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SUMMARY

Pathogenic variants in KIAAO586/TALPID3 are associated with the ciliopathy Joubert syndrome (JS). We
report individuals with KIAA0586/TALPID3 variants affected by primary and motile cilia defects leading to
JS and chronic destructive airway disease. DNA variants were detected in three families by sequencing. In
two unrelated families, a deep-intronic variant (KIAA0586/TALPID3:c.3990 + 3186G>A) activated a cryptic
exon. We performed histological and functional analyses in native and air-liquid interface (ALI) cultured res-
piratory cells. Primary cilia lengths were measured in patient-derived fibroblasts. Our data associate
KIAA0586/TALPID3 variants with a syndrome combining JS and chronic destructive airway disease, reduced
number of motile cilia, disorganized basal body location, and ciliary clearance malfunction. Additionally, pa-
tient-derived cell lines showed primary cilia defects. Disease causing KIAA0586/TALPID3 variants, including
a deep-intronic sequence variant, were associated with primary and motile cilia defects in JS patients. The
combination of JS and respiratory symptoms should be considered indicative for KIAA0O586/TALPID3
sequence alterations.

INTRODUCTION

Joubert syndrome (JS, OMIM #616490) is a rare genetic and
developmental disorder often diagnosed by a developmental
defect of the cerebellum and the brainstem, the so called “molar
tooth sign” (MTS), detectable by cerebral magnetic resonance
imaging (MRI)." Genetic heterogeneity in JS-associated genes
and a broad range of clinical phenotypic findings (e.g., apnea,
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ataxia, coloboma, developmental disorder, epilepsy, MTS and
other brain anomalies, oculomotor apraxia, polydactyly, and ta-
chypnea) complicates the diagnosis and treatment.”®
JS-associated variants are nearly always inherited in an auto-
somal recessive fashion. The JS gene products are relevant for
ciliogenesis and function of primary cilia, elongated cellular pro-
trusions present on the surface of almost every cell of the human
body. Primary cilia nucleate from basal bodies and contain a
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microtubule-based axoneme,®” structures that regulate multiple
signaling processes in proliferation and development.®~'° Similar
structural elements are also found in motile cilia. Nevertheless,
JS has not been clearly associated with motile cilia dysfunction
in the lung of human patients.'" Motile cilia are present as a sin-
gle rotating monocilium or as multiple bundles to disturb fluids or
generate fluid flows. Multiciliated epithelial cells cover the upper
and lower airways. '~ '* Impairment of the generation and differ-
entiation of the respiratory epithelium can result in reduced
numbers of multiple motile cilia, defective airway clearance func-
tion, and motile ciliopathy symptoms of chronic wet cough, rhi-
nosinusitis, otitis media, recurrent pneumonia and/or bronchiec-
tasis and atelectasis.'* '°

KIAA0586/TALPID3 plays an important role in centrosomal
migration and primary cilia formation and function.'®~'® Biallelic
pathogenic variants in KIAA0586/TALPID3 were associated
with JS phenotypes.’® While isolated respiratory symptoms
have been reported for KIAA0586/TAPLID3-affected patients,”®
in this study we describe an overlapping syndrome, combining
both primary and motile ciliopathies in human.

RESULTS

Pathogenic KIAA0586/TALPID3 variants include deep-
intronic sequence alterations

Clinical symptoms of four patients from three unrelated families
not only included classical JS symptoms, but also severe
chronic destructive airway disease. Based on the phenotypic
similarities, we hypothesized to identify similar disease-associ-
ated sequence alterations in the genome of these patients.
Indeed, our analyses revealed biallelic variants in KIAA0586/
TALPID3 in all affected patients, three of which carried an un-
known type of KIAA0586/TALPID3 variant located deep in intron
28 (Figure 1).

In the family 1, routine panel diagnostics revealed a heterozy-
gous variant in KIAA0O586/TALPID3:c.[2353C>T],[ = ]; p.Arg785*
(NM_001329943.3) (Figure 1), which was verified in the index pa-
tient, his affected sister and the father using Sanger sequencing.
The sequence alteration ¢.2353C>T; p.Arg785* was previously
described as a likely-pathogenic variant.”! Indications for copy
number variations on the second allele were not identified. At
this point of the analyses a second variant in KIAA0586/TALPID3
was missing.

In the family 2, whole exome sequencing (WES) analysis
of the index patient revealed only a single heterozygous
likely-pathogenic variant KIAA0586/TALPID3:c.[1287delAl,[ = ];
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p.Val430* (NM_001329943.3) (Figure 1). The father was a carrier
of this variant. Again, a second variant in KIAAO586/TALPID3
was missing.

Consequently, gene diagnostic analyses in the family 1 and
the family 2 did not explain the JS phenotype in the affected chil-
dren, only revealing a single heterozygous nonsense variant in
the KIAA0586/TALPID3 gene. We therefore hypothesized that
the missing variant on the second allele occurred in a deep-in-
tronic region of the KIAA0586/TALPID3 gene. As deep-intronic
variants may interfere with proper splicing of the effected gene
transcript, we used a fibroblast cell line derived from the index
patient (IL.I) of the family 1 and performed RT-PCR analyses.
Comparing the KIAA0586/TALPID3 transcript between patient-
derived cells and healthy unrelated controls revealed an addi-
tional splice product with an increased fragment size generated
between exons 26 and 28. This larger splice product was only
detectable in the patient (Figure 1B, right) and indicated that a
cryptic exon was included into the transcript, likely derived
from intron 26 or 27. The additional splice product was
sequenced and revealed 132 base pairs originating from deep-
intronic parts of intron 26 in the KIAA0586/TALPID3 gene.
Targeted sequencing of the genomic region flanking the
cryptic exon revealed the following deep-intronic variant in
the index patient: KIAA0586/TALPID3:c.[3990 + 3186G>A],[=]
(NM_001329943.3) (Figure 1). The variant is designated as
rs571973649 and has been documented in GnomAD in 26 cases
in a heterozygous state (SNV; 14-58495461-G-A (GRCh38)). The
26 cases primarily originated from Europe (non-Finnish) and the
allele frequency was 0.0001712. The variant was not described
in a homozygous state. So far, there are no reported clinical sig-
nificances associated with this variant.

