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Abstract

Primary ciliary dyskinesia (PCD) is an inherited disorder characterized by recurrent infections of
the upper and lower respiratory tract, reduced fertility in males and situs inversus in about 50% of
affected individuals (Kartagener syndrome). It is caused by motility defects in the respiratory cilia
that are responsible for airway clearance, the flagella that propel sperm cells and the nodal
monocilia that determine left-right asymmetry?. Recessive mutations that cause PCD have been
identified in genes encoding components of the outer dynein arms, radial spokes and cytoplasmic
pre-assembly factors of axonemal dyneins, but these mutations account for only about 50% of
cases of PCD. We exploited the unique properties of dog populations to positionally clone a new
PCD gene, CCDC39. We found that loss-of-function mutations in the human ortholog underlie a
substantial fraction of PCD cases with axonemal disorganization and abnormal ciliary beating.

Nat Genet. Author manuscript; available in PMC 2012 November 29.
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Functional analyses indicated that CCDC39 localizes to ciliary axonemes and is essential for
assembly of inner dynein arms and the dynein regulatory complex.
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Between December 2006 and November 2007, we examined five Old English Sheepdogs
(Bobtails aged 8-15 months and 3 littermates) suffering from chronic airway inflammation.
Radiography revealed situs inversus in one, which suggested PCD2. This was confirmed by
identifying ciliary defects in nasal and tracheal biopsies and in respiratory epithelial cell
cultures using transmission electron microscopy (TEM). We noted absent or eccentric
central pairs, occasional displacement of outer doublets, reductions in the mean number of
inner dynein arms, and abnormal radial spokes and nexin links (Fig. 1a), reminiscent of an
earlier report of PCD in Bobtails3. Pedigree analysis indicated that the parents of the five
probands traced back to the same female champion. Interviews with breeders and
veterinarians led to the identification of ten additional Bobtail litters with PCD. All parents
were descended from the same founder female. For litters with complete records, parents
were reported healthy, the proportion of affected offspring was 21 out of 65 (32%) and the
male:female ratio among cases was 9:14, which suggests autosomal recessive inheritance
(Supplementary Fig. 1). Situs inversus was confirmed in three out of nine cases examined.
A spermogram conducted on one affected male revealed oligoasthenospermia. The midpiece
was narrowed in around one-third of sperm cells and the flagellum was shortened in around
one-fifth.

We genotyped 5 cases and 15 controls with the Affymetrix v2 Canine array. We found a 15-
Mb segment of autozygosity on chromosome 34 that was shared by all cases (genome-wide
P<0.001; Fig. 1b). The shared region contained 151 genes. We mined the ciliary proteome?*
and ciliome® databases and identified ten proteins that had been discovered in at least two
independent genomic or proteomic studies of cilia enrichment. We sequenced the coding
exons and intron-exon boundaries of six of these candidates in cases and controls and
identified a stop codon (p.Arg96X) in CCDC39 (Gene ID: 488089) in the affected dogs that
was predicted to truncate 90% of the 976—amino acid CCDC39 protein (Fig. 1b). All of 10
additional cases were homozygous for the p.Arg96X alteration, all of 10 obligate carriers
were heterozygous for it and 8 of 102 randomly sampled healthy Bobtails were
heterozygous for it; we did not find the alteration in 80 healthy animals from 9 other breeds.
We sequenced CCDC39RT-PCR products from the tracheal RNA of a carrier and found a
mutant to wildtype allelic ratio of about 0.25, compatible with nonsense-mediated RNA
decay of transcripts containing the p.Arg96X alteration (Fig. 1b).

FAP59, the Chlamydomonas ortholog of CCDC39, was predicted to be essential for motile
ciliary function, as orthologs do not occur in nonciliated organisms (‘CiliaCut’) or in
Caenorhabditis elegans (‘MotileCut’)8. FAP59 was also among the top 50 of the 650
proteins that were detected by mass spectrometry in purified flagella of Chlamydomonas,
consistent with ciliary localization’. Mouse Ccdc39 was predicted to be present in cilia
because Ccdc39is strongly expressed in tissues rich in ciliated cells; Ccdc39was also
shown by /n situhybridization to be expressed in olfactory and vomeronasal sensory
neurons and the respiratory epithelium®. To extend these findings, we performed /n situ
hybridization at different stages of mouse development and identified specific expression of
Ccdc39in node cells carrying motile cilia, in upper and lower airways, and in ependymal
and choroid plexus cells, consistent with Ccdc39 having a functional role in motile cilia
(Fig. 2a). In tissue from adult humans, quantitative RT-PCR (qRT-PCR) showed
predominant expression of CCDC39in nasal brushings and, to a lesser extent, in lungs and
testes. However, this expression was systematically lower than that of other PCD genes
(expression of DNA/1> DNAIZ2> LRRC50~ C14orf104 (also called KTU) > CCDC39,
Supplementary Fig. 2a,b).

