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RSPH3 Mutations Cause Primary Ciliary Dyskinesia
with Central-Complex Defects
and a Near Absence of Radial Spokes
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Primary ciliary dyskinesia (PCD) is a rare autosomal-recessive condition resulting from structural and/or functional defects of the
axoneme in motile cilia and sperm flagella. The great majority of mutations identified so far involve genes whose defects result in
dynein-arm anomalies. By contrast, PCD due to CC/RS defects (those in the central complex [CC] and radial spokes [RSs]), which might
be difficult to diagnose, remains mostly unexplained. We identified non-ambiguous RSPH3 mutations in 5 of 48 independent families
affected by CC/RS defects. RSPH3, whose ortholog in the flagellated alga Chlamydomonas reinhardtii encodes a RS-stalk protein, is mainly
expressed in respiratory and testicular cells. Its protein product, which localizes within the cilia of respiratory epithelial cells, was unde-
tectable in airway cells from an individual with RSPH3 mutations and in whom RSPH23 (a RS-neck protein) and RSPH1 and RSPH4A (RS-
head proteins) were found to be still present within cilia. In the case of RSPH3 mutations, high-speed-videomicroscopy analyses revealed
the coexistence of immotile cilia and motile cilia with movements of reduced amplitude. A striking feature of the ultrastructural pheno-
type associated with RSPH3 mutations is the near absence of detectable RSs in all cilia in combination with a variable proportion of cilia
with CC defects. Overall, this study shows that RSPH3 mutations contribute to disease in more than 10% of PCD-affected individuals
with CC/RS defects, thereby allowing an accurate diagnosis to be made in such cases. It also unveils the key role of RSPH3 in the proper
building of RSs and the CC in humans.

Primary ciliary dyskinesia (PCD [MIM: 244400]) comprises
a heterogeneous group of autosomal-recessive disorders
affecting one in 15,000-30,000 individuals, although it
has a higher incidence in both individuals born to consan-
guineous unions and some isolated populations.' This
disease, which results from structural and/or functional
defects of cilia, leads to impaired mucociliary transport,
which is responsible for neonatal respiratory distress and
chronic respiratory infections of the upper and lower air-
ways (i.e., sinusitis and bronchiectasis). Male and female
subfertility occurs as a result of defective sperm flagella
and oviduct cilia, respectively.”

Eukaryotic cilia and flagella are evolutionarily conserved
organelles that are composed of hundreds of conserved
proteins for building the axoneme, a highly ordered
microtubule-based structure® consisting of nine periph-
eral microtubule doublets (A and B) with or without a
central pair of microtubules (9+2 or 9+0 pattern, respec-
tively). The 9+0 cilia are immotile, except those present

in the embryonic node, a structure that governs left-right
asymmetry.” The 9+2 cilia, which are motile, contain
inner dynein arms (IDAs), outer dynein arms (ODAs),
and radial spokes (RSs). ODAs and IDAs are ATPase
complexes anchored on peripheral doublets, where they
constitute the motor generating the ciliary and flagellar
movements.” RSs are T-shaped structures that are
anchored on the A-tubule of each outer doublet through
the spoke stalk (vertical bar of the “T”).° The spoke
heads (horizontal bar of the “T”) project inward, toward
the central complex (CC; i.e., two central microtubules
surrounded by a central sheath), and transiently interact
with the central-pair projections.” These RS interactions
are believed to transmit a mechanochemical signal
to outer microtubule doublets and locally control
dynein-driven microtubule sliding.>” In the flagellated
alga Chlamydomonas reinhardtii, the RSs are composed
of at least 23 proteins. However, a recent study per-
formed on respiratory cilia by means of cryo-electron
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Table 1.

