Bio
and ReCode Therapeutics, as well as payment for events from
Ethris, Translate Bio and Insmed. She declares participation in the
CARE-UK Trial steering committee, as well as roles in the
European Respiratory Society Clinical Research Collaborations
(EMBARC, BEATPCD, AMR), where EMBARCS is supported by
project partners Armata, AstraZeneca, Boehringer Ingelheim,
Chiesi, CSL Behring, Grifols, Insmed, Janssen, LifeArc, Novartis,
and Zambon. The Scottish Genome Partnership received funding
from the UKRI Medical Research Council and the Chief Scientist
Office of the Scottish Government. Don Urquhart received
funding from the NHS Research Scotland. He declares payment
from Vertex Pharmaceuticals for events and participation in
AbbVie Pharmaceutical's advisory board. He declares unpaid roles
as the deputy chair of the European Cystic Fibrosis Society
Exercise Working Group. S. Unger received funding from the NHS
Research Scotland. T. J. Aitman acknowledges funding from the
UKRI Medical Research Council and the the Chief Scientist Office
of the Scottish Government, as co-investigator for SGP. He
declares support and consulting fees from BioCaptiva plc, for
which he was former Director and now consultant, as well as
shareholder with BioCaptiva plc. P. Mill received funding from the
UKRI Medical Research Council and from the European Research
Council. She declares payment for an event from Pfizer. She
declares her unpaid roles as a member of the Ciliopathy Alliance
Scientific Advisory Board, PCD Research Scientific Advisory
Panel, the UK Cilia Network leadership team and University of
Porto UMIB Scientific Advisory Panel. The remaining authors

declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID
Holly A. Black
Stefan Unger

http://orcid.org/0000-0003-3250-2665
http://orcid.org/0000-0001-7089-5063

Pleasantine Mill http://orcid.org/0000-0001-5218-134X

REFERENCES

1. Lucas JS, Davis SD, Omran H, Shoemark A. Primary ciliary dyskinesia
in the genomics age. Lancet Respir Med. 2020;8(2):202-216.

2. Leigh MW, Horani A, Kinghorn B, O'connor MG, Zariwala MA,
Knowles MR. Primary ciliary dyskinesia (PCD): a genetic disorder of
motile cilia. Transl Sci Rare Dis. 2019;4(1-2):51-75.

3. Wallmeier J, Nielsen KG, Kuehni CE, et al. Motile ciliopathies. Nat
Rev Dis Primers. 2020;6(1):77.

4. Damseh N, Quercia N, Rumman N, Dell S, Kim R. Primary ciliary
dyskinesia: mechanisms and management. Appl Clin Genet. 2017;10:
67-74.

5. Mirra V, Werner C, Santamaria F. Primary ciliary dyskinesia: an
update on clinical aspects, genetics, diagnosis, and future treatment
strategies. Front Pediatr. 2017;5:135.

6. Dunsky K, Menezes M, Ferkol TW. Advances in the diagnosis and
treatment of primary ciliary dyskinesia: a review. JAMA Otolaryngol
Head Neck Surg. 2021;147:753.

7. Halbeisen FS, Shoemark A, Barbato A, et al. Time trends in
diagnostic testing for primary ciliary dyskinesia in Europe. Eur
Respir J. 2019;54(4):1900528.

8. Shoemark A, Dell S, Shapiro A, Lucas JS. ERS and ATS diagnostic
guidelines for primary ciliary dyskinesia: similarities and differences
in approach to diagnosis. Eur Respir J. 2019;54(3):1901066.

9. Wallmeier J, Frank D, Shoemark A, et al. De novo mutations in
FOXJ1 result in a motile ciliopathy with hydrocephalus and
randomization of left/right body asymmetry. Am J Hum Genet.
2019;105(5):1030-1039.

10. Raidt J, Krenz H, Tebbe J, et al. Limitations of nasal nitric oxide
measurement for diagnosis of primary ciliary dyskinesia with normal
ultrastructure. Ann Am Thorac Soc. 2022;19(8):1275-1284.