Nat Genet. Author manuscript; available in PMC 2012 November 29.
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To provide further support for the role of CCDC39 in ciliary motility, we used morpholino-
based suppression of ccdc39in zebrafish embryos. Using reciprocal BLAST, we identified
the only Danio rerio ortholog of CCDC39 (LOC555319; 53% identity and 73% similarity).
We amplified this transcript readily from embryonic complementary DNA (cDNA) as early
as the shield stage (data not shown). Injection of either a translation-blocking or a splice-
blocking morpholino at the two-cell stage caused a dose-dependent increase in heart-looping
defects at 36 hours post-fertilization (rightward or absent looping; Fig. 2b,c and
Supplementary Fig. 3) and bilateral or lack of spaw expression at the left lateral plate
mesoderm in 14 somite embryos (Fig. 2d,€). These phenotypes were likely specific, as they
were reproduced at similar frequencies by both morpholinos and were rescued by co-
injection with wildtype human CCDC39mRNA (Fig. 2d). These findings recapitulate
laterality defects seen in other PCD morphants (for example, CZ40rf104, also known as ktu,
and /rre50)°10, consistent with compromised fluid flow at the Kupffer's vesicle due to
impaired ciliary motility.

These findings prompted us to screen for mutations in unresolved human PCD cases
(Supplementary Note). We sequenced the 20 coding exons and intron-exon boundaries of
human CCDC39 (Gene ID: 339829) in 53 cases (from 50 families) with axonemal defects
reminiscent of those observed in Bobtails, that is, the absence of inner dynein arms in all
examined cilia and coexistence of axonemes with various ultrastructural defects within the
same section (Fig. 3aand Supplementary Fig. 4). This group accounts for 5-15% of PCD
cases!!. We detected 14 unambiguous loss-of-function mutations in 19 of the 50 families
(38%): four nonsense mutations, six frameshifts leading to premature stop codons and four
splice-site variants (located within 3 bp of an intron-exon boundary) (Fig. 3b and Table 1).
Notably, no nonsense or frameshift mutations in CCDC39 were reported in the latest 1000
Genomes Project data release (see URLS) for 60 sequenced individuals. Transmission of
mutations was consistent with autosomal recessive inheritance (Table 1 and
Supplementary Fig. 5). Fifteen cases (ten of whom were consanguineous) were
homozygous and five were compound heterozygous. Two cases carried only one pathogenic
allele (DCP580 and DCP481). Nasal epithelial cells were available for DCP580, allowing us
to investigate the integrity of the CCDC39 mRNA by RT-PCR. One primer pair yielded a
unique 537-bp amplicon in control subjects as well as an additional 644-bp product in
DCP580 because of a 116-bp insertion between exons 9 and 10. Sequencing of the
corresponding genomic region showed that this insertion resulted from activation of a
pseudo-exon in intron 9 (designated ywExon9). The sequence 5° of ywExon9 matches a
perfect acceptor splice site, and its 3" boundary contains a near-perfect splice donor site that
is activated by an AT>GT transition involving nucleotide ¢.1167+1261 (Supplementary
Fig. 6). This mutation (which, if translated, would lead to the frameshift alteration
p.Glu390SerfsX6) was not found in any other case. A second loss-of-function mutation has
not yet been identified for DCP481, but two previously unknown candidate variants are
worth mentioning: a missense variation involving a highly conserved residue (p.Thr594lle)
and a putative branch site variant in intron 9 (c.1168-32A>G). We also detected two rare
missense variations in the heterozygous state among the 31 remaining cases (p.Cys803Tyr
and p.Thr182Ser), but their effect on CCDC39 function is unknown.

Of the 15 unambiguous disease-causing mutations, 11 were private, whereas 4 were shared
by several families not known to be related (Table 1). Genotyping of ten microsatellites that
flank CCDC39and span ~9 Mb of the disease locus supports a founder effect for three of
the mutations and/or alterations (p.Thr358GInfsX3, p.Ser7861lefsX33 and ¢.357+1G>C).
We found the p.Glu731AsnfsX31 alteration on a shared haplotype in three families, but on a
distinct haplotype in the fourth family (DCP91), which suggests a recurrent event
(Supplementary Fig. 7).

Nat Genet. Author manuscript; available in PMC 2012 November 29.
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The PCD phenotype of individuals with recessive CCDC39 mutations is characterized by
chronic upper and lower airway infections that cause severe morbidity. Nine cases (41%)
showed situs solitus and ten cases (45%) had situs inversus, whereas three cases (14%) had
heterotaxia. Two of the cases with heterotaxia had documented polysplenia (Ivemark
syndrome; MIM208530). This is consistent with previous reports that randomization of left-
right asymmetry not only results in situs solitus or situs inversus but can also cause s/itus
ambiguous, including Ivemark syndrome!2.13, Four affected males had oligoasthenospermia.