Phenotypic Features of Individuals with Identified RSPH3 Mutations

Known Gender CBF®
Individual Family (Origin) Consanguinity (Age) Airway Disease Fertility NO° (Hz) Allele 1 Allele 2
PCD1183 DC628 yes male NRD, bronchiectasis, infertility NP 6 c.616C>T c.616C>T
(North African) (52 years) COPD, rhinosinusitis, (p.GIn206*)  (p.GIn206*)
otitis
PCD9 DC156 yes male bronchiectasis, NR low* 10 c.631-2A>G ¢.631-2A>G
(North African) (12 years) pneumopathies,
rhinosinusitis, otitis
PCD331 DC141 yes male bronchiectasis, NR low* 0 c.616C>T c.616C>T
(North African) (15 years) pneumopathies, (p.GIn206*)  (p.GIn206*)
rhinosinusitis, otitis
PCD751 DC466 no female NRD, bronchiectasis, NA NP 0 c.1192C>T ¢.1320_1323delTGAA
(Central African) (33 years) rhinosinusitis, otitis (p-Arg398*)  (p.Asn440Lysfs*19)
PCD833 DC100 no female NRD, bronchiectasis, infertility O nl/mn 10 c.631-2A>G ¢.1105C>T
(European) (45 years) rhinosinusitis, otitis (p.Arg369%)

Abbreviations are as follows: NO, nitric oxide; TEM, transmission electron microscopy; NRD, neonatal respiratory distress; COPD, chronic obstructive pulmonary
disease; NR, not relevant; NA, not available; NP, not performed; CBF, ciliary beat frequency.
?Nasal NO was measured during apnea with the use of a chemoluminescence NO analyzer (NIOX Flex, Aerocrine; Endono 8000, Seres). The mean value of the

plateau was recorded. NO values above 100 nl/min were considered normal.

CBF was measured by optical microscopy analysis as described by Tamalet et al.*®

“Value not available.

tomography has revealed that RSs are
different in humans.'®

Several genes that play a key role in the proper building
of motile cilia are known to be involved in the pathogen-
esis of PCD. The great majority of mutations identified so
far involve genes whose defects result in dynein-arm
anomalies.''* Other gene defects have been identified
in some individuals with PCD and no detectable structural
anomaly of the axoneme.***® In approximately 50% of all
these PCD cases, the disease can be associated with total
situs inversus (Kartagener syndrome [MIM: 244400]) or
more severe laterality defects, such as cardiac malforma-
tions.?” Notably, individuals with PCD due to CC abnor-
malities have no laterality defects, a feature explained by
the physiologic absence of CC in the nodal motile cilia.
Very few genes have been found to be involved in this
PCD phenotype: three (RSPH4A*%*° [MIM: 612647],
RSPH9*%%° [MIM: 612648], and RSPH1*' [MIM: 609314])
encode proteins constitutive of the spoke head, and one
(HYDIN*? [MIM: 610812]) has been implicated in a sub-
group of PCD characterized by central-sheath defects.
Overall, in spite of these significant results, the disease is
explained in less than half of affected individuals from
our PCD cohort, in which the CC-defect phenotype repre-
sents almost 15% of the cases.

The aim of the present study was to identify genes
involved in PCD due to CC defects by using a combination
of homozygosity mapping and whole-exome sequencing
(WES) followed by Sanger sequencing of a candidate gene
in a large cohort of individuals with CC defects. The cur-
rent study was approved by the Ile-de-France ethics com-
mittee (approval no. CPP07729), and written consent was
obtained from all individuals and/or their parents. Forty-
eight unrelated families (including 62 affected individuals)
of our PCD cohort are affected by CC defects; none of them

structurally

are affected by laterality defects. In all of them, the
axonemal defect was assessed by transmission electronic
microscopy (TEM). The ultrastructural phenotype of indi-
viduals with PCD due to CC defects is characterized by a
variable proportion of cilia displaying an absence of one
or two microtubules of the central pair (9+1 or 940
pattern, respectively) and is sometimes associated with a
disorganized configuration and/or a transposition of one
peripheral doublet (8+1 pattern);**** disorganized cilia
with a 9+2 pattern are also observed with variable fre-
quency.**"** By screening the genes already involved in
PCD due to CC defects, we identified biallelic mutations
in 21 of the 48 independent families: RSPH4A mutations
in seven families, RSPH9 mutations in four families, and
RSPH1 mutations in ten families."’ One individual
(PCD1183 from family DC628) of the 27 remaining unre-
lated families (32 affected individuals) exhibited marked ul-
trastructural anomalies with CC defects (37% of cilia) and
almost no detectable RSs in all cilia (RSs only very rarely
present in some cilia with a 942 pattern), as well as a low
ciliary beat frequency (CBF; 6 Hz), as assessed by optic
microscopy on airway brushing.** This individual, who
was born to a consanguineous union, was selected for ho-
mozygosity mapping and WES analysis. He displayed
neonatal respiratory distress, chronic obstructive pulmo-
nary disease, bronchiectasis, rhino-sinusitis, otitis, and
infertility. Detailed phenotypic features are presented in
Table 1 and Figure 1. His genomic DNA was first genotyped
with the HumanCytoSNP-12 chip from Illumina, and the
data were analyzed with GenomeStudio and CNVPartition
v.3.1.6 (Illumina). This analysis led to the identification of
13 large regions of homozygosity, which contain a total of
1,440 genes (Figure S1 and Table S1).