We found, that this deep-intronic base change from guanine to
adenine generates the 5-mer motif CTRAY, which resembles
highly conserved branchpoint (BP) sequences in humans.?” The
bioinformatic analysis programs ESEFinder 3.0 (http://krainer01.
cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home) calc-
ulated an increase in the BP score from 0.17 (without the variant)
to 5.36 (with the variant). This finding was confirmed by applying
SVM-BPfinder (http://regulatorygenomics.upf.edu/Software/
SVM_BP)).

The deep-intronic sequence variant KIAA0586/TALPID3:
€.[3990 + 3186G>A]; [=] (NM_001329943.3) activated a cryptic
exon encoding 14 KIAA0586/TALPID3-unrelated amino acids
followed by a premature termination codon at position 15 within
the cryptic exon. The deep-intronic variant was detected in both
JS-affected children of the family 1 and was inherited from the

Figure 1. Segregation analyses of KIAA0586/TALPID3-affected families

(A) llustration of genetic variants identified in KIAA0586/TALPID3 (NM_001329943.3; Chr. 14923.1; 58,427,385-58,551,297; GRCh38:CM000676.2). Below the
chromosome diagram, the KIAA0586/TALPID3 gene is shown as a schematic drawing (light gray bar). The black marking above KIAA0586/TALPID3 represent
unaltered exons, while exons with variants are highlighted in green. The blue marking shows the cryptic exon in intron 26. Variants are depicted in red.

(B) RT-PCR analyses comparing the patient-derived fibroblast cell line (family 1, index patient [II.I]) with control fibroblasts. The coding region of exon 14 through
20 and exon 22 through 28 were amplified. Induced by the deep-intronic variant KIAA0586/TALPID3:c.(3990 + 3186G>A), the cryptic exon was spliced into the

transcript and detected as an additional fragment (marked by a red asterisk).

(C) Pedigrees and electropherograms of Sanger sequencing results of three families carrying likely-pathogenic KIAA0586/TALPID3-variants (NM_001329943.3).
The following variants cosegregated within families: family 1 ¢.[2353C>T]; ¢.[3990 + 3186G>A], family 2 c.[1287delA]; ¢.[3990 + 3186G>A], and family 3
c.[3785delT]; c.[3785delT]. NTC, non-template control; ref. seq., reference sequence; int, intron; ex, exon; BP, branchpoint; SAS, splice acceptor site; SDS, splice

donor site.
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Table 1. Overview of KIAA0O586/TALPID3 variants identified in this study

Family 1 (L.l and IL.II) het.

Family 2 (Il.1) het. Family 3 (Il.I) hom.

NM_001329943.3 c.2353C>T €.3990 + 3186G>A c.1287delA c.3990 + 3186G>A c.3785delT
p.Arg785* p.? p.Val430* p.? p.Leu1262*
NM_001244189.2 c.2512C>T c.4149 + 3186G>A c.1446delA c.4149 + 3186G>A c.3944delT
p.Arg838* p.? p.Val483* p.? p.Leu1315*
genomic location chr14:58,467,833 chr14:58,495,461 chr14:58,456,735 chr14:58,495,461 chr14:58,490,167
(GRCh38/hg38)
GnomAD 14-58467833-C-T pathogenic 14-58495461-G-A not found 14-58495461-G-A not found
af: 1.80e-5 SNV af: 1.71e-4 SNV af: 1.71e-4
clinVar VariationID: 418265 not found not found not found not found
Accession: VCV000418265.12
pathogenic
HGMD (public) CM1510289 not found not found not found not found
Missense/nonsense
JS

The nomenclature of the variants refers to the MANE (matched annotation from NCBI and EMBL-EBI)-representative transcript (NM_001329943.3)
and, additionally, to the transcript frequently used in KIAA0586 citations (NM_001244189.2). af, allele frequency; het., heterozygous; hom.,

homozygous.

unaffected mother (Figure 1C). Together with the heterozygous
stop variant on the second allele, the deep-intronic base change
explained the disease in the patients from family 1.

Significantly, targeted Sanger sequencing of the deep-intronic
region in the family 2 revealed the same variant KIAA0586/
TALPID3:c.[3990 + 3186G>A]; [=] (NM_001329943.3) in the in-
dex and the mother (Figure 1C). The combination of the single
base pair deletion on one allele with the deep-intronic alteration
on the second allele explained the disease symptoms of the in-
dex patient from family 2. A skin biopsy to culture patient-derived
fibroblasts of the affected child of the family 2 was not available
to the study.

WES analysis for patients of family 1 and 2 did not identify any
other potential candidate variants in genes associated with cilia,
PCD (primary ciliary dyskinesia), or JS.

In summary, our genetic data (branch point leading to cryptic
exon activation; sequence change detected in several individ-
uals with the same disease) support that the deep-intronic
variant can be considered likely-pathogenic.

Patient (Il.I) of family 3 was also found to carry variants in
KIAA0586/TALPID3. WES analysis revealed the homozygous
nonsense variant KIAA0O586/TALPID3:c.[3785delT]; p.Leu1262*
(NM_001329943.3) (Figure 1). No other candidate variant was
found. Sanger sequencing confirmed the variant in the patient
and identified the parents as heterozygous carriers.

For summary of all KIAA0586/TALPID3 variants identified in
the three families described in this study see Table 1.

Detailed clinical findings of KIAA0O586/TALPID3-
affected individuals
All individuals carry biallelic pathogenic KIAA0586/TALPID3 var-
iants and were diagnosed with chronic destructive airway dis-
ease in combination with JS symptoms.

