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Deletions and Point Mutations of LRRC50 Cause
Primary Ciliary Dyskinesia Due to Dynein Arm Defects
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Genetic defects affecting motility of cilia and flagella cause chronic destructive airway disease, randomization of left-right body asym-
metry, and, frequently, male infertility in primary ciliary dyskinesia (PCD). The most frequent defects involve outer and inner dynein
arms (ODAs and IDAs) that are large multiprotein complexes responsible for cilia-beat generation and regulation, respectively. Here,
we demonstrate that large genomic deletions, as well as point mutations involving LRRC50, are responsible for a distinct PCD variant
that is characterized by a combined defect involving assembly of the ODAs and IDAs. Functional analyses showed that LRRC50 defi-
ciency disrupts assembly of distally and proximally DNAHS- and DNAI2-containing ODA complexes, as well as DNALI1-containing
IDA complexes, resulting in immotile cilia. On the basis of these findings, we assume that LRRC50 plays a role in assembly of distinct

dynein-arm complexes.

Motility of cilia and flagella plays a role in diverse biolog-
ical processes during embryogenesis and maintenance
of organ integrity.! Monocilia at the embryonic node
generate an extraembryonic fluid flow, which is required
for determination of embryonic left-right asymmetry.?
Motility of multiple cilia lining respiratory epithelial cells
is responsible for mucociliary clearance. Analogously,
ependymal cilia mediate cerebrospinal fluid flow through
the Sylvian aqueduct.® Furthermore, flagellar motility is
required for sperm cells to propel through the female
reproductive system.

Most of the genetically characterized primary ciliary
dyskinesia (PCD [MIM 242650]) variants exhibit muta-
tions in genes (DNAHS [MIM 603335]), DNAH11 [MIM
603339], DNAI1 [MIM 604366], DNAI2 [MIM 605483],
TXNDC3 [MIM 607421]) that encode dynein-arm compo-
nents that are responsible for ciliary beat generation.*™® In
motile cilia, the ciliary axonemes contain nine peripheral
doublets, which have attached outer dynein arms (ODAs)
and inner dynein arms (IDAs). The beating of each indi-
vidual cilium is generated by coordinated activation and
inactivation of the dynein motor proteins due to ATP-
dependent conformational changes of dynein heavy
chains.! To identify novel genetic PCD variants, we per-
formed total-genome scans by using single-nucleotide
polymorphism (SNP) arrays (10K Affymetrix SNP array
[Affymetrix, Santa Clara, CA, USA]) in seven consanguin-
eous PCD families with combined ODA and IDA defects.

We obtained informed consent from patients and family
members enrolled in the study, using protocols approved
by the Institutional Ethics Review Board at the University
of Freiburg and collaborating institutions. The maximum
LOD scores (Zm) were calculated with the ALLEGRO
program, with the assumption of autosomal-recessive
inheritance with complete penetrance and a calculated
disease-allele frequency of 0.0001. In family OP250, we
identified four positional candidate-gene regions with
a size larger than 10 Mb on chromosomes 10 (26.2 Mb,
Zm = 1.33), 11 (16.8 Mb, Zm = 1.33), 16 (10.2 Mb, Zm =
1.33),and 17 (19.4 Mb, Zm = 1.33) (see Figure S1, available
online). Haplotype analyses were consistent with homozy-
gosity by descent (data not shown). The positional
candidate-gene regions contained a total of ~770 genes.
We considered LRRC50, located on chromosome 16q24
(Figure 1C), as a strong candidate for PCD, because the
reported ultrastructural phenotype of cilia and flagella in
zebrafish and Chlamydomonas algae carrying mutations
in orthologous genes showed defects of ODA and IDA
structures.’~'? The affected 16-year-old patient (OP250-I11)
showed similar dynein-arm defects. We therefore decided
to analyze LRRCS50 first. Genomic DNA was isolated
via standard methods directly from blood samples or
from lymphocyte cultures after Epstein-Barr virus transfor-
mation. Amplification of 12 genomic fragments com-
prising all exons of LRRC50 was performed. Indeed, DNA
sequencing of this patient identified a homozygous
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Figure 1. Chromosomal Array and Mutations of LRRC50
(A) LRRCS50 is located on 16q24.1.
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(B) Chromosomes of four individuals carrying deletions involving LRRCS50 are shown. The gray bars mark the deletions.
(C-E) Array of the genes located in the genomic interval of interest; genomic structure of HSDLI and LRRC50 (C). The arrows indicate the
position of the detected point mutations shown in (D) (mutation of UNC635) and (E) (mutation of OP250-II1).