Nonsense, missense, and frameshift variants were identi-
fied by WES, performed by IntegraGen with the Agilent
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SureSelect All Exon V5+UTRs 70-Mb Capture Kit on a
HiSeq 2000 (quality criteria are provided in Table S2). Over-
all, 224,730 variations were identified in individual
PCD1183. The identified variants were filtered against
those in several sequence-variant databases (i.e., dbSNP
132, 1000 Genomes, and the NHLBI Exome Sequencing
Project Exome Variant Server). Following an autosomal-
recessive model for PCD, we considered further the gene
variants that are located in homozygous regions and that
are not described in these databases or are described with
frequencies compatible with the incidence of PCD (the
maximal theoretical frequency of a PCD allele is about
0.008). Among those 1,846 variations, 1,834 were located
in non-coding regions, and among the 12 located in cod-
ing regions, six corresponded to missense variations, five
were synonymous, and only one was a homozygous
nonsense variant. We then focused our attention on the
sequence variants located in genes whose function and/
or expression profiles (in the testes, trachea, and lungs)
were compatible with PCD. Among those candidate genes,
only one (RSPH3 [MIM: 615876]) had a clear ciliary func-
tion, and it was the gene that contained the homozygous
nonsense variant. This sequence variation (c.616C>T),
found in a large region of homozygosity in chromosomal
region 6925.3 (10.3 Mb), leads to a stop codon at position
206 (p.GIn206*) in the second exon of RSPH3. This
variation has not been described in genomic-variant

the Exome Aggregation Consortium
(ExAC) Browser. RSPH3 contains eight
exons; the only validated transcript
(GenBank: NM_031924.4) encodes a 560-residue protein
with, as predicted by SMART, a radial spoke 3 domain
(RS3D) containing an Rlla-domain-binding amphipathic
helix (AHp)*" and two coiled-coil domains (Figure 2).
RSPH3 is the homolog of Chlamydomonas reinhardtii
RSP3, which contains six functional domains that are
well conserved in human RSPH3 (Figure 2). Each of these
domains interacts with specific protein partners. The
axoneme targeting domain has been shown to bind to
the axoneme, probably in an indirect manner;*® the AHg
domain has been shown to directly interact with protein
kinase A*”*” and RSP11 (the ortholog of human ROPN1L,
also named RSPH11).”” The Dpy-30-domain-binding
amphipathic helix (AHp) has been shown to directly
interact with RSP2 (the ortholog of human DYDC1) and
RSP23 (the ortholog of human NMES, also named
RSPH23),°° whereas the three TQT-like domains have
been found to interact directly with a LC8 (the ortholog
of human DYNLL1) dimer.>! As proposed by Sivadas
et al.,>” RSP3, which is a RS-stalk protein, forms a dimer
that constitutes the core of each RS and has two sites
for anchoring RSP7 and RSP11 at the A-tubule of the
outer-doublet side and RSP2 and RSP23 (two RS-neck
proteins) at the central-pair side. In individual PCD1183,
p-GIn206* (the consequence of the c.616C>T transition)
is therefore expected to be highly deleterious at the protein
level: mutated RSPH3 transcripts would generate a severely
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Figure 2. RSPH3 Mutations and Their
Impact at the Protein Level in Individuals
with PCD

Exonic organization of the human RSPH3
c¢DNA containing the mutations for the
five families described in this study (top).
Domain-organization models of the corre-
sponding protein (middle) and of the Chla-
mydomonas reinhardtii orthologous RSP3
(bottom) are also shown. The eight exons
are indicated by empty or hashed boxes,

RSPH3
cDNA

which depict translated or untranslated se-

RSPH3
Homo sapiens I

RSP3
Chlamydomonas reinhardtii

truncated protein lacking the six functional domains.
Alternatively, this sequence variant might trigger the
nonsense-mediated mRNA decay (NMD) pathway and
lead to the absence of protein production. Sanger sequenc-
ing was performed to validate the c.616C>T mutation
found in PCD1183 (Figure S2 and Table S3). Parental
DNA samples were not available; however, as deduced
from the homozygosity mapping data (Figure S1), the
¢.616C>T transition is indeed present in the homozygous
state in PCD1183.