The index patient (I.I) of the family 1 was born to unrelated
healthy parents. He presented with neonatal respiratory
distress. The diagnosis of JS was confirmed by MRI showing
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the typical MTS with an abnormally deep interpeduncular fossa
and elongated, thick superior cerebellar peduncles (Figure 2A).
Additionally, the index patient was diagnosed with epilepsy,
chronic disease of the airways and a central respiratory regula-
tion disorder typical for JS. Nasal nitric oxide (nNO) production
rate was 51 nL/min (Table S1). The second child (ll.ll) from the
family 1 also presented with respiratory distress after birth and
was diagnosed with developmental delay including a respira-
tory regulation disorder (Table S1). The suspicion of JS was
confirmed also by MRI, which detected the characteristic
MTS (Figure 2A). Since birth, she suffers from chronic respira-
tory problems with recurrent bronchitis and persistent
segmental lung atelectasis/dystelectasis as documented by
MRI of the lungs (Figure 2B). The nNO production rate was
13 nl/min. Thus, both individuals show typical symptoms
(neonatal respiratory distress, chronic disease of the airways)
and findings (low nNO production rates below 77 nL/min)
consistent with a respiratory ciliopathy.?*

The patient (11.1) of family 2 has previously been described as a
case report with orofacialdigital-like (OFD-like) syndrome in
combination with symptoms of a chronic respiratory disease
without genetic diagnosis.?* The affected girl was born to unre-
lated healthy parents. She was reported with polydactyly, high
arched palate, tongue hamartomas and dysmorphic face
(Table S1). MRI showed slightly enlarged ventricles®* and re-
evaluation of the MRI findings identified the typical MTS consis-
tent with JS (Figure 2A). The patient also reported neonatal res-
piratory distress and suffers from severe respiratory symptoms
with upper and lower airway infections since birth. Computed to-
mography (CT) scans revealed atelectasis with suspicion of
pneumonia postpartum and bronchiectasis®* (Figure 2B). Sten-
ram et al. already performed nasal and bronchial biopsies to
analyze cilia of the affected girl. Transmission electron micro-
scopy (TEM) data indicated a multiciliogenesis defect because
of sparse number of cilia and mis-localized basal bodies respon-
sible for the respiratory ciliopathy.””
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Family 1 (I1.11)

Figure 2. KIAA0586/TALPID3-affected individuals show JS-typical findings and destructive airway disease

(A) Cranial MRI of all affected individuals showed a molar tooth sign (MTS) (blue arrow). Transversal MRI panels show elongated superior cerebellar peduncles
(blue arrow) as well as deepened interpeduncular fossa. Furthermore, patient (11.) of family 3 additionally was affected by a left media infarct with secondary left-
sided brain atrophy (yellow arrow). Midline saggital MRI panels illustrate dysplasia of the cerebellum (red arrow) (cerebellar vermis hypoplasia).

(B) MRl of the thorax of patient (Il.Il) of family 1 revealed middle and lower lobe dystelectasis (orange star). Chest CT of (Il.I) of family 2 depicts bronchiectasis as
well as mucous plugging (orange star). X-ray of the lungs of patient (Il.I) of the family 3 documented chronic middle lobe dystelectasis (orange star).

The affected child (Il.I) of the family 3 also presented with dys-
morphic features such as polydactyly, neonatal respiratory
distress and cerebral stroke (Table S1). MRI revealed cerebral
arteria media infarction (left) with left sided atrophy (Figure 2A)
and the MTS consistent with JS (Figure 2A). He also has a
chronic disease of the airways since birth including chronic rhi-
nosinusitis, chronic otitis media, chronic wet cough and bron-
chitis, recurrent pneumonia, chronic atelectasis of the middle
lobe (Figure 2B) and repeatedly low nNO production rates (2
and 4 nL/min) also consistent with a respiratory ciliopathy.

Respiratory epithelial cells demonstrate defects in the
generation of multiple motile cilia
Because we suspected in all affected patients a chronic respira-
tory ciliopathy, we analyzed patient-derived nasal multiciliated
respiratory cells by TEM. For this purpose different material
was used including native nasal respiratory cells directly after
nasal brush biopsy and respiratory cells after cell culture.

The TEM analyses were carried out with differently handled
nasal brush material of the KIAA0586/TALPID3-affected individ-
uals: We used ALI-cultured cells from the first child (11.I) of family

iScience 28, 111670, February 21, 2025 5
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Figure 3. Transmission electron microscopy (TEM) of KIAA0586/TALPID3-affected respiratory epithelial cells revealed a defect in the
generation of multiple motile cilia including reduced numbers of motile cilia, mis-localized basal bodies and bulbous ciliary tips in all four

analyzed individuals

Respiratory epithelial cells were obtained by a nasal brush biopsy from a healthy control and affected individuals and subsequently analyzed by TEM (family 1 [IL.1]
TEM analyses after ALI; family 1 [IL1[] and family 2 [Il.I] TEM analysis directly after nasal brushing, family 3 [Il.I] TEM analysis after spheroid cell culture). TEM
pictures of the affected show a reduced number of multiple motile cilia, mis-localized basal bodies within the cytoplasm and cilia with bulbous tips. Scale bars

represent as noted.

1, respiratory epithelial cells directly after brushing from the
affected sibling (Il.Il; family 1) and also a spheroid cell culture
of the affected child (ll.I) of family 3. All TEM analyses revealed
severely reduced numbers of cilia (Figure 3) for all patients. We
also observed that the sparsely formed cilia showed structural
abnormalities, like bulbous tips containing disorganized microtu-

6 iScience 28, 111670, February 21, 2025

bules (Figure 3). Electron tomography illustrated this finding for
(IL1) of family 1 (Figure S1). In addition, the number of basal
bodies per cell appeared to be unaltered, but several of the basal
bodies were mis-localized within the cytoplasm (Figures 3 and
S2). Based on this finding, we re-analyzed the TEM data of pa-
tient (I.1) of family 2 in detail. Indeed, we were able to find the
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structural changes of the ciliary tip as well as the reported abnor-
malities of the basal bodies (Figures 3 and S2). In conclusion,
variants in KIAAO586/TALPID3 can lead to severe defects in
the generation of multiple matile cilia including reduced numbers
of motile cilia per cell, mis-localized basal bodies, and bulbous
ciliary tips. These findings are consistent with a defect also
referred to as reduced generation of multiple motile cilia
(RGMC)."®

Because some RGMC disorders also result in defects of the
differentiation of the airway cells, we performed immunofluores-
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Figure 4. KIAA0586/TALPID3-affected res-
piratory epithelial cells cultured under ALI-
conditions showed reduced number of
beating cilia not sufficient to maintain mu-
cociliary clearance in vitro

(A) After full differentiation, ALl-cultures were
stained with antibodies directed against acety-
lated alpha-tubulin (acet tub; green) to mark the
ciliary axoneme. Nuclei were stained with Hoechst
(blue).

(B) Left graph: CBF was measured and within
normal range for all tested individuals (control:
12 Hz + 1 Hz; family 1 [ILI]: 11 Hz + 7 Hz; family 1
[I.1]: 10 Hz + 3 Hz). Right graph: the calculated
active area reflecting ciliary beat movement was
markedly reduced in ALI-cultures of the affected
individuals (control: 47% =+ 13%; family 1 [ILI]:
1% = 1%; family 1 [ILII]: 1% + 1%).