11. Goutaki M, Pedersen ESL. Phenotype-genotype associations in
primary ciliary dyskinesia: where do we stand? Eur Respir J.
2021;58(2):2100392.

12. Cant E, Shoemark A, Chalmers JD. Primary ciliary dyskinesia:
integrating genetics into clinical practice. Curr Pulmonol Rep.
2024;13:57-66.

13. Shapiro AJ, Ferkol TW, Manion M, Leigh MW, Davis SD,
Knowles MR. High-speed videomicroscopy analysis presents limita-
tions in diagnosis of primary ciliary dyskinesia. Am J Respir Crit Care
Med. 2020;201(1):122-123.

14. O'Callaghan C, Chetcuti P, Moya E. High prevalence of primary
ciliary dyskinesia in a British Asian population. Arch Dis Child.
2010;95(1):51-52.

15. Hannah WB, Seifert BA, Truty R, et al. The global prevalence and
ethnic heterogeneity of primary ciliary dyskinesia gene variants:
a genetic database analysis. Lancet Respir Med. 2022;10(5):

459-468.
16. O'Connor MG, Mosquera R, Metjian H, Marmor M, Olivier KN,
Shapiro AJ. Primary ciliary dyskinesia. CHEST Pulm.

2023;1(1):100004.

17. Ardura-Garcia C, Goutaki M, Carr SB, et al. Registries and
collaborative studies for primary ciliary dyskinesia in Europe. ERJ
Open Res. 2020;6(2):00005.

18. NHS England. (2023, November 8) Highly specialised services 2020/
21 [PRN00328]. https://www.england.nhs.uk/wp-content/uploads/
2023/11/PRN00328-highly-specialised-services-2020-2021.pdf

19. Shoemark A, Griffin H, Wheway G, et al. Genome sequencing
reveals underdiagnosis of primary ciliary dyskinesia in bronchi-
ectasis. Eur Respir J. 2022;60(5):2200176.

20. Horani A, Ferkol TW. Advances in the genetics of primary ciliary
dyskinesia. Chest. 2018;154(3):645-652.

21. Legendre M, Zaragosi L-E, Mitchison HM. Motile cilia and airway
disease. Semin Cell Dev Biol. 2021;110:19-33.

22. Knowles MR, Zariwala M, Leigh M. Primary ciliary dyskinesia. Clin
Chest Med. 2016;37(3):449-461.


http://orcid.org/0000-0003-3250-2665
http://orcid.org/0000-0001-7089-5063
http://orcid.org/0000-0001-5218-134X
https://www.england.nhs.uk/wp-content/uploads/2023/11/PRN00328-highly-specialised-services-2020-2021.pdf
https://www.england.nhs.uk/wp-content/uploads/2023/11/PRN00328-highly-specialised-services-2020-2021.pdf

BLACK ET AL.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Merveille A-C, Davis EE, Becker-Heck A, et al. CCDC39 is required
for assembly of inner dynein arms and the dynein regulatory
complex and for normal ciliary motility in humans and dogs. Nature
Genet. 2011:43(1):72-78.

Rowlands C, Thomas HB, Lord J, et al. Comparison of in silico
strategies to prioritize rare genomic variants impacting RNA
splicing for the diagnosis of genomic disorders. Sci Rep.
2021;11(1):20607.

Shapiro AJ, Stonebraker JR, Knowles MR, Zariwala MA. A deep
intronic, pathogenic variant in DNAH11 causes primary ciliary
dyskinesia. Am J Respir Cell Mol Biol. 2022;67(4):511-514.

Raidt J, Wallmeier J, Hjeij R, et al. Ciliary beat pattern and frequency
in genetic variants of primary ciliary dyskinesia. Eur Respir J.
2014,44(6):1579-1588.

Lucas JS, Barbato A, Collins SA, et al. European Respiratory Society
guidelines for the diagnosis of primary ciliary dyskinesia. Eur Respir J.
2017;49(1):1601090.