To determine whether CCDC39 mutations underlie PCD with distinct ultrastructural defects
or heterotaxia in the absence of respiratory symptoms, we used massive parallel sequencing
to scan the 20 coding exons for mutations in 24 independent cases of PCD with absence of
inner dynein arms only (6 cases) or absence of both inner and outer dynein arms (18 cases)
without axonemal disorganization, and in 216 sporadic heterotaxia cases and 216 ethnically
matched controls from the United States (Supplementary Note). We amplified 25 ~250-bp
amplicons that spanned the 20 CCDC39 exons from DNA pools of ~20 cases or controls,
mixed and sequenced on a Roche FLX instrument. The sensitivity and specificity of a
similar protocol have been estimated at 83% and 98%, respectively (Y.M. & M.G.,
unpublished data). Contrary to PCD cases with absence of inner dynein arms and axonemal
disorganization, we detected no nonsense, frameshift or splice site variants in CCDC39in
these cohorts.

To gain insights into CCDC39 function, we analyzed its expression at the protein level. In
protein blotting, antibodies to CCDC39 recognized a band of the expected size (~110 kD) in
extracts from respiratory epithelial cells of a control subject but not of a CCDC39-deficient
individual (Supplementary Fig. 8). High-resolution immunofluorescence analysis of
respiratory cells showed predominant axonemal staining in controls (in agreement with the
mass spectrometry analyses of purified flagella of Chlamydomonas’) but not in cells
containing mutations in CCDC39 (Fig. 4).

We used immunofluorescence to characterize the effect of CCDC39 deficiency on cilia
structure. TEM analysis pointed toward defective inner dynein arms, nexin links and radial
spokes but normal outer dynein arms (Fig. 3a). Because outer dynein arm complexes (ODA
type 1 and type 2) vary along the length of ciliary axonemes and TEM cannot easily identify
incomplete or regional outer dynein arm defects®13, we used antibodies to the outer dynein
arm components DNAHS5 (type 1 and 2), DNAI2 (type 1 and 2) and DNAH9 (type 2) in five
CCDC39-deficient individuals. The localization of outer dynein arm components was
normal in CCDC39-deficient cilia (shown for DNAHS5; Fig. 5). We then analyzed inner
dynein arm components using antibodies to DNALI1. DNALIZ1, which is normally found
throughout respiratory axonemes, was completely absent from CCDC39-deficient cilia (Fig.
5). The nexin links correspond to the dynein regulatory complex (DRC)!4. Using antibodies
to GAS11 (also known as GAS8), the human ortholog of the trypanin or DRC4 subunit of
the protist DRC15-18 we found that GAS11 was localized along the whole axoneme in
controls but was confined to the cytoplasm and ciliary base in CCDC39-deficient cilia (Fig.
5). gRT-PCR and protein blot analysis showed that the levels of GAS11 transcripts and
protein were unaffected in individuals with PCD (Supplementary Fig. 9).

We investigated the effect of CCDC39 deficiency on ciliary function. Optic microscopy on
nasal or bronchial biopsies showed ciliary immotility in 17 of 22 cases with CCDC39
mutations and residual dyskinetic motility in the other 5 cases (DCP414, DCP323, DCP481,
DCP552 and OP122). High-speed videomicroscopy analyses of respiratory cells obtained by
nasal brushing biopsy (OP122) identified a beating pattern characterized by reduced
amplitude with rigid axonemes that showed fast, flickery movements, which suggests
defective beat regulation (Supplementary Videos 1 and 2). This pattern differs from that

Nat Genet. Author manuscript; available in PMC 2012 November 29.
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imparted by PCD variants (DNAH5, DNAI1, DNAIZ, LRRC50and C14orf104 (KTU)) that
cause defects in the dynein arms and enable beat generation. In these cases, the cilia appear
paralyzed but not rigid.