(C) Statistical analyses of three independent par-
ticle tracking experiments per individual revealed
reduced speed of transported particles for
KIAA0586/TALPID3-affected ALl-cultures (con-
trol: 86 pm/s; family 1 [ILI]: 5 um/s; family 1 [IL1]:
4 um/s).

(D) Particle tracking videos given as z stack pro-
jections are exemplary shown per individual.
Scale bars in (D) represent 100 pm.

1004 ¢

——
cence (IF) stainings of cryo-sections of
* ALl-cultures. Multiciliated respiratory
>0 cells were analyzed using anti-acetylated
alpha-tubulin antibody to label ciliary
0 cte goo axonemes. Indeed, ALl-cultures derived
- from both patients of family 1 showed a
SRR reduced number of multiciliated cells.

QO N
SEPN\ N Bundles of axonemes were only occa-
sionally detected (Figure 4). In addition,
we noticed a reduced cell layer thickness
in KIAA0586/TALPID3-deficient ALI-cul-
tures (Figure 4A) indicating a defect in
proliferation and differentiation of the res-
piratory epithelium.

Next, we asked whether the structural
abnormalities identified in the KIAA0586/
TALPID3 patient-derived respiratory cells
indeed result in abnormal ciliary beating.
To answer this question we performed
high-speed video micoscopy analyses
(HSVM) of respiratory cells originating
from ALI-cultures of a control and patients (II.1) and (11.11) of family
1 (Videos S1, S2, and S3; spheroid cells of a control and patient
(IL.1) of family 3: Videos S4 and S5). HSVM, revealed few and stiffly
beating cilia (@analyses of the ALI-cultures of patients [Il.I[]and [II.11]
of family 1 showed that the average ciliary beat frequency [CBF]
was within normal lower ranges) (Figure 4B). Next we asked
whether the residual cilia of KIAA0O586/TALPID3 patient-derived
cells are able to generate fluid flows along their surfaces in order
to assess ciliary clearance capacity. Analyses of the ALI-cultures
of the affected individuals showed reduced active areas in
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Figure 5. Primary cilia length measurement
(A) Images of primary cilia from patient-derived
fibroblasts in comparison to two unrelated healthy
controls. The axonemes are shown in magenta
(detyrosinated tubulin), basal bodies in green
(y-tubulin). Primary cilia of the patient (Il.1 and Il.1I)
of family 1 showed normal basal bodies and
shortend axonemes.

(B) The length of primary cilia from patient-derived
fibroblasts and from unrelated controls were
quantified. In total 750 cilia per cell line were
measured in three independent experiments (250
cilia per experiment). The median of the box blots
showed 2.6 um in controls and 1.4 um and 1.5 um

ns ns

o

comparison to healthy control cultures (Figure 4B). This sug-
gested an impaired ability to maintain ciliary clearance in
KIAA0586/TALPID3-affected cells. Indeed, particle tracking
experiments using fluorescent-labeled beads in KIAA0586/
TALPID3-deficient ALI-cultures demonstrated that the affected
respiratory epithelial cells were unable to propel fluid along their
epithelia. In contrast, the healthy control showed a directed fluid
movement (Figures 4C and 4D; Videos S6, S7, and S8). In sum-
mary, our findings demonstrate a defect in the generation of mul-
tiple motile cilia including reduced numbers of motile cilia, mis-
localized basal bodies and bulbous ciliary tips in individuals
with KIAA0586/TALPID3 variants studied herein. The few resid-
ual cilia are unable to provide adequate ciliary clearance of the
airway surface explaining the severe respiratory phenotype of
the affected individuals.

Primary cilia length is reduced in patients with biallelic
KIAA0586/TALPID3 variants

JS was previously described as a defect of primary cilia, the type
of cilia that is present on almost all cell types including neuronal
cells. To verify whether the KIAA0586/TALPID variants lead to pri-
mary cilia defects, we analyzed patient-derived fibroblasts cell
lines. We included cell lines derived from patient (11.I) and (11.1)
(Figure 5) of family 1 that carried the novel deep-intronic variant
KIAA0586/TALPID3:¢.3990 + 3186G>A (NM_001329943.3) in
combination with the nonsense mutation ¢.2353C>T. The pa-
tient-derived cell lines showed significantly shortened ciliary ax-
onemes consistent with a defect in primary cilia formation and/or
maintenance.

DISCUSSION

Patients with ciliary dysfunction often suffer from combinations
of different symptoms. Well-described examples are the
Bardet-Biedl syndrome and JS, which are predominantly associ-
ated with defects of the primary cilium,*?° frequently leading to
renal disorders, retinopathies, skeletal malformations, and
anomalies of the brain.?**®?” |n contrast, phenotypes of PCD
or RGMC are associated with defects in motile cilia.'*'%%282°
Indeed, ciliopathies constitute a considerable burden to patients
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applying Kruskal-Wallis statistical test. Scale bars:
5 um, 1 um for inset; ***: p value < 0.0001; ns: not
significant.

and families, and novel therapeutic approaches are urgently
needed.

Herein, we report four patients from three unrelated families
affected by pathogenic KIAA0586/TALPID3 variants. Clinical di-
agnoses included JS-characteristic findings in addition to severe
lung disease. Standard gene diagnostic testing did not identify
the genetic cause of the clinical diagnoses, either due to an un-
detected deep-intronic variant, or due to the analysis of a limited
gene panel focused on a subset of the syndromic features. Our
data imply that patients with extended syndromic features will
benefit from broad diagnostic analyses such as whole genome
sequencing.

KIAA0586/TALPID3 is one of the known genes whose muta-
tions can lead to JS.*?® Pathogenic variants in this gene previ-
ously were associated with severe defects of primary cilia.'®*°
KIAA0586/TALPIDS interacts with several ciliary proteins and lo-
calizes to the distal end of the centrioles.”’*'*® Loss of func-
tional KIAA0586/TALPID3 prevented the dissociation of centrio-
lar proteins involved in distal appendage assembly, centriole
maturation, and primary cilia formation.®>***% In kiaa0586/
talpid3 animal models, defects of motile cilia were previously re-
ported to lead to a failure of centrosomal migration in ependymal
cells (chicken), loss of motile cilia in the floorplate of the neural
tube (chicken) and length of motile cilia in Kupffer’s vesicle (ze-
brafish).'”2%3%40 This study associates pathogenic KIAA0586/
TALPID3 variants with motile cilia defects in the lung of human
patients.