Shapiro AJ, Davis SD, Polineni D, et al. Diagnosis of primary ciliary
dyskinesia. an official American Thoracic Society Clinical Practice
Guideline. Am J Respir Crit Care Med. 2018;197(12):e24-e39.
Martin AR, Williams E, Foulger RE, et al. PanelApp crowdsources
expert knowledge to establish consensus diagnostic gene panels.
Nature Genet. 2019;51(11):1560-1565.

Online mendelian inheritance in man (OMIM®). Johns Hopkins
University. https://omim.org/

Genomics England. PanelApp Primary Ciliary Disorders [Internet].
Genomics England. 2018. https://panelapp.genomicsengland.co.uk/
panels/178/

Dodd DO, Mechaussier S, Yeyati PL, et al. Ciliopathy patient variants
reveal organelle-specific functions for TUBB4B in axonemal micro-
tubules. Science. 2024;384(6694):eadf5489.

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The
Phyre2 web portal for protein modeling, prediction and analysis. Nat
Protoc. 2015;10(6):845-858.

Zhang K, Foster HE, Rondelet A, et al. Cryo-EM reveals how human
cytoplasmic dynein is auto-inhibited and activated. Cell.
2017;169(7):1303-1314.

Guerois R, Nielsen JE, Serrano L. Predicting changes in the stability
of proteins and protein complexes: a study of more than 1000
mutations. J Mol Biol. 2002;320(2):369-387.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res. 2004;32(5):1792-1797.
Brown NP, Leroy C, Sander C. MView: a web-compatible database
search or multiple alignment viewer. Bioinformatics. 1998;14(4):
380-381.

Failly M, Bartoloni L, Letourneau A, et al. Mutations in DNAH5
account for only 15% of a non-preselected cohort of patients with
primary ciliary dyskinesia. J Med Genet. 2009;46(4):281-286.
Hornef N, Olbrich H, Horvath J, 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(2):120-126.

Hagen EM, Sicko RJ, Kay DM, et al. Copy-number variant analysis of
classic heterotaxy highlights the importance of body patterning
pathways. Hum Genet. 2016;135(12):1355-1364.

Richards S, Aziz N, Bale S, et al. Standards and guidelines for the
interpretation of sequence variants: a joint consensus recommenda-
tion of the American College of Medical Genetics and Genomics and
the Association for Molecular Pathology. Genet Med. 2015;17(5):
405-424.

Ellard S, Baple EL, Callaway A, et al. ACGS best practice guidelines
for variant classification in rare disease 2020. Association for Clinical
Genomic Science. Published 2020. https://www.acgs.uk.com/media/
11631 /uk-practice-guidelines-for-variant-classification-v4-01-
2020.pdf

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

3331
o WILEY— =%

i)

Aprea |, Nothe-Menchen T, Dougherty GW, et al. Motility of
efferent duct cilia aids passage of sperm cells through the male
reproductive system. Mol Hum Reprod. 2021;27(3).

Tarkar A, Loges NT, Slagle CE, et al. DYX1C1 is required for
axonemal dynein assembly and ciliary motility. Nature Genet.
2013;45(9):995-1003.

Knowles MR, Leigh MW, Carson JL, et al. Mutations of DNAH11 in
patients with primary ciliary dyskinesia with normal ciliary ultra-
structure. Thorax. 2012;67(5):433-441.

Guan W-J, Li J-C, Liu F, et al. Next-generation sequencing for
identifying genetic mutations in adults with bronchiectasis. J Thorac
Dis. 2018;10(5):2618-2630.

Wheway G, Thomas NS, Carroll M, et al. Whole genome sequencing
in the diagnosis of primary ciliary dyskinesia. BMC Med Genomics.
2021;14(1):234.

Hao C, Guo R, Liu J, et al. Exome sequencing as the first-tier test for
pediatric respiratory diseases: a single-center study. Hum Mutat.
2021;42(7):891-900.