The remaining 26 independent families (30 affected
individuals) affected by PCD due to CC defects and with
no mutations in RSPH1, RSPH4A, or RSPH9 were subse-
quently screened for RSPH3 mutations. Overall, four
individuals (PCD9, PCD331, PCD751, and PCD833 from
families DC156, DC141, DC466, and DC100, respectively)
were found to carry RSPH3 mutations (Table 1, Figure 2,
and Figure S2). Notably, all the individuals with CC defects
and identified RSPH3 mutations display a near absence of
RSs in all examined cilia (RSs only very rarely present in
some cilia with a 9+2 pattern). The disease phenotype of
these individuals is detailed in Table 1 and Figure 1.
PCD9 carries a transition (c.631—-2A>G) that affects the
splice acceptor site of intron 2 (Table 1 and Figure 2).
This mutation, which destroys the invariant AG sequence
of the consensus site for mRNA processing,” is therefore
deleterious. Both parents were found to be heterozygous
for the mutation. This variation is reported in 1000 Ge-
nomes and the EXAC Browser (rs142800871) at very low
frequencies (allele frequencies = 0.00092 and 0.000067,
respectively; Table S4) and is not reported to be homo-
zygous in 1,092 and 60,044 individuals, respectively.
Given these allele frequencies, the expected frequency
of the homozygous genotype should be extremely low
(4.356 x 1077 to 8.464 x 1077), in keeping with the fact
that PCD is a rare disease. Individual PCD331 carries the

quences, respectively. According to the
predictions by SMART and literature,
RSPH3 is composed of a radial spoke 3
domain (RS3D, in red) containing an
axoneme targeting domain (ATD, in yel-
low), a RIla-domain-binding amphipathic
helix (AHg, in blue), a Dpy-30-domain-
binding amphipathic helix (AHp, in
blue), three TQT-like LC8-binding motifs

(T, in purple), two coil-coiled domains
‘ | (CC, in green), and two phosphorylated

threonines (P, orange circle).

L._, 516

same homozygous variation as PCD1183: c.616C>T,
which leads to a premature stop codon at position 206
(p-GIn206*; Table 1 and Figure 2). As deduced from the ho-
mozygosity mapping data, this individual was born to a
consanguineous union (Figure S3). Individuals PCD1183
and PCD331 share both a 6-Mb homozygous region that
contains RSPH3 and a common haplotype spanning 460
SNPs (Figure S4), thereby supporting a founder effect.
PCD751 carries two heterozygous RSPH3 variants: a transi-
tion (c.1192C>T) introducing a premature stop codon
(p-Arg398*) and a 4-nt deletion (c.1320_1323delTGAA)
that would introduce a frameshift leading to a stop codon
at position 459 (p.Asn440Lysfs*19). These two sequence
variants with expected deleterious consequences at the
protein level (i.e., premature stop codon leading either to
a truncated protein lacking the AHp domain or to the
absence of protein production through activation of the
NMD pathway) are in trans, as shown after the sequencing
of cloned PCR products encompassing the two mutation
sites (with pCR2.1-TOPO plasmids and chemocompetent
E. coli from Invitrogen; data not shown). PCD833 also
carries two heterozygous RSPH3 variants. Although
compound heterozygosity could not be demonstrated in
this individual, it is very likely that these two unambigu-
ous mutations are in frans. The first variation is the
c.631-2A>G splice-site mutation, which was already
found in PCD9. The second variation (c.1105C>T) would
lead to a stop codon at position 369 (p.Arg369*; Table 1
and Figure 2). This nonsense mutation, which has not
been described in databases of genomic variants, would
lead either to a truncated RSPH3 lacking both the AHp
domain and a part of a coiled-coil domain or to the absence
of protein production (Figure 2).