Here, we demonstrate that human motile respiratory cilia
are also affected by KIAA0586/TALPID3 variants. Failure of
adequate ciliary airway clearance was found in KIAA0586/
TALPID3-affected individuals and associated with chronic upper
and lower airway infections. Recurrent middle ear infections,
bronchiectasis, and atelectasis are typical phenotypes of motile
ciliopathies.'® Indeed, the reduced number of respiratory motile
cilia fits into the RGMC-disease group rather than into the clas-
sical PCD disease group.'?~'°?% Unlike in MCIDAS- and CCNO-
affected respiratory cells from RGMC patients, the number of
basal bodies seemed to be normal but mis-localized within the
cytoplasm in KIAA0586/TALPID3-affected multiciliated cells
(Figures 3 and S2).">'® This is consistent with a defect in
basal body transport to the subapical membranes as recently
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reported by Stephen et al.,*° rather than a defect in basal body

amplification presentin MCIDAS and CCNO-affected respiratory
cells. Moreover, we analyzed the centrioles by IF staining with
polyclonal anti-CEP164 antibodies (component of distal ap-
pendages) as reported for primary and motile cilia by Kobayashi
etal., Alby et al. and Stephen et al.?"** Consistent with the pre-
vious publications, CEP164 was detected in the control as well
as the KIAA0586/TALPID3-affected multiciliated cells of patient
(IL1) and (IL.11) of family 1 indicating that the assembly of CEP164
to the basal bodies is not affected. However, CEP164 was also
detected in the cytoplasm of the affected cells of (Il.I) and (l1.11),
which is consistent with a defect in basal body migration (Fig-
ure S3). In addition to the defect in the generation of multiple
motile cilia (Figure 3), we also observed a defect in proliferation
and differentiation of airway cells (Figure 4A) similar to RGMC-
affected individuals with TP73 variants.'® Nevertheless, we
cannot exclude completely that the number of basal cells or
cell culture conditions influenced the proliferation or differentia-
tion of air-liquid interface (ALI) cultures. In vitro, we found less
proliferated epithelia with a decreased number of multiciliated
cells. Furthermore, the KIAA0586/TALPID3-affected motile cilia
show bulbous tips with mis-orientated microtubules. Similar
ciliary defects were described for gene defects in TUBB4B, in
which a subset of sequence alterations was associated with
only PCD.*" Molecularly, KIAA0586/TALPID3 forms a ring like-
structure at the distal end of centrioles and localizes in spatial
proximity to the JS-associated OFD1.%*%>%% | oss-of-function
of OFD1 on the X chromosome indeed is associated with defects
in primary as well as motile cilia and leads to a combination of JS
symptoms including chronic destructive airway disease in
males.*®

Current treatment strategies of motile ciliopathies are mostly
symptomatic including a combination of inhalation, physio-
therapy, and antibiotic treatment, focusing on the amelioration
of the progression of the disease or to improve the quality of life
of the patient. Genetic heterogeneity and clinical variability puts
obstacles to targeted therapies.”® Of note, the cryptic exon,
which was generated by the deep-intronic variant, may be
treatable with small RNAs, e.g., antisense oligonucleotides
(AONs). AONs offer promising therapeutic approaches and
have been successfully applied to restore aberrant splice de-
fects in ABCA4 and CEP290, two examples of autosomal
recessively inherited genes with pathogenic deep-intronic
variants.*#*°

Ciliopathy-related deep-intronic variants were also identified
in the genes USH2A and OFD1.%°*” The interference of cryptic
exons with splicing of transcripts only recently has been recog-
nized to be a relevant factor in genetic diseases.*®*>° Deep-in-
tronic regions were not yet described to carry pathogenic vari-
ants in the gene KIAA0586/TALPID3. Notably, additional JS
patients were reported to carry only a single heterozygous path-
ogenic variant in KIAA0586/TALPID3."%°" Thus, it seems quite
conceivable that such patients carry a deep-intronic variant on
the second allele in KIAA0586/TALPID3.

Together, KIAA0586/TALPID3 variants are associated with a
combination of JS and chronic respiratory disease, likely caused
by a dual function of the protein in both, primary and motile cilia.
Deep-intronic variants in KIAA0586/TALPID3 should be consid-
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ered in the genetic diagnosis of patients and provide possible
target sites toward the development of treatment approaches,
e.g., applying small RNA-therapeutics.

Limitations of the study

We identified rare compound heterozygous variants in
KIAA0586/TALPID3 in four patients from three independent fam-
ilies affect by JS and chronic destructive airway disease. Addi-
tional patients/families and functional studies are needed to
further strengthen and fully understand the nature of this overlap-
ping syndrome. A higher number of patients is also desirable to
accurately determine the percentage of patients suffering from
both JS and respiratory disorders. It will be interesting to search
for deep-intronic alterations influencing transcript processing of
KIAA0586/TALPID3 in so far unsolved cases with only a single
heterozygous mutation detected in the coding region.

While our study provides important insights into the effects of
KIAA0586/TALPID3 mutations on primary and moatile cilia in hu-
man, there are areas of cell biology that could be explored
further. For example, it remains unclear whether the undocked
centrioles in human patients show an altered length, as shown
for animal models. Although we have gained significant findings
relevant to the clinical implications for JS patients, a more in-
depth exploration of centrosomal cell biology might open new
opportunities to improve the understanding of the KIAA0586/
Talpid3 function. Future studies might thus focus on the under-
standing of the cellular pathology associated with KIAA0586/
TALPID3 mutations.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-acetylated alpha Sigma Aldrich Cat#T6793; RRID: AB_477585

tubulin (clone 6-11B-1)

Mouse monoclonal anti-y-tubulin Abcam Cat#ab11316; RRID: AB_297920

Rabbit polyclonal anti-detyrosinated tubulin Merck Cat#AB3201; RRID: AB_177350

Rabbit polyclonal anti-CEP164 Origene Cat#AP50843PU-N; RRID: AB_11148126

Donkey anti-mouse IgG conjugated with Alexa Fluor 488
Donkey anti-rabbit IgG conjugated with Alexa Fluor 568
Donkey anti-rabbit IgG conjugated with Alexa Fluor 647