loss-of-function mutation (c.1349_1350insC), which pre-
dicts a premature stop of translation (p.Pro451AlafsX5)
(Figure 1E). Consistent with homozygosity by descent,
both parents were heterozygous carriers of the mutation
(Figure S2). In the next step, we analyzed 58 additional
PCD families with ODA defects for the presence of
LRRC50 mutations. Interestingly, we were unable to per-
form PCR amplification of exon 1 of LRRC50 in a 4-year-
old child (OP473-111), consistent with a homozygous
deletion. Further PCR amplification showed that the bial-
lelic deletion also involved the first two exons of the adja-
cent gene HSDLI. Additional analyses using high-resolu-
tion SNP genotyping and quantitative PCR corroborated
this finding (Figures 1B and 1C). The Affymetrix genome-
wide Human SNP Array 6.0, utilizing more than 906,600
SNPs, was used for the detection of copy-number varia-
tions in four individuals (OP473-11, OP473-12, OP473-I11,
UNC65) harboring genomic deletions involving LRRC50.
Quantitative data analysis was performed with GTC 3.0.1
(Affymetrix Genotyping Console) with the wuse of
HapMap270 (Affymetrix) as a reference file. For the perfor-
mance of quantitative PCR, 50 ng of each DNA sample
were amplified in a 25 pl reaction containing 0,1 pmol/l
of each primer and 2Xx Absolute QPCR SYBR GreenMix

(Thermo Scientific). Amplification was performed on the
Eppendorfrealplex2 LightCycler, consisting of a preincuba-
tion at 95°C for 15 min, followed by 40 cycles of denatur-
ation at 95°C for 15 s, annealing at 60°C for 30 s, and
extension at 72°C for 30 s. Samples were amplified in
duplicate for both the target exon and the reference gene
(BRAF). We demonstrated that the child inherited a small
maternal deletion (~11 kb) involving the 5 ends of
LRRC50 and HSDL1 and a large paternal deletion (Figures
1B and 1C, Figure 2, Figure S3). The paternal 640 kb
deletion involves the genes EFCBP2, SLC38A8, MBTPS1
(MIM 603355), HSDL1, LRRC50, TAFIC (MIM 604905),
ADAD2, KCNG4 (MIM 607603), WFDC1 (MIM 605322),
ATP2C2, KIAA1609, and COTL1I (MIM 606748). Using
cross-breakpoint PCR, we identified the exact site of the
breakpoints of the smaller deletion (Figure 2, Figure S3).
On the basis of sequence comparison, we assume that
the deletions originated from multiple-copy repetitive
elements (Alu consensus sequences) present in the adja-
cent genomic regions of the breakpoints, promoting
nonhomologous recombinations. In addition, we identi-
fied in the U.S. PCD patient UNC65 a nonsense LRRC50
mutation (c.C811T) predicting premature termination of
translation (p.Arg271X; Figure 1D). Because no parental

884 The American Journal of Human Genetics 85, 883-889, December 11, 2009



DNA was available for this deceased individual, we were
unable to distinguish by segregation analysis whether
this patient carries homozygous point mutations or carries
a heterozygous deletion. Using the Affymetrix genome-
wide Human SNP Array 6.0, we found that this individual
indeed carries a heterozygous deletion of the 5’ untrans-
lated region (UTR) and the first exon of the LRRC50
gene. Quantitative SNP analyses confirmed the presence
of a heterozygous deletion (~220 kb) involving the six
genes HSDLI1, LRRC50, TAFIC, ADAD2, KCNG4, and
WEFDC1 (Figure 1B).