In summary, we have shown that CCDC39 is an axonemal protein whose absence results in
failure to correctly assemble DNALI1-containing inner dynein arm complexes, the DRC and
the radial spokes, thereby causing axonemal disorganization and dyskinetic beating. Loss-
of-function mutations in CCDC40, which encodes another axonemal protein with coiled-coil
domains, cause PCD with identical ultrastructural and biochemical defects (including ciliary
depletion of CCDC39 and GAS11)1°. Both CCDC39 and CCDC40 may be integral
components of the DRC, whose precise composition remains to be defined!4. Mutations in
the Chlamydomonas PF2 gene (which encodes the coiled-coil domain-containing DRC4
component) also cause structural defects of both the DRC and inner dynein arms, with
failure to assemble DRC components 3—7 (refs. 20-22). Therefore, as was proposed for PF2,
CCDC39could encode a protein that contributes to the stability of the DRC by interacting
with one or several DRC subunits8. Alternatively, CCDC39 could participate in the
transport of the inner dynein arms and DRC. Although the intraflagellar transport
mechanism for components located at the interior of the axonemal shaft remains poorly
understood, studies in Chlamydomonas have shown that components of the axonemal matrix
are required for positioning inner axonemal components but not the outer dynein arms23,
CCDC39, mutations of which affect the internal part of the axoneme with no apparent
deleterious effect on outer dynein arms, could therefore be involved in this process. In
support of this, several ciliary and centrosomal proteins involved in intraflagellar transport
contain SMC-like domains, as does CCDC39 (Fig. 3b). As previously suggested?4, SMC-
like domains might represent signature sequences that are recognized during these transport
processes.

We have also shown that dogs are useful for accelerating the identification of genes in which
mutations cause inherited diseases in humans. Diseases that are characterized by locus
heterogeneity in humans will almost always involve a single founder mutation in a given
dog breed, which facilitates mapping. The highly inbred structure of the domestic dog
population, combined with increasingly attentive medical care, has resulted in a long list of
breed-specific inherited conditions that advantageously complements phenotype-driven
screens in model organisms, including mice. Our results provide useful information for the
counseling of previously orphan PCD families and open possibilities for the study of new
PCD therapies in the dog model.

URLs. 1000 Genomes Project, http://www.1000genomes.org/.

METHODS

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturegenetics/.

ONLINE METHODS

Positional identification of the PCD locus in dogs

We conducted SNP geno-typing of 5 affected and 15 healthy dogs with the Affymetrix v2.0
Canine array using standard procedures. We performed autozygosity mapping with ASSIST
software2°. We conducted mutation scanning by direct Sanger sequencing of amplicons
spanning the CCDC39exons and intron-exon boundaries obtained from genomic DNA
using standard procedures and primers, provided in Supplementary Table 1. The relative
abundance of mutant versus wildtype CCDC39transcripts was measured by direct

Nat Genet. Author manuscript; available in PMC 2012 November 29.
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sequencing of RT-PCR products obtained from total RNA extracted from tracheal samples
of a heterozygous animal using standard procedures and analysis of the sequence traces
using PeakPicker?8.

Morpholino-based ccdc39 suppression and in vivo rescue assay in zebrafish

Morpholinos targeting either the translation initiation AUG (tb-MO) or the splice donor site
of D. rerio ccdc39exon 9 (sb-MO; Gene Tools) were diluted to the appropriate
concentrations using sterile, deionized water. We subsequently injected wildtype zebrafish
embryos at the 1-2-cell stage with morpholino injection cocktails (batches of 50-100
embryos; the investigator was masked to injection) and reared them at 28 °C until fixation
(14-somite embryos for RNA /n situ hybridization) or live scoring for heart looping
phenotypes at 36-h post fertilization. Embryos scored live were reared in N-phenylthiourea.
For rescue experiments, the CCDC39 open reading frame (ORF) was PCR amplified from
cDNA generated with oligo-dT—primed total RNA isolated from HEK293T cells and
subsequently cloned into the pCR8/GW/TOPO vector (Invitrogen). pCR8/GW/TOPO
vectors were then shuttled into the pCS2+ Gateway destination vector using LR clonase Il
mediated recombination (Invitrogen). Capped mRNA was in vitro transcribed from
linearized pCS2+ CCDC39 using the SP6 mMessage mMachine kit (Ambion) according to
the manufacturer's instructions and injected with sb-MO. RNA /n situ experiments were
conducted with embryos fixed in 4% (v/v) paraformaldehyde and hybridized with
digoxygenin-labeled spaw riboprobe according to standard procedures. Images were
captured at x8 magnification using a Nikon SMZ1500 stereoscope equipped with a Digital
Sight camera. For RT-PCR experiments, to show ccdc39 expression and knockdown
efficiency of the sb-MO, we extracted total RNA from whole zebrafish embryos using
Trizol (Invitrogen) primed with oligo-dT and performed reverse transcription with
SuperScriptlll reverse transcriptase (Invitrogen) to generate cDNA for subsequent PCR
amplification.