Life Technologies
Life Technologies
Life Technologies

Cat#A21202; RRID: AB_141607
Cat#A10042; RRID: AB_2534017
Cat#A31573; RRID: AB_2536183

Goat anti-mouse IgG conjugated with Alexa Fluor 488 Invitrogen Cat#A11029; RRID: AB_2534088
Goat anti-rabbit IgG conjugated with Alexa Fluor 546 Invitrogen Cat#A11035; RRID: AB_2534093
Hoechst 33342 Sigma Aldrich Cat#14533; RRID: AB_2651135
Biological samples

Patient- and unrelated control-derived this study N/A

respiratory epithelial cells

Patient- and unrelated control-derived this study N/A

primary fibroblasts

Chemicals, peptides, and recombinant proteins

DAKO fluorescence Mounting medium Dako North America Cat#S3023

Gibco™ DMEM-Ham’s F12
Exo-SAP

Gibco™ fetal bovine serum
Fluoromount-G

Thermo Fisher

New England Biolabs
Invitrogen
SouthernBiotech

Cat#11039.012
Cat#M0293S, Cat#M0371S
Cat#10270-1056
Cat#0100-20

Gibco™ Antibiotic-Antimycotic Thermo Fisher Cat#15240062
Gibco™ RPMI medium Thermo Fisher Cat#21875-034
GoTag G2 Flexi DNA Polymerase Promega Cat#M7805
HotFirePol DNA Polymerase Solis BioDyne Cat#01-02-00500
L-glutamine Biowest Cat#X0550
Minimum Essential Medium Biowest Cat#L0440-500
NU serum Becton Dickinson Cat#355504
Penicillin-Streptomycin solution Biowest Cat#L0022
PneumaCult™-ALI Medium Stemcell™ Cat#05001
Shandon Cryomatrix Frozen Embedding Medium Thermo Scientific Cat#6769006
SuperScript Il Invitrogen Cat#18080093
Critical commercial assays

BigDye® Terminator v3.1 Cycle Sequencing Kit Applied Biosystems™ Cat#4337457
Gentra Puregene kit QIAGEN Cat#158467C
Nucleospin RNA Isolation Kit Macherey & Nagel Cat#740955.50
Oligonucleotides

KIAA0586_ex26-28_F: agtcagcagtttcccagcaa Metabion N/A
KIAA0586_ex26-28_R: gctgtcagaagtgttgtggg Metabion N/A

random primer Metabion N/A
KIAA0586_ex14-16_F: tatcagggccatcgaagcac Metabion N/A
KIAA0586_ex14-16_R: ttacagggtgtggcttgctg Metabion N/A
KIAA0586_ex15-17_F: ggtcatctgattcctatggcaa Metabion N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
KIAA0586_ex15-17_R: tgcacaggaggaagagatgc Metabion N/A
KIAA0586_ex17-20_F: acccagtgtagatattgacagca Metabion N/A
KIAA0586_ex17-20_R: ttgctggactggaaagagcc Metabion N/A
KIAA0586_ex22-24_F: gctcaccttcatcacctgcet Metabion N/A
KIAA0586_ex22-24_R: gaggctgagcagggaaatcc Metabion N/A
KIAA0586_ex24-26_f: cctcacagatgccaggttct Metabion N/A
KIAAQ586_ex24-26_R: ctgaatgatagactgcttgctgg Metabion N/A

Software and algorithms
Adobe Creative Suites CS5 -
Amira software

RRID:SCR_010279

https://www.thermofisher.com/order/
catalog/product/de/de/AMIRA

Thermo Fisher Scientific

CodonCode Aligner (v.3.7.1)

Fiji-lmageJ
GraphPad Prism (version 9.5.1)

GraphPad PRISM9 (2020)

IBM SPSS Statistics (version 27)

IMOD

LAS-X

Nis-Elements Advanced Research

R

Sisson-Ammons Video Analysis (SAVA) System

CodonCode Corporation

https://imagej.nih.gov/ij/
GraphPad Software, LLC

GraphPad Software, LLC

IBM

University of Colorado Boulder
Leica

Nikon

Ammons Engineering

https://www.codoncode.com/
productsservices/aligner.htm

RRID: SCR_003070

RRID: SCR_002798
https://www.graphpad.com

RRID: SCR_002798
https://www.graphpad.com

RRID:SCR_016479
RRID:SCR_003297
RRID:SCR_013673
RRID:SCR_014329
RRID:SCR_001905

https://www.ammonsengineering.
com/SAVA.html

SnapGene software GLS Biotech RRID:SCR_015052
ZEN-blue and ZEN-black software Zeiss RRID:SCR_013672
Other

Costar Corning Transwell clear Corning Inc. Cat#3470
polyester membrane inserts

SuperFrost Plus microscope slides Thermo Scientific Cat#J1800AMNZ

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement

All experiments were carried out in accordance to the principles of the World Medical Association Declaration of Helsinki. Signed
informed consent was obtained from all individuals (affected patients and relatives) included in the study, based on protocols
approved by the local ethics committee of the Medizinische Hochschule Hannover (Nr.2576-2015), the University of Oldenburg
(2018-097), the University of Munster, and cooperating institutions. Human cells were analyzed from family 1 (ll.I male, German;
ILIl female, German), family 2 (Il.I female, Sweden) and family 3 (Il.I male, German).

Culture of respiratory epithelial cells

Nasal brush biopsies were performed to obtain respiratory epithelial cells of the middle turbinate from the affected individuals. Nasal
brushes (Engelbrecht Medicine and Laboratory technology) were subsequently rinsed in Gibco™ RPMI medium supplemented with
Gibco™ Antibiotic-Antimycotic (Thermo Fisher). The cell suspension was proceeded for cell culture. First, respiratory cells were pre-
cultured in rat-collagen coated cell culture flasks to increase cell number before proceeded to spheroid cells using Gibco™ DMEM-
Ham’s F12 (Thermo Fisher) supplemented with 10% NU serum (Becton Dickinson) or for ALI-cultures as already described.*>> For
ALl cultures, basal cells were seeded onto the rat-collagen coated membranes of Transwell inserts (Costar Corning 3470 Transwell
clear polyester membrane inserts; Corning Inc.) that fit into 24 well plates. During the proliferation phase cells were fed from the basal
and apical compartment with PneumaCult™-Ex Medium (Stemcell™). To initiate differentiation (airlift), PneumaCult™-ALI Medium
(Stemcel™) was given to the basal compartment only while the apical cell layer had direct air contact. After 30 days post airlift cells
were fully differentiated and used for follow-up techniques such as TEM, IF staining and high-speed video microscopy. ALI-cultured
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cells originated from Il.I (male) of family 1, respiratory epithelial cells were derived from Il.II (female) of family 1, and spheroid cell cul-
ture was performed from Il.I (male) of family 3.