Thus, we provide evidence that recessive loss-of function
point mutations and larger genomic deletions involving
LRRC50 can cause PCD. This is, to our knowledge, the first
report that large genomic rearrangements can play a role in
the etiology of PCD. Because heterozygous deletions
cannot be detected by DNA sequencing of PCR-amplified
fragments, this finding must be considered when
analyzing the LRRC50 gene. Interestingly, the larger dele-
tions present in patients UNC6S, OP473-I1, and OP473-
II1 extend to a genomic region on chromosome 16q24
of frequent loss of heterozygosity (LOH) that has been
previously identified in multiple cancers, including pros-
tate, breast, hepatocellular, and Wilms’ tumor'® (MIM
194070). LOH on chromosome 16q is one of the most
consistent genetic alterations in sporadic prostate cancer.
Elo et al. reported distinct deletions in sporadic prostate
cancer involving 16q24.1-q24.2 and 16q24.3-qter.** Lange
et al. found evidence for linkage at 16923, but failed to
identify a putative hereditary prostate cancer gene at
16g23.'° Thus, the detection in PCD patients of somatic
deletions involving these genomic intervals might be of
broader interest, because these individuals might carry an
increased risk of developing cancers.

Consistent with a functional role of LRRCS50 for determi-
nation of left-right asymmetry, in the three individuals
carrying recessive loss-of-function LRRC50 mutations,
two of them (OP250-1I1 [Figure 3G] and UNC6S5) exhibit
situs inversus totalis, and one (OP473-1I1) has situs solitus
(Figure 3H). Thus, the genetic defect causes randomization
of left-right body asymmetry as observed in Irrc50 mutant
fish.'""!? This is probably explained by defective function
of motile monocilia located at the node in mammals or
the orthologous structure (Kupffer’s vesicle) in zebrafish
during embryogenesis, because it was previously shown
that a “nodal flow” produced by those cilia is essential
for determination of left-right asymmetry.>'® Consistent
with a role for nodal ciliary motion, Irrc50 expression was
reported in the Kupffer’s vesicle.'” To visualize gene expres-
sion on the cellular level in mouse embryos, we used
a 1260 bp probe comprising mainly the 3’ UTR of Lrrc50
(NC_000074.5) to perform in situ hybridization analysis
of whole mouse embryos (7.5 days postcoitum [dpc] to
11.5 dpc) and embryonic (14.5 dpc and 16.5 dpc) and adult
kidney sections, as described previously.* As expected we
found expression of the mouse ortholog Lrrc50 at the
node via in situ hybridization (stages E7.75 and E8.0;