Analyses of human CCDC39

Primers for (i) PCR and sequencing of the 20 coding exons and splice junctions of CCDC39,
(i) microsatellite haplotype analysis and (iii) identification of the ¢.1167+1261A>G
mutation are available in Supplementary Table 1. For qRT-PCR analysis, 2 g of total
RNA from different human tissues (Takara Bio Europe/Clontech) were primed with 2.5 mM
of oligo-dT and then subjected to reverse transcription with the Reverse Transcriptor kit
from Roche following the manufacturer's instructions. cDNAs were amplified in the light
Cycler LC480 (Roche/Boehringer Mannheim) with the LC480 probe master mix (Roche)
using a forward primer in exon 6 and a reverse primer in exon 7. The primers used to
amplify transcripts from other PCD genes expressed in nasal brushing samples (C14orf104
(KTU), LRRC50, GAS11, DNA/Iand DNA/2) are available on request. The ubiquitously
expressed ERCC3 gene was used as an internal control.

Transmission electron microscopy

The biopsies were taken from the middle turbinate (for human tissue). The sample of nasal
mucosa was fixed in 2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer at 4 °C,
washed overnight and postfixed in 1% (v/v) osmium tetroxide. After dehydration, the
samples were embedded in a mixture of propylene oxide and epoxy resin. After
polymerization, several resin sections were cut using an ultra-microtome. The sections were
picked up onto copper grids. The sections were then stained with Reynold's lead citrate.
TEM was performed with a Philips CM10.

Nat Genet. Author manuscript; available in PMC 2012 November 29.
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In situ hybridization

We used a 1,272-bp probe mainly comprising the 3" untranslated region of Ccdc39
(NM_026222.2) that we obtained by cDNA amplification from a mouse lung cDNA library
(Marathon cDNA amplification kit, Clontech) and cloning into pBluescript. /17 situ
hybridization analyses of whole mouse embryos (E7.5-E11.5) and embryonic (E14.5 and
E16.5) and adult kidney sections were performed using a digoxigenin-labeled antisense
riboprobe derived from mouse Ccdc39 cDNA as described in a published modification?’:28,
Color reactions were extended up to 4 d to visualize the weak expression in the node.
Specimens were transferred into 80% glycerol and photographed using a Leica DC200
digital camera on a Leica M420 photo-microscope or under Nomarski optic using a Fujix
digital camera HC300Z on a Zeiss Axioplan.

Generation of GAS11-specific antibodies

Antibodies were raised against the full-length protein of GAS11 (NP_001472.1). The
corresponding cDNA fragment, which we obtained by cDNA amplification on a human
testis cDNA library (Marathon cDNA amplification kit, Clontech), was cloned into
pET-21a(+) (Novagen) and expressed as a HIS fusion protein in Escherichia coli. The
purified protein was used to immunize mice. The monoclonal antibody was affinity column
purified using protein G columns (Prochem).

Immunofluorescence analyses

Respiratory epithelial cells were obtained by nasal brush biopsy (Engelbrecht Medicine and
Laboratory Technology) and suspended in cell culture medium. Samples were spread onto
glass slides, air dried and stored at —80 °C until use. Cells were treated with 4%
paraformaldehyde, 0.2% Triton-X 100 and 1% skim milk (all percentages are v/v) before
incubation with primary (at least 3 h at room temperature (18-20 °C) or overnight at 4 °C)
and secondary (30 min at room temperature) antibodies. Appropriate controls were
performed omitting the primary antibodies. Monoclonal anti-DNALI1 antibody and
polyclonal anti-DNAHS5 antibodies were as reported®13, Polyclonal rabbit CCDC39 was
from Sigma. Polyclonal rabbit anti-a/B-tubulin was from Cell Signaling Technology, and
monoclonal mouse anti-acetylated-a-tubulin antibody and polyclonal rabbit anti-CCDC39
antibodies were from Sigma. Highly cross-adsorbed secondary antibodies (Alexa Fluor 488,
Alexa Fluor 546) were from Molecular Probes (Invitrogen). DNA was stained with Hoechst
33342 (Sigma). Immunofluorescence images were taken with a Zeiss Apotome Axiovert
200 and processed with AxioVision 4.7.2.

Immunoblotting

Protein extracts were prepared from human respiratory epithelial cell cultures as
described!3. Proteins were separated on a NUPAGE 4-12% bis-tris gel (Invitrogen) and
blotted onto a PVDF membrane (Amersham). The blot was processed for ECL plus (GE
Healthcare) detection using GAS11 (1:200), CCDC39 (1:250; Atlas Antibodies), GAPDH
(1:1,000; Santa Cruz Biotechnology), rabbit-HRP (1:3,000) and mouse-HRP (1:5,000)
antibodies (GE Healthcare).