To gain further insight into the role of RSPH3, we first
determined its tissue expression by qRT-PCR. The analysis
revealed that RSPH3 is readily expressed in tissues with
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motile cilia or flagella, such as trachea, lung, and testis tis-
sues and tissues obtained by airway brushings (Figure S5).
This expression pattern is typical of genes already impli-
cated in PCD. The access to ciliated cells obtained by
airway brushing in one of the individuals with biallelic
RSPH3 mutations (individual PCD9) allowed us to study
by high-speed videomicroscopy (according to the protocol
described by Papon et al.’’) the ciliary motion in
this individual compared to that in healthy control indi-
viduals. In brief, beating ciliated edges were recorded
with a high-speed digital camera (PixeLINK A741) with a
100x objective at a rate of 355 frames per second. The
percentage of beating cilia was determined, and ten cilia
able to be followed during a complete beating cycle were
then selected in distinct areas. We collected several mea-
surements made on cilia in order to determine the
following objective parameters: the CBF, the beating angle,
and the distance traveled by the tip of the cilium per sec-
ond. Different populations of cilia were identified in indi-
vidual PCD9 (Table S5): some cilia were immotile whereas
others displayed a low CBF with an abnormal beating
pattern characterized by movements of reduced amplitude
(i.e., diminished beating angle and reduced distance trav-
eled by the cilia’s tips). One representative movie of a con-
trol individual and one representative movie of individual
PCD9 are presented as supplemental data (Movies S1 and
S2, respectively).

We subsequently determined RSPH3 subcellular localiza-
tion in ciliated cells by means of immunofluorescence
microscopy with an anti-RSPH3 antibody. This was per-
formed in human ciliated cells collected by nasal brushing
from a healthy control individual and from individual
PCD9, who has biallelic RSPH3 mutations. Airway cells
from the healthy control individual showed RSPH3 label-
ing, together with acetylated a-tubulin labeling, within
the cilia (Figures 3A-3C); by contrast, RSPH3 was not de-
tected in cilia from individual PCD9 (Figures 3A’-3C’).
This result, which confirms the specificity of the labeling
obtained with the RSPH3 antibody used in this experi-
ment, is consistent with the loss of function expected
from the homozygous mutation identified in individual
PCD?9.

To test whether mutations in RSPH3, a gene whose or-
tholog in Chlamydomonas reinhardtii encodes a RS-stalk
protein,’” might affect the subcellular localization of other
RS proteins, we first determined the subcellular localiza-
tion of RSPH23 (a RS-neck protein) and RSPH1 and
RSPH4A (two RS-head proteins) in ciliated cells from a
healthy control individual (Figures 3D-3L) and from indi-
vidual PCD9 (Figures 3D’-3L’). In airway cells from the
control individual, we observed that ciliary labeling of
those three proteins was similar to that obtained with
the anti-RSPH3 antibody. Notably, in the individual with
RSPH3 mutations, RSPH23, RSPH1, and RSPH4A were still
detected within the cilia (Figures 3D’-3L’). This observa-
tion is reminiscent of the observation made in a case of
PCD due to a premature stop mutation in RSPH9 (a RS-

head protein); in this case, RSPH1 and RSPH4A were
also detected within the cilia.”* We then tested whether
mutations in RSPH3 might affect the subcellular localiza-
tion of RSPH11, a protein located at the base of the RS
stalk and whose ortholog (RSP11) interacts directly with
RSP3 in Chlamydomonas reinhardtii.** The RSPH11 label-
ing, which was easily detectable within cilia from a control
individual (Figures 3M-30), was not detectable in the
airway cells of individual PCD9 (Figures 3M'-30’), in keep-
ing with the data obtained in the Chlamydomonas reinhard-
tii mutant pf14, which carries a premature stop codon in
RSP3 (p.Trp63*).°° Finally, we also tested whether muta-
tions in RSPH3 might affect the subcellular localization
of DNALI1, an IDA component. We observed ciliary label-
ing in airway cells from both a control individual (Figures
3P-3R) and individual PCD9 (Figures 3P’-3R’), a result that
is consistent with the TEM images showing the presence
of IDAs in cilia of individuals with RSPH3 mutations
(Figure 1A).

