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Abstract

Primary ciliary dyskinesia (PCD) is a recessively inherited disease that
leads to chronic respiratory disorders owing to impaired mucociliary
clearance. Conventional transmission electron microscopy (TEM) is a
diagnostic standard to identify ultrastructural defects in respiratory
cilia but is not useful in approximately 30% of PCD cases, which have
normal ciliary ultrastructure. DNAH11 mutations are a common cause
of PCD with normal ciliary ultrastructure and hyperkinetic ciliary
beating, but its pathophysiology remains poorly understood. We
therefore characterized DNAH11 in human respiratory cilia by
immunofluorescence microscopy (IFM) in the context of PCD. We
used whole-exome and targeted next-generation sequence analysis as
well as Sanger sequencing to identify and confirm eight novel loss-of-
function DNAH1I mutations. We designed and validated a
monoclonal antibody specific to DNAHI11 and performed high-
resolution IFM of both control and PCD-affected human respiratory
cells, as well as samples from green fluorescent protein (GFP)-left—
right dynein mice, to determine the ciliary localization of DNAH11.
IFM analysis demonstrated native DNAH11 localization in only the
proximal region of wild-type human respiratory cilia and loss of
DNAHI1 in individuals with PCD with certain loss-of-function
DNAH]11 mutations. GFP-left-right dynein mice confirmed proximal
DNAHI1 localization in tracheal cilia. DNAH11 retained proximal
localization in respiratory cilia of individuals with PCD with distinct
ultrastructural defects, such as the absence of outer dynein arms

(ODAs). TEM tomography detected a partial reduction of ODAs in
DNAH11-deficient cilia. DNAH11 mutations result in a subtle ODA
defect in only the proximal region of respiratory cilia, which is
detectable by IFM and TEM tomography.

Keywords: left-right dynein; primary ciliary dyskinesia; normal
ciliary ultrastructure; immunofluorescence microscopys;
transmission electron microscopy

Clinical Relevance

Conventional transmission electron microscopy (TEM) is not
diagnostic for approximately 30% of primary ciliary dyskinesia
(PCD) cases because they have normal ciliary ultrastructure;
DNAHI1 mutations are a common cause of PCD with normal
ciliary ultrastructure and hyperkinetic ciliary beating, but its
molecular characterization in human respiratory cilia is
completely lacking. We show that DNAHI1 distinctly localizes
to the proximal region of respiratory cilia, independently of all
previously described factors governing dynein arm assembly.
TEM tomography detects a partial reduction of outer dynein
arms in only the proximal region of DNAHI11-deficient cilia.
This helps explain why DNAHI11 mutations result in normal
ciliary ultrastructure and hyperkinetic ciliary beating and
suggests a novel mode of axonemal assembly in respiratory cilia.
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Primary ciliary dyskinesia (PCD; Mendelian
Inheritance in Man or MIM no. 244400) is a
recessively inherited disorder that affects at
least 1 in 20,000 individuals (1). Individuals
with PCD suffer from a chronic, destructive
respiratory disorder characterized by
bronchiectasis and progressive lung failure.
This respiratory disorder results from
defective mucociliary clearance, due to
deficient ciliary beating of respiratory
epithelial cells lining the airways (2). In
almost half of individuals with PCD,
left-right (LR) body patterning defects,
such as situs inversus, are observed due to
dysmotility of monocilia, which are
present during early embryonic
development at the LR organizer and
produce a leftward fluid flow to establish
body asymmetry (3). PCD is genetically
heterogeneous, as mutations in over 30
distinct genes have been reported to cause
this disease (see Table E1 in the online
supplement). The majority of PCD-
causing mutations result in gross
ultrastructural defects of the respiratory
ciliary axoneme that are detectable by
transmission electron microscopy (TEM)
analysis, such as the loss of outer dynein
arms (ODAs) from mutations in DNAH5
(4) and DNAI2 (5) and microtubular
disorganization with inner dynein arm
(IDA) and nexin-link/dynein regulatory
complex (N-DRC) defects from mutations
in CCDC39 (6) and CCDC40 (7) (Figure 1).
Indeed, TEM has been the gold standard to
diagnose PCD (8) well before the first
identification of mutations in a PCD-causing
gene (9). In approximately 30% of PCD
cases, however, there are no ultrastructural
defects detectable by TEM (Figure 1), despite
the clinical presentation of respiratory
disease, including bronchiectasis and

associated defects, such as situs inversus. The
timely diagnosis of PCD and management of
this respiratory disease may even be delayed
in cases of normal ciliary ultrastructure
without associated defects, such as situs
inversus (10).

We and others have shown that
mutations in the gene encoding DNAH11
(MIM no. 611884) are a common cause
of PCD with normal ciliary ultrastructure
and a hyperkinetic beating pattern (11-14).
We have established immunofluorescence
microscopy (IFM) analysis of respiratory
cilia as a complement to diagnostic
measures, such as TEM and high-speed
video microscopy analysis (HVMA), to
identify axonemal defects of the ODAs
and IDAs, as well as the N-DRC (5, 7,
15-17) and also tailored IFM to identify
PCD variants with defective radial spoke
(RS) head composure that do not exhibit
gross ultrastructural abnormalities (18).