Figures 3B and 3C). PCD patients suffered from chronic
upper- and lower-airway infections due to reduced muco-
ciliary clearance of the respiratory tract. At the age of
16 years, patient OP250-I11 showed severe bronchiectasis.
Because of destructive lung disease in patient UNC®6S5,
a partial lobectomy of the left lung was performed at age
25. Consistent with a role of LRRCSO0 for ciliary motility
in respiratory cells, we found specific Lrrc50 expression in
ciliated mouse respiratory cells (stage E16.5; Figures 3E
and 3F). Two of the affected individuals were available
for functional analyses of the respiratory ciliary beating.
High-speed videomicroscopy evaluation of the ciliary
beating pattern with the SAVA system revealed immotile
cilia in both individuals (Movies S1-S3), highlighting the
importance of LRRCS50 for cilia beat generation. Transmis-
sion electron microscopy of respiratory ciliary axonemes
showed a marked reduction of both ODAs and IDAs
(Figure 4A), which appeared to be more severe than find-
ings previously described in PCD patients with KTU
(MIM 612517) mutations.'® To gain further insight into
the functional role of LRRC50, we performed high-resolu-
tion immunofluorescence microscopy in control and
LRRC50 mutant respiratory cells from patients Op473-II1
and Op250-I11, using specific antibodies directed against
various dynein-arm components (Figures 4B—4E) as
described previously.'® Anti-DNAHS5 and anti-DNAI2
target two distinct ODA subtypes. Anti-DNAH9 stains
only the distally located (type 2) ODA complexes. We
observed complete absence of the ODA heavy chains
DNAHS and DNAH9 (MIM 603330) and the ODA interme-
diate chain DNAI2 from the ciliary axonemes, indicating
that loss of LRRC50 affects the assembly of proximally
(type 1) and distally (type 2) located ODA complexes in
respiratory cells."®!® Analyses of DNALI1 (an ortholog of
Chlamydomonas reinhardtii IDA light chain p28) revealed
that this IDA component was also absent from all
mutant ciliary axonemes and instead accumulated in the
cytoplasm. Hence, in LRRC50 mutant cilia of patients
OP250-111 (Figure 2) and OP473 (not shown), combined
ODA and IDA defects are present. The only other known
PCD variant exhibiting combined ODA and IDA defects
is caused by recessive KTU mutations that disrupt cyto-
plasmic preassembly of dynein-arm complexes.'® The
defects observed in LRRC50 mutant cells are more severe
than those in KTU mutant cells because in those cilia,
some ODA proteins, such as DNAHS and DNAI2, can still
be assembled in the proximal cilium. The presence of a
combined ODA and IDA defect in patients with LRRC50
mutations parallels findings obtained in Chlamydomonas
algae carrying orthologous mutations.'® We assume that
LRRCS50 as shown for KTU plays a role in cytoplasmic pre-
assembly and/or targeting of dynein-arm complexes.'®
Consistent with such an explanation, DNALI1 is still
detectable in the cytoplasm.

Interestingly, on the basis of previous studies in Irrc50
mutant zebrafish and mammalian renal cell lines, it has
been suggested that LRRC50 plays a role in human cystic
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Figure 3. Expression of Mouse Lrrc50 and Randomization of
Left-Right Body Asymmetry in Patients with LRRC50 Mutations
(A-D) Whole-mount in situ hybridization analysis of mouse Lrrc50
in early gastrulation-stage embryos. Lrrc50 expression is restricted
to the node in embryos at 7.75-8.0 dpc (B and C; arrow).

(E and F) Lrrc50 expression (arrow) in ciliated cells of the upper
airways in 16.5 dpc mouse embryonic sections. (E). Midline
sagittal section; arrow depicts nasopharynx. (F) Parasagittal
section; arrow depicts respiratory epithelium of the nasal cavity.
The identical probe is used in all in situ hybridization panels.

(G) Patient OP250-II1 has situs inversus totalis and patient
OP473-111 has situs solitus.

(H) The hearts are marked by arrows. Thus, mutations of LRRC50
cause randomization of left-right body asymmetry.

kidney disease.'” Therefore, we checked whether individ-
uals with recessive loss-of-function LRRC50 mutations
developed cystic kidney disease. Interestingly, in all
patients, including the 55-year-old UNC6S patient, no
renal disease was present. Lack of Lrrc50 expression in
mouse embryonic and adult kidneys (data not shown)
also supports that in humans and mice LRRC50/Lrrc50
probably has no functional role in the kidneys. This may
reflect a difference in the functional role of motile cilia
for mesonephric (fish) and metanephric (mouse and
man) kidneys.

We detected LRRC50 mutations in three of 59 PCD fami-
lies (~5%) with dynein-arm defects. In most of these fami-
lies, other genetic defects, such as DNAHS5 mutations, had
been already excluded. Because combined ODA and IDA
defects are very rare and LRRC50 mutations contribute to
only a portion of those defects, the overall frequency of
LRRC50 mutations in the PCD population is probably
very low.

Supplemental Data

Supplemental Data include three figures and three movies and can
be found with this article online at http://www.cell.com/AJHG.
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