Notably, the phenotype of the flagella from Chlamydo-
monas reinhardtii mutant pf14 is different from the pheno-
type of cilia from individuals with mutations in RSPH3.
First, the pfl4 strain displays paralyzed flagella with a
9+2 microtubule configuration and a total absence of
RSs,*®>> whereas individuals with RSPH3 mutations (and
in whom 18.3%-65.4% of cilia have a 942 microtubule
configuration) display additional microtubule configura-
tions (i.e., regular 940 pattern, disorganized 9+0 pattern,
and 8+1 pattern with transposition) and rarely present
RSs. Similarly, the flagella of Chlamydomonas reinhardtii
mutants pf1 and pf17 (each with a premature stop codon,
in RSP4 and RSPY, respectively) display a 942 microtubule
configuration, whereas in humans, mutations in the corre-
sponding homologs (RSPH4A and RSPH9Y, respectively)
lead to cilia with various ultrastructural patterns (i.e.,
942 pattern, regular 9+0 pattern, disorganized 940
pattern, and 8-+1 pattern with transposition).**°° Second,
individuals with mutations in RSPH3 can have motile cilia,
whereas, as mentioned, in the RSP3-deficient Chlamydomo-
nas reinhardtii strain, the flagella are paralyzed. Such differ-
ences in ciliary and flagellar motility between humans and
Chlamydomonas have also been reported for other PCD-
associated genes (e.g., RSPH4A and RSP4°*°°® or RSPH9
and RSP9°*°%) in which loss-of-function mutations lead
to motile cilia in humans and paralyzed flagella in Chlamy-
domonas. Third, the flagella of the Chlamydomonas rein-
hardtii mutant pf14 lack RS-neck and RS-head proteins,
whereas as shown in the current study, in the case of bial-
lelic mutations in RSPH3, RSPH23 (RS-neck protein) and
RSPH1 and RSPH4A (RS-head proteins) are still present
within the cilia. Similarly, RSP1 and RSP4 (the orthologs
of RSPH1 and RSPH4A, respectively) have been shown to
be absent from the flagella of the Chlamydomonas reinhard-
tii mutant pf17, which carries a premature stop codon
in RSP9 (the ortholog of RSPH9),>” whereas in an individ-
ual with a nonsense homozygous mutation (c.466C>T
[p.Arg156*]) in RSPH9,°* RSPH1 and RSPH4A have been
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Figure 3. Localization of RSPH3 and Other Ciliary Proteins in Airway Epithelial Cells from a Healthy Individual and Individual PCD9
RSPH3 (green) localized within cilia (red) of the airway epithelial cells of a healthy control (A-C) and was absent from the cilia of
individual PCD9 (A’-C’). RSPH23 (D-F and D’'-F'), RSPH1 (G-I and G’-I'), and RSPH4A (J-L and J’-L’) (all in green) localized within cilia
(red) of the airway epithelial cells of a healthy control individual and of individual PCD9. RSPH11 (green) localized within cilia (red) of

(legend continued on next page)
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shown to be still present within the cilia. It is, however,
important to note that the detection of RS proteins in Chla-
mydomonas reinhardtii was performed by means of proteo-
mic analyses, whereas detection was performed in humans
by means of immunofluorescence analyses. Overall, these
observations, together with the fact that the human nodal
cilia are motile in spite of the absence of RSs and the CC,*®
strongly suggest that the RSs are absolutely required for the
motility of the Chlamydomonas reinhardtii flagella but not
for the motility of all cilia in humans. In the case of
RSPH3 mutations, the presence of RSPH1, RSPH4A, and
RSPH23 in cilia therefore supports the fact that RSPH3 is
not required for the transport of these RS proteins into cilia
and that the mechanisms underlying the assembly and
transport of the RS components differ between humans
and Chlamydomonas.