Leung GKC, Mak CCY, Fung JLF, et al. Identifying the genetic causes
for prenatally diagnosed structural congenital anomalies (SCAs) by
whole-exome sequencing (WES). BMC Med Genomics. 2018;11(1):93.
Dougherty GW, Loges NT, Klinkenbusch JA, et al. DNAH11
localization in the proximal region of respiratory cilia defines distinct
outer dynein arm complexes. Am J Respir Cell Mol Biol. 2016;55(2):
213-224.

Karczewski KJ, Francioli LC, Tiao G, et al The mutational constraint
spectrum quantified from variation in 141,456 humans. Nature.
2020;581(7809):434-443.

Boon M, Wallmeier J, Ma L, et al. MCIDAS mutations result in a
mucociliary clearance disorder with reduced generation of multiple
motile cilia. Nat Commun. 2014;5:4418.

Wallmeier J, Al-Mutairi DA, Chen C-T, et al. Mutations in CCNO
result in congenital mucociliary clearance disorder with reduced
generation of multiple motile cilia. Nature Genet. 2014;46(6):
646-651.

Kurkowiak M, Zietkiewicz E, Witt M. Recent advances in primary
ciliary dyskinesia genetics. J Med Genet. 2015;52(1):1-9.

Fassad MR, Patel MP, Shoemark A, et al. Clinical utility of NGS
diagnosis and disease stratification in a multiethnic primary ciliary
dyskinesia cohort. J Med Genet. 2020;57(5):322-330.

Gileles-Hillel A, Mor-Shaked H, Shoseyov D, et al. Whole-exome
sequencing accuracy in the diagnosis of primary ciliary dyskinesia.
ERJ Open Res. 2020;6(4):00213.

Shamseldin HE, Al Mogarri |, Algwaiee MM, et al. An exome-first
approach to aid in the diagnosis of primary ciliary dyskinesia. Hum
Genet. 2020;139(10):1273-1283.

Marshall CR, Scherer SW, Zariwala MA, et al. Whole-exome
sequencing and targeted copy number analysis in primary ciliary
dyskinesia. G3. 2015;5(8):1775-1781.

Belkadi A, Bolze A, Itan Y, et al. Whole-genome sequencing is more
powerful than whole-exome sequencing for detecting exome
variants. Proc Natl Acad Sci. 2015;112(17):5473-5478.

Kingsmore SF, Cakici JA, Clark MM, et al. A randomized, controlled
trial of the analytic and diagnostic performance of singleton and trio,
rapid genome and exome sequencing in ill infants. Am J Hum Genet.
2019;8(3):216.

Halbeisen FS, Pedersen ESL, Goutaki M, et al. Lung function from
school age to adulthood in primary ciliary dyskinesia. Eur Respir J.
2022;60(4):2101918.

Kuehni CE, Frischer T, Strippoli MPF, et al. Factors influencing age at
diagnosis of primary ciliary dyskinesia in European children. Eur
Respir J. 2010;36(6):1248-1258.

Nogee LM, Ryan RM. Genetic testing for neonatal respiratory
disease. Children. 2021;8(3).


https://omim.org/
https://panelapp.genomicsengland.co.uk/panels/178/
https://panelapp.genomicsengland.co.uk/panels/178/
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf
https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-classification-v4-01-2020.pdf

3332
32 | wi LEY—=5

64.

65.

66.

67.
68.

69.

70.

71.

72.

BLACK ET AL.

Machogu E, Gaston B. Respiratory distress in the newborn with
primary ciliary dyskinesia. Children. 2021;8(2).

French CE, Delon I, Dolling H, et al. Whole genome sequencing
reveals that genetic conditions are frequent in intensively ill children.
Intensive Care Med. 2019;45(5):627-636.

Krantz ID, Medne L, Weatherly JM, et al. Effect of whole-genome
sequencing on the clinical management of acutely ill infants with
suspected genetic disease: a randomized clinical trial. JAMA Pediatr.
2021;175(12):1218-1226.