High-speed video analyses of ciliary beat in human cells

Ciliary beat was assessed with the SAVA system (Sisson-Ammons Video Analysis of ciliary
beat frequency)29. Trans-nasal brush biopsies were rinsed in cell culture medium and
immediately viewed with an Olympus IMT-2 inverted phase-contrast microscope with a
Redlake ES-310 Turbo monochrome high-speed video camera and a x40 objective. Digital
image sampling was performed at 125 frames per second and at 640 x 480 pixel resolution.
The ciliary beat pattern was evaluated on slow motion playbacks.
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1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Page 9

Acknowledgments

This work was supported by grants from the European Union (LUPA IP) and from the Police Scientifique Fédérale
de Belgique (GENFUNC PAL) (to M.G.), from the Legs Poix from the Chancellerie des Universités, the Assistance
Publique-Hopitaux de Paris (PHRC AOMO06053, P060245) and the Agence Nationale pour la Recherche (ANR-05-
MRAR-022-01) (to S.A.), the US National Institutes of Health (HD04260, DK072301 and DK075972 (to N.K.) and
DKO079541 (to E.E.D.)) and by grants from the “Deutsche Forschungsgemeinschaft” DFG Om 6/4, GRK1104,
SFB592, and the European Community (EU-CILIA; SYS-CILIA) (to H.O.). A.C.M. is a fellow from the FRIA.
N.K. is the Jean and George W. Brumley Professor. Y.M. benefits from a postdoctoral fellowship to study abroad
from the Japanese Society for the Promotion of Science (JSPS). We thank the Bobtail breeders for assistance;
patients and their family members whose cooperation made this study possible; all referring physicians; the German
patient support group “Kartagener Syndrom und Primaere Ciliaere Dyskinesie e.V.”; K. Nakamura and the GIGA-
R genomics platform for their contribution to sequencing; E. Ostrander for samples from healthy Old English
Sheepdogs; the Unité de Recherche Clinique (URC) Est (AP-HP, Hopital Saint-Antoine, Paris, France) for support;
and A. Heer, C. Reinhard, C. Kopp, K. Sutter, M. Petry, C. Tessmer, A.-M. Vojtek and S. Franz for technical
assistance.

References

1. Zariwala MA, et al. Genetic defects in ciliary structure and function. Annu. Rev. Physiol. 2007;
69:423-450. [PubMed: 17059358]

2. Cavrenne R, et al. Primary ciliary dyskinesia and situs inversus in a young dog. Vet. Rec. 2008;
163:54-55. [PubMed: 18621999]

3. Randolph JF, Castleman WL. Immotile cilia syndrome in two Old-English sheep dog littermates. J.
Small Anim. Pract. 1984; 25:679-686.

4. Gherman A, et al. The ciliary proteome database: an integrated community resource for the genetic
and functional dissection of cilia. Nat. Genet. 2006; 38:961-962. [PubMed: 16940995]

5. Inglis PN, et al. Piecing together a ciliome. Trends Genet. 2006; 22:491-500. [PubMed: 16860433]

6. Merchant SS, et al. The Chlamydomonas genome reveals the evolution of key animal and plant
functions. Science. 2007; 318:245-250. [PubMed: 17932292]

7. Pazour GJ, et al. Proteomic analysis of a eukaryotic cilium. J. Cell Biol. 2005; 170:103-113.
[PubMed: 15998802]

8. McClintock TS, et al. Tissue expression patterns identify mouse cilia genes. Physiol. Genomics.
2008; 32:198-206. [PubMed: 17971504]

9. Omran H, et al. Ktu/PF13 is required for cytoplasmic pre-assembly of axonemal dyneins. Nature.
2008; 456:611-616. [PubMed: 19052621]
10. Baker K, et al. Direct and indirect roles for Nodal signaling in two axis conversions during
asymmetric morphogenesis of the zebrafish heart. Proc. Natl. Acad. Sci. USA. 2008; 105:13924—
13929. [PubMed: 18784369]

11. Papon JF, et al. A 20-year experience of electron microscopy in the diagnosis of primary ciliary
dyskinesia. Eur. Respir. J. 2010; 35:1057-1063. [PubMed: 19840971]

12. Kennedy MP, et al. Congenital heart disease and other heterotaxic defects in a large cohort of
patients with primary ciliary dyskinesia. Circulation. 2007; 115:2814-2821. [PubMed: 17515466]

13. Fliegauf M, et al. Mislocalization of DNAH5 and DNAH9 in respiratory cells from patients with
primary ciliary dyskinesia. Am. J. Respir. Crit. Care Med. 2005; 171:1343-1349. [PubMed:
15750039]

14. Heuser T, et al. The dynein regulatory complex is the nexin link and a major regulatory node in
cilia and flagella. J. Cell Biol. 2009; 187:921-933. [PubMed: 20008568]

15. Colantonio JR, et al. The dynein regulatory complex is required for ciliary motility and otolith
biogenesis in the inner ear. Nature. 2009; 457:205-209. [PubMed: 19043402]