Studies addressing the molecular
characterization of human DNAHII in
respiratory cilia, especially in the context of
PCD, are completely lacking; only green
fluorescent protein (GFP)-tagged mouse
DNAHI11 (GFP-left-right dynein [lrd])
localization has been shown previously
(19). Therefore, we designed and validated
a mouse monoclonal antibody specific to
human DNAHI11. Here, we show its
specificity by matching its expression
pattern with mouse GFP-DNAHI11 (GFP-
Ird) and confirming loss of DNAHI11 in
individuals with PCD with certain loss-of-
function DNAH11 mutations. We
demonstrate that DNAH11, the ODA
protein orthologous to the Chlamydomonas
B heavy chain (HC), is restricted spatially
to only the proximal region of respiratory
ciliary axonemes, whereas its B-HC

paralogue, DNAHO, is restricted to only the
distal region of respiratory ciliary
axonemes, thus defining two
compositionally distinct ciliary regions.
DNAH]I-mutant respiratory cilia
demonstrate characteristic stiffness and
reduced ciliary bending in the proximal
axonemal region by HVMA, indicating that
DNAHI11 function is essential for proper
ciliary bending in this newly defined ciliary
region. TEM tomography detected a partial
reduction of ODAs in the proximal, but not
distal, regions of cilia lacking DNAH11.
We demonstrate further that DNAH11
localizes to respiratory ciliary axonemes
independently of gross ultrastructural
defects caused by mutations in genes
encoding the ODA assembly factors,
DNAHS5 and DNAI2, as well as the dynein
axonemal assembly factors, DNAAFI and
DNAAF3, suggesting that a subtle ODA
defect accompanies DNAHI11 mutations,
which is now detectable by IFM as well as
TEM tomography.

Materials and Methods

Individuals with PCD
Signed and informed consent was received
from patients fulfilling the diagnostic
criteria of PCD and their family members,
using protocols approved by the
Institutional Ethics Review Board at the
University of Muenster (Muenster,
Germany) and collaborating institutions.
High-resolution immunofluorescence
analyses of human respiratory cells were
performed as described previously (5).
Images were acquired using a Zeiss LSM
880 laser scanning microscope with Zen-2
software and Zeiss AxioObserver Z1
Apotome with AxioVision 4.8 software
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Figure 1. Diagnostic transmission electron microscopy (TEM) is not useful in
approximately 30% of primary ciliary dyskinesia (PCD) cases. (A) Schematic of respiratory
cell cilia and its cross-section highlighting the “9 + 2” organization of the ciliary axoneme
and associated structures, as visualized by TEM. (B) TEM is diagnostic for loss of outer
dynein arms (ODAs; e.g., DNAH5 mutations), microtubular disorganization with nexin-
link/dynein regulatory complex (N-DRC) and inner dynein arm (IDA) defects (e.g., CCDC39
mutations), and loss of both ODAs and IDAs (e.g., DNAAF3 mutations). (C) TEM is not
diagnostic for DNAH11 mutations, as they are indistinguishable from healthy control
axonemes. Blue arrows, ODAs; orange arrows, absent ODAs; blue circles, IDAs;

orange circles, absent IDAs. Scale bar: 100 nm. Individuals with PCD OI-16 112 (DNAHS5;
p.GIn1464* hom.) and OP-1482 (CCDC39, ¢.610-2A>G hom.) were identified by whole-
exome sequencing; the DNAH5, p.GIn1464* variant is novel and not present in the

1,000 Genomes and EXAC databases (sequencing data not shown); the CCDC39,
€.610-2A>G variant was previously described (40). Individuals with PCD OP-98 II1
(DNAH11 p.Trp2604*, p.lle4445Asnfs*3 het.) and OP-235 112 (DNAH11 [b] p.GIn4233%,
p.Leud327Ser het.) as well as OP-989 112 (DNAAFS, p.Leu108Pro hom.) were reported
previously (14, 26).
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(Carl Zeiss, Jena, Germany) and processed
using Adobe CS4 software (Adobe Systems
Incorporated, San Jose, CA).

TEM analysis, Western blotting,
homozygosity mapping, haplotype analysis,
and high-speed videomicroscopy analysis
were performed as described previously
(5, 16, 20, 21).

Whole-exome and sanger sequencing
were performed as described previously
(18). Variant analysis of whole-exome
data was performed using Varbank
software (Cologne Center of Genomics,
Cologne, Germany). The DNAH11
reference sequence is NM_001277115.1
(National Center for Biotechnology
Information)/ENST00000409508
(Ensembl). Primer sequences used to
confirm DNAHI11 mutations by Sanger
sequencing are listed in the online
supplement.

Additional information describing
mouse monoclonal anti-DNAHI11 antibody
design and production, antibodies,
DNAHI11 (GFP-Ird) localization in mouse,
TEM tomography, and next-generation
DNA sequencing and variant analysis are
available in the online supplement.

Results

Axonemal dynein HC proteins (e.g.,
DNAHS5, DNAHY, and DNAHI11) show a
high degree of sequence conservation,
especially in the centrally located motor
domain region. To generate a specific anti-
human DNAHI11 antibody, we selected an
epitope with low sequence conservation to
other axonemal dynein HC proteins,
specifically in the aminoterminal region of
DNAHI1 (Figure 2A; see also Figure E1).
Because DNAH11 