Farnaes L, Hildreth A, Sweeney NM, et al. Rapid whole-genome
sequencing decreases infant morbidity and cost of hospitalization.
NPJ Genom Med. 2018;3:10.

Petrikin JE, Cakici JA, Clark MM, et al. The NSIGHT1-randomized
controlled trial: rapid whole-genome sequencing for accelerated
etiologic diagnosis in critically ill infants. NPJ Genom Med. 2018;3:6.
Khalturina EO, Degtyareva ND, Bairashevskaia AV, Mulenkova AV,
Degtyareva AV. Modern diagnostic capabilities of neonatal screen-
ing for primary immunodeficiencies in newborns. Clin Exp Pediatr.
2021;64(10):504-510.

Bousfiha A, Moundir A, Tangye SG, et al. The 2022 update of 1UIS
phenotypical classification for human inborn errors of immunity.
J Clin Immunol. 2022;42(7):1508-1520.

Platt CD, Zaman F, Bainter W, et al. Efficacy and economics of
targeted panel versus whole-exome sequencing in 878 patients with
suspected primary immunodeficiency. J Allergy Clin Immunol.
2021;147(2):723-726.

Shoemark A, Rubbo B, Legendre M, et al. Topological data analysis
reveals genotype-phenotype relationships in primary ciliary dyskine-
sia. Eur Respir J. 2021;58(2):2002359.

73.

74.

75.

76.

Raidt J, Maitre B, Pennekamp P, et al. The disease-specific clinical
trial network for primary ciliary dyskinesia: PCD-CTN. ERJ Open Res.
2022;8(3):00139.

ReCode Therapeutics. (2024, January 3) ReCode therapeutics doses
first patient in phase 1 clinical study of novel mRNA-based therapt for
the treatment of primary ciliary dyskinesia [Press Release]. https://
recodetx.com/recode-therapeutics-doses-first-patient-in-phase-1-
clinical-study-of-novel-mrna-based-therapy-for-the-treatment-of-
primary-ciliary-dyskinesia/

The Clinical and Functional TRanslation of CFTR (CFTR2). Welcome to
CFTR2|CFTR2 [internet]. Accessed June 26, 2024]. https://cftr2.org/
Mani R, Gomes M, Gonzalez AR, et al. Development and First Results
of the BEAT-PCD International Primary Ciliary Dyskinesia Gene Variant
Database: CiliaVar. Paediatric Respiratory Epidemiology. European
Respiratory Society; 2021;58(suppl 65):PA3458.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Black HA, Proce SMd, Campos JL,
et al. Whole genome sequencing enhances molecular
diagnosis of primary ciliary dyskinesia. Pediatr Pulmonol.
2024;59:3322-3332. doi:10.1002/ppul.27200


https://recodetx.com/recode-therapeutics-doses-first-patient-in-phase-1-clinical-study-of-novel-mrna-based-therapy-for-the-treatment-of-primary-ciliary-dyskinesia/
https://recodetx.com/recode-therapeutics-doses-first-patient-in-phase-1-clinical-study-of-novel-mrna-based-therapy-for-the-treatment-of-primary-ciliary-dyskinesia/
https://recodetx.com/recode-therapeutics-doses-first-patient-in-phase-1-clinical-study-of-novel-mrna-based-therapy-for-the-treatment-of-primary-ciliary-dyskinesia/
https://recodetx.com/recode-therapeutics-doses-first-patient-in-phase-1-clinical-study-of-novel-mrna-based-therapy-for-the-treatment-of-primary-ciliary-dyskinesia/
https://cftr2.org/
https://doi.org/10.1002/ppul.27200

	Whole genome sequencing enhances molecular diagnosis of primary ciliary dyskinesia
	1 INTRODUCTION
	2 MATERIALS AND METHODS
	2.1 Patient cohort
	2.2 Whole genome sequencing
	2.3 Gene panel, data analysis, and variant classification
	2.4 Modeling of whole exome sequencing data
	2.5 Homology modelling of DNAH11 and location of missense variants

	3 RESULTS
	4 DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