16. Hill KL, et al. T lymphocyte-triggering factor of African trypanosomes is associated with the
flagellar fraction of the cytoskeleton and represents a new family of proteins that are present in
several divergent eukaryotes. J. Biol. Chem. 2000; 275:39369-39378. [PubMed: 10969087]

17. Ralston KS, et al. Flagellar motility contributes to cytokinesis in 7Trypanosoma brucei and is
modulated by an evolutionarily conserved dynein regulatory system. Eukaryot. Cell. 2006; 5:696—
711. [PubMed: 16607017]

Nat Genet. Author manuscript; available in PMC 2012 November 29.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Merveille et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Page 10

Rupp G, Porter ME. A subunit of the dynein regulatory complex in Chlamydomonasis a
homologue of a growth arrest-specific gene product. J. Cell Biol. 2003; 162:47-57. [PubMed:
12847082]

Becker-Heck A, et al. The coiled-coil domain containing protein CCDCA40 is essential for motile
cilia function and left-right axis formation. Nat. Genet. Dec 5.2010 published online, doi: 10.1038/
ng.727.

Huang B, Ramanis Z, Luck DJ. Suppressor mutations in Chlamydomonas reveal a regulatory
mechanism for flagellar function. Cell. 1982; 28:115-124. [PubMed: 6461414]

Piperno G, Mead K, Shestak W. The inner dynein arms 12 interact with a “dynein regulatory
complex” in Chlamydomonas flagella. J. Cell Biol. 1992; 118:1455-1463. [PubMed: 1387875]

Piperno G, Mead K, LeDizet M, Moscatelli A. Mutations in the “dynein regulatory complex” alter
the ATP-insensitive binding sites for inner arm dyneins in Chlamydomonas axonemes. J. Cell
Biol. 1994; 125:1109-1117. [PubMed: 8195292]

Piperno G, Mead K, Henderson S. Inner dynein arms but not outer dynein arms require the activity
of kinesin homologue protein KHP1 (FLA10) to reach the distal part of flagella in
Chlamydomonas. J. Cell Biol. 1996; 133:371-379. [PubMed: 8609169]

Chang B, et al. In-frame deletion in a novel centrosomal/ciliary protein CEP290/NPHP6 perturbs
its interaction with RPGR and results in early-onset retinal degeneration in the rd16 mouse. Hum.
Mol. Genet. 2006; 15:1847-1857. [PubMed: 16632484]

Charlier C, et al. Highly effective SNP based association mapping and management of recessive
defects in livestock. Nat. Genet. 2008; 40:449-454. [PubMed: 18344998]

Ge B, et al. Survey of allelic expression using EST mining. Genome Res. 2005; 15:1584-1591.
[PubMed: 16251468]

Olbrich H, et al. Mutations in DNAHS5 cause primary ciliary dyskinesia and randomization of left-
right asymmetry. Nat. Genet. 2002; 30:143-144. [PubMed: 11788826]

Olbrich H, et al. Axonemal localization of the dynein component DNAHS is not altered in
secondary ciliary dyskinesia. Pediatr. Res. 2006; 59:418-422. [PubMed: 16492982]

Sisson JH, Stoner JA, Ammons BA, Wyatt TA. All-digital capture and whole-field analysis of
ciliary beat frequency. J. Microsc. 2003; 211:103-111. [PubMed: 12887704]

Nat Genet. Author manuscript; available in PMC 2012 November 29.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Page 11

-~ it
b 4 40
T3 e e 30
=2 e 20
_'gs L
1 — i 10
0 = 0

PCD CTR

1 Mb

[ RN TI VI U 1T T W TR TE TR TR T T A T U T

CCDC39

L G R I
Ly ACCAATA by AYCAATA
\ i
+/+ “| I A +d
\ |
EUBIARY ALYV
L G *
T AT AAT. T Y AAT
d/d A +/d
A /\ (cDNA)
(S WISIARNE AN & LA B W

Figurel.