Culture of fibroblast cells

Patient- and unrelated control-derived (male) primary fibroblasts were obtained from a skin biopsy as previously described.>” Briefly,
the skin biopsy was cut into small fragments and transferred to a sterile culture flask. After adherence of the tissue fragments, culture
medium (Minimum Essential Medium (MEM; L0440-500, Biowest) with 20% fetal bovine serum (Biowest), 1.3%-L-glutamine (Bio-
west) and 0.8% antibiotic-antimyotic solution (Biowest)) was added. The cultures were maintained at 37°C in a 5% CO2 incubator
for 5-10 days. Once fibroblasts had grown sufficiently, they were harvested and transferred to a 75 cm? flask for further expansion.
Human dermal fibroblasts were cultured at 37°C and 5% CO, in MEM (L0440-500, Biowest) supplemented with 20% fetal bovine
serum (Biowest), 1.4%-L-glutamine (Biowest) and 1% Penicillin-Streptomycin solution (Biowest). Fibroblast cells were tested for my-
coplasma contamination by PCR. Fibroblasts were cultured from patient Il.I (male) and IL.II (female) of family 1.

METHOD DETAILS

DNA extraction and genetic analysis

EDTA blood samples of available family members or cell pellets from patient-derived fibroblasts were used for molecular genetic an-
alyses. DNA samples were prepared according to manufacturer’s instructions using the Gentra Puregene kit (QIAGEN). Quantity and
quality of DNA samples were analysed using UV spectrometry (Biospectrometer). For patients of family 1 and 2 WES was performed
as described by Song et al.*® For patient (Il.1) of family 3, WES was applied as described by Altmiiller et al.>” A total of 124 JS patients,
predominantly originating from Italy and The Netherlands, were screened for the variant KIAA0586/TALPID3:c.[3990+3186G>A]
(NM_001329943.3) using Sanger sequencing.

PCR amplification and sanger sequencing

Forward and reverse primers located in regions of interest of the human KIAA0586/TALPID3 were designed using Primer Input3
(https://primer3.ut.ee). Additionally, the primer binding sites in the human genome (GRCh37/hg19) were verified for known single-
nucleotide polymorphisms (SNPs) using SNPCheck (https://secure.ngrl.org.uk/SNPCheck/). PCR amplification of target regions
was performed with 10-20 ng of genomic DNA using HotFirePol DNA Polymerase (Solis BioDyne) or GoTaq G2 Flexi DNA Polymer-
ase (Promega) according to standard protocols. For Sanger sequencing, the PCR amplicons were enzymatically purified with Exo-
SAP (New England Biolabs (NEB), Frankfurt, Germany) and sequenced using BigDye® Terminator v3.1 Cycle Sequencing Kit on
3730xI DNA Analyzer or ABI Prism 3130xl Genetic Analyzer (Applied Biosystem). Sequencing data were analysed using the
SnapGene software (GLS Biotech) or CodonCode Aligner (v.3.7.1).

TEM and 3D tomography

Respiratory epithelial cells cultured as spheroids or under ALI-conditions were fixed in 2.5% glutaraldehyde overnight at 4°C. 1%
osmium tetroxide was used to stain the sample material. Using 1,2-epoxypropan-epon mixture in aratio of 1:1 the samples incubated
overnight at 4 °C for full permeabilization. Epon-embedded samples were sectioned before transfer onto copper grids. Sections were
contrasted with uranyl acetate and For 3D tomography sections were briefly incubated with 10 nm colloidal gold particles before im-
aging. A single-tilt series was collected manually from -40° to 40° with 5° intervals and a final pixel size of 1-458 nm. The correspond-
ing 3D tomogram was aligned and reconstructed using IMOD software, rendering was done with Amira software (Thermo Fisher
Scientific).

IF staining of respiratory epithelial cells

Respiratory epithelial cells were used for IF staining. Fully differentiated ALI-cultures were first embedded in Tissue-Tek Cryomolds
(Sakura) with Thermo Scientific Shandon Cryomatrix Frozen Embedding Medium. Sectioned into 20 um longitudinal sections using
the Leica CM3050S Cryostat, sample material was transferred to Thermo Scientific SuperFrost Plus microscope slides.

IF staining was performed as reported by Wallmeier et al.'® In brief, cells were fixed with 4% paraformaldehyde (PFA), permeabi-
lized with 0.2%Triton-X (diluted in Dulbecco’s phosphate-buffered saline (PBS; GibcoTM)) before blocked with 2% bovine serum
albumin (BSA; w/v)/5% goat serum (v/v diluted in PBS) or 1% skim milk (w/v diluted in PBS). Diluted in blocking solution, the following
primary (i) and secondary (ii) antibodies were used: (i) mouse monoclonal anti-acetylated alpha tubulin clone 6-11B-1 (T6793; Sigma
Aldrich; 1:10,000) and rabbit polyclonal anti-CEP164 (AP50843PU-N; Origene; 1:100) incubated 4 h at room temperature or overnight
at 4°C as well as (i) goat anti-mouse IgG conjugated with Alexa Fluor 488 (A11029; Invitrogen; 1:1,000) and goat anti-rabbit IgG con-
jugated with Alexa Fluor 546 (A11035; Invitrogen; 1:1,000) incubated 30-60 minutes at room temperature. Nuclei were stained with
Hoechst 33342 (14533-100MG, Sigma-Aldrich) diluted 1:1,000 in PBS. Slides were finally mounted with DAKO fluorescent Mounting
medium (Dako North America). Images were taken with the Leica THUNDER Imager System and LAS-X software program or the
Zeiss Apotome Axiovert 200 microscope and ZEN-blue and ZEN-black software programs. For final image processing the Adobe
Creative Suites CS5 were used.
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High-speed video microscopy

Cultured as spheroids or under ALl-conditions, ciliary beating was analysed by high-speed video microscopy using a Basler
acA1300-200um monochrome high-speed video camera attached to the inverted phase-contrast Zeiss Axio Vert A1 microscope
as described by Raidt et al.°® In addition, the Leica THUNDER Imager System and the software program LAS-X were used. Videos
were taken at 37°C with a 40x objective lens. To determine the CBF (in Hz) as well as the active area (in %) the whole-field analysis
approach was performed using the Sisson-Ammons Video Analysis (SAVA) System (Ammons Engineering, Mt. Morris, USA). For sta-
tistical evaluation, the software program GraphPad Prism Version 9.5.1 was used.