Whereas individuals with mutations in RSPH1, RSPH4A,
or RSPH9 exhibit CC defects, the ultrastructural pheno-
type associated with individuals with mutations in
RSPH3 is characterized by an additional feature corre-
sponding to the near absence of RSs. Overall, these data
raise the larger question of the respective role of these
RSPH proteins in the proper building of RSs. It is well es-
tablished that the axoneme is composed of 96-nm-long
repeat units and that, in humans, each repeat contains
three complete RSs (RS1, RS2, and RS3).'” As shown by
cryo-electron tomography, RS1 and RS2 are clearly sepa-
rated from each other, whereas RS3, which is structurally
different from RS1 and RS2, connects to the RS2 head.'’
In Chlamydomonas reinhardtii, the axonemal repeat is
composed of two complete RSs (RS1 and RS2) and a
reduced RS (RS3) lacking the spoke head and almost all
the stalk, whereas RS3 is complete in human cilia.'? As
shown by cryo-electron tomography,'® RSPHI-mutant
PCD cilia display truncated RS1s and RS2s (with no
head spoke), but intact RS3s, in keeping with the fact
that RSs are readily detectable by conventional TEM in
those individuals.'”*' The Chlamydomonas reinhardtii
mutant pfi14, which has a nonsense mutation in RSP3,
has no detectable RSs and lacks RS1 and RS2.”° In light
of all these data, it is therefore expected that in the case
of RSPH3 mutations, RS1 and RS2 could also be absent.
Given the near absence of detectable RSs in RSPH3-
mutant PCD cilia, it is tempting to speculate that the
very few remaining RSs are of the RS3 type. It is, however,
so far unknown whether RS3 contains RSPH3. Taken
together, these data underline the fact that, in spite of
the major interest in Chlamydomonas reinhardtii for under-

standing the pathophysiology of PCD, this flagellated alga
does not represent a perfect model for human PCD.

In summary, our study shows that mutations in RSPH3
lead to PCD with an abnormal axonemal configuration
characterized by a near absence of RSs in all cilia, and a var-
iable proportion of cilia with CC defects, thereby unveiling
the key importance of RSPH3 in the proper building of
RSs and the CC. It is often difficult to diagnose PCD in
individuals with CC defects. Indeed, as mentioned above,
individuals with PCD due to CC defects never display situs
inversus. Second, as shown in individuals PCD1183,
PCD9, and PCD833, ciliary beating can be observed in
such individuals. In addition, individuals with PCD due
to CC defects (and, as shown here, even individuals with
the same genotype) display ultrastructural defects in vari-
able proportions of their cilia**>? (i.e., 37% and 68% in
PCD331 and PCD1183, respectively). This underlines the
major interest of molecular analyses to confirm the diag-
nosis of PCD due to CC/RS defects. The contributions
of RSPH4A, RSPH9, RSPH1, and RSPH3 mutations to the
PCD phenotype characterized by CC/RS defects in our
national cohort of 48 unrelated families affected by this
ultrastructural phenotype are the following: 14.6% (7/
48), 8.3% (4/48), 20.8% (10/48), and 10.4% (5/48) of the
cases, respectively. Mutations in these four genes therefore
explain 53.1% of PCD cases due to CC/RS defects, which
is a strong argument for the existence of an important
genetic heterogeneity underlying this PCD phenotype.
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the airway epithelial cells of a healthy control individual (M-O) but was absent from the cilia of individual PCD9 (M'-0O’). DNALI1
(P-R and P'-R’) (in green) localized within cilia (red) of the airway epithelial cells of a healthy control individual and of individual
PCD?9. Airway epithelial cells were examined after labeling with rabbit polyclonal antibodies directed against RSPH3 (Novus Biological
NBP1-84244, 1:100, 37°C, 1 hr), RSPH23 (Sigma HPA044555, 1:200, 37°C, 1 hr), RSPH1 (Sigma HPA017382, 1:200, 37°C, 1 hr), RSPH4A
(Sigma HPA031196, 1:200, 37°C, 1 hr), RSPH11 (Sigma HPA039193, 1:200, 37°C, 1 hr), or DNALI1 (Abcam ab87075, 1:400, 37°C, 1 hr)
and a secondary goat anti-rabbit Alexa Fluor 488 (green) antibody (Invitrogen A11034). For control individuals, we used an antibody
directed against acetylated a-tubulin (mouse monoclonal [6-11B-1], Abcam ab24610, 1:700) to visualize microtubules, revealed by a
secondary goat anti-mouse Alexa Fluor 594 (red) antibody (Invitrogen A11032). Nuclei were stained with DAPI (Sigma 32670). White

scale bars represent 10 pm.
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