Positional identification of CCDC39as the gene that underlies PCD in Bobtails. (a) Old
English Sheepdog (Bobtail). Representative TEM images of disorganized cilia identified in
nasal mucosal biopsies of cases (PCD) and normal cilia from a healthy dog (CTR). (b)
Positional identification of the p.Arg96X alteration in CCDC39. Homozygosity mapping
identified a genome-wide significant signal on chromosome CFA34, corresponding to a 15-
Mb segment shared homozygous- by-descent by 5 affected animals and encompassing 151
annotated protein-coding genes, of which 10 were included in the ciliome or cilia proteome
database (or both). Sequencing CCDC39 in affected individuals revealed a C>T transition in
the third exon of the main isoform, creating a stop codon that causes nonsense-mediated
RNA decay. d, disease.
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Expression and functional studies in mouse and zebrafish. (a) Whole-mount /n situ
hybridization analysis of mouse Ccdc39in mouse embryos. Ccdc39 expression is restricted
to the node in embryos at embryonic day (E) 7.75-8.0 (arrowheads). In E16.5 mouse
embryonic sections, Ccadc39 (arrowheads) is expressed in ciliated cells of the upper and
lower airways. (b) Dose-response curve of ccdc39translation-blocking morpholino (tb-
MO). Wildtype zebrafish embryos were injected with increasing concentrations of tb-MO
and were scored live at 36 h post fertilization for heart looping (left, right, no loop). (¢)
Dose-response curve of ccde39splice-blocking MO. Scoring was conducted as in b. (d)
Quantification of spaw staining in embryo batches injected with 4 ng ccdc39 morpholino or
4 ng ccde39 morpholino plus 25 pg wildtype (WT) human CCDC39 mRNA (= 24-30
embryos per injection). (e) Representative spaw RNA /n situ staining in 14 somite-stage
embryos. In wildtype embryos, spawis expressed in the left lateral plate mesoderm (Ipm;
left); however, ccac39 morphant embryos showed bilateral (center) or, in most cases,
undetectable spaw expression (right).
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Figure 3.

Ultrastructural and mutational analysis of human PCD cases with axonemal disorganization.
(a) Electron microscopy of respiratory cilia from an individual (DCP85) who is homozygous
for the CCDC39 mutation resulting in the p.Glu731AsnfsX31 alteration. It shows the
absence of inner dynein arms in all ciliary sections, associated with a range of other,
heterogeneous defects: isolated absence of the nine inner dynein arms (1), axonemal
disorganization with mislocalized peripheral doublet associated with either a displacement
of the central pair (2), an absence of the central pair (3), or supernumerary central pairs (4).
Magnification of the axoneme from a normal cilium is shown in the upper right panel with
presence of inner dynein arms (black arrow), nexin links (white arrow) and radial spokes
(short arrow). The axonemal disorganization found in cases is associated with defects of
inner dynein arms (black flash), nexin links (white flash) and radial spokes (star) that are
better seen after magnification (lower right panel). Scale bar, 0.2 um. (b) Unambiguous
disease-causing CCDC39 mutations detected in PCD cases with axonemal disorganization.
Exonic organization of the human CCDC39 cDNA (top) and domain organization model of
the corresponding protein (bottom). The 20 coding exons are indicated by empty or hashed
boxes, depicting translated or untranslated sequences, respectively. ‘SMC_N’ and
‘SMC_Prok_B’ refer to domains homologous to the N terminus of SMC (structural
maintenance of chromosomes) proteins and to the common bacterial type SMC protein,
respectively. The predicted coiled-coil domains of the protein are indicated by green
rectangles. The canine p.Arg96X alteration is shown in green. The splice mutation leading
to the inclusion of pseudo-exon 9 is underlined.
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Figure4.

Subcellular localization of CCDC39 in respiratory epithelial cells from individuals with
PCD carrying CCDC39 mutations. Axoneme-specific antibodies against acetylated a-
tubulin (green) were used as the control. Nuclei were stained with Hoechst 33342 (blue). (a)
In respiratory epithelial cells from healthy probands, CCDC39 (red) localized predominantly
along the entire length of the axonemes, as well as to the apical cytoplasm. (b—€) In
respiratory epithelial cells from individuals OP-736 112 (b), OP-736 111 (c), OP-122 (d) and
OP-18 111 (€) carrying CCDC39loss-of function mutations, CCDC39 was absent from the
axoneme and markedly reduced in the apical cytoplasm. White scale bars, 5 um.
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Subcellular localization of DNAH5, DNALI1 and GAS11 in respiratory epithelial cells from
individuals with PCD carrying CCDC39 mutations. Immunofluorescence analyses of human
respiratory epithelial cells using antibodies to the outer dynein arm heavy chain DNAHS5 (a),
the inner dynein arm component DNALI1 (b) and the DRC component GAS11 (c).
Axoneme-specific antibodies to acetylated a-tubulin (a) or a/B-tubulin (b, c) were used as
controls. Nuclei were stained with Hoechst 33342 (blue). The localization of DNAHS5 (red)
in respiratory epithelial cells from case OP-736 111 was unchanged (a). DNALI1 (green)
localized along the entire length of the axonemes of respiratory epithelial cells from healthy
probands (b). In epithelial cells from case OP-736 111, DNALI1 (green) was absent from the
ciliary axonemes (b). In respiratory epithelial cells from healthy probands, GAS11 (green)
localizes along the entire length of the axonemes (). In respiratory epithelial cells from case
OP-736 111, GAS11 (green) was targeted to the ciliary base, where it accumulated (c). White
scale bars, 5 wm.
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