Particle tracking experiments

Particle Tracking experiments were performed with fully differentiated ALI-cultures as described detailly by Wallmeier et a
brief, cells were washed with PBS two times before 100 pl pre-warmed PneumaCult™-ALI Medium was added to the apical compart-
ment to determine the ciliary beat frequency as well as active area as described above. Afterwards, additional 100 pl pre-warmed
PneumaCult™-ALI Medium was added to the apical compartment including 2 pm-sized fluorescent beads. Particle tracking videos
each consisting of 150 single pictures separated by 550 ms were taken with the Leica THUNDER Imager System equipped with a 10x
objective lens. The software program LAS-X and NIS-Elements Advanced Research software was used to extract AVI videos, which
were analysed employing the NIS-Elements Advanced Research software to yield position and timing information of all detected fluo-
rescent beads. Data derived from positions with greater distance than 2.5 mm to the center of the insert were removed to avoid
border effects from the boundary of the insert at a radius of 3 mm. Yielding a representative velocity value for each insert, the
data have been thoroughly analysed. Local velocity differences and imbalanced fluorescent beads distribution were thoroughly aver-
aged by the following procedure. For each identified fluorescent bead a velocity value is assigned for each of two consecutive pic-
tures. All velocity values were sorted in a regularly spaced 5x5 grid. For each cell of the grid a mean value has been calculated. The
95% confidence interval has been derived by a bootstrapping approach.’® The equally weighted mean of the 25 cells yield the ve-
locity value of the insert. The 95% confidence interval has been derived by the same bootstrapping approach as described above.
For statistical evaluation, three ALI-Inserts per individual were analysed in total (seven positions tracked three times resulting in 21
videos per Insert in total) using a customized R-script and GraphPad Prism Version 9.5.1. Z-Stack projections were created with FIJI.

l.14,23 In

RNA isolation and RT-PCR analyses

After 48 h incubation, fibroblasts were washed with ice cold PBS and lysed with 350 pl of lysis buffer RA1 (Macherey & Nagel) con-
taining 3-5 ul B-mercaptoethanol (Serva). Lysates were harvested by scraping with a pipette tip in combination with pipetting up and
down at least three times. The total RNA was purified according to the manufacturer’s manual (Nucleospin RNA Isolation Kit, Ma-
cherey & Nagel). First-strand cDNA was generated using 500 ng of RNA with random primers (Metabion) and reverse transcriptase
(SuperScript llI, Invitrogen). Reverse transcription was performed according to standard protocols. To amplify the transcript of inter-
est, 1 ul of cDNA was used. Amplification was performed using HotFire Taq Polymerase (Solis Biodyne) according to manufacturer’s
recommendations. PCR products were analysed by agarose gel electrophoresis (1 to 1.5% agarose gels in TAE buffer). Primer se-
quences are available in the key resource table.

Immunocytochemistry of fibroblast cells

For analysis fibroblast were seeded in twelve-well plates on coverslips (12 mm) in supplemented MEM and incubated for 24 h at
37 °C and 5% CO,, followed by nutrition deprivation for 48 h at 37 °C, 5% CO, in MEM without FBS, but containing 1.25%
Penicillin-Streptomycin solution and 1.75% L-glutamine. After 48 h incubation, cells were fixed with 4% PFA (Carl Roth) and
blocked in PBS containing 2.5% BSA (fraction V, Carl Roth) and 0.1% Tween-20 (AppliChem). Immunocytochemistry staining
was performed with primary antibodies raised against detyrosinated tubulin (AB3201; Merck; 1:1000; rabbit polyclonal) and
v-tubulin (ab11316; Abcam; 1:500; mouse monoclonal). Donkey anti-mouse IgG conjugated with Alexa Fluor 488 (A21202;
Life Technologies; 1:2000) and donkey anti-rabbit IgG conjugated with Alexa Fluor 568/647 (A10042/A31573; Life Technologies;
1:1000) were used as secondary antibodies. Coverslips were mounted with mounting medium containing 4’,6-Diamidin-2-phe-
nylindol (DAPI) (Fluoromount-G, SouthernBiotech). Slides were analysed with a Zeiss Axio Observer 7 microscope (Carl Zeiss)
using a 40x/0.6 Corr Ph2 M27 plan apochromat objective. All images were taken with the same illumination intensity and expo-
sure time. Image processing was conducted using ZEN 3.4 (blue edition) software (Zeiss) and Fiji-lmaged (ImagedJ 1.53c;
https://fiji.sc/).

Measurements of primary cilia

To analyse the length of the primary cilia, 250 cilia per cell line were measured in three independent experiments (in total 750 cilia
per cell line) as previously described.®® For each experiment, cells were seeded independently on different days at different pas-
sage numbers (between 6 and 12). The length of the axoneme of the primary cilia was determined using Fiji-ImageJ (segmented
line tool). Statistical analysis was performed using IBM SPSS Statistics software (version 27) and GraphPad PRISM9 (2020). Sta-
tistical significance was analysed using the non-parametric Kruskal-Wallis test. A p-value of <0.05 was regarded statistically
significant.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For Statistical analysis IBM SPSS Statistics software (version 27) and GraphPad PRISM9 (2020)/GraphPad Prism Version 9.5.1
was used. Statistical significance was analysed using the non-parametric Kruskal-Wallis test followed by multiple pairwise-compar-
isons to assess differences in the length of primary cilia in patient-derived fibroblasts compared to unrelated controls. Results were
considered statistically significant based on a p-value less than 0.05. The details can be found in the figure legends and method
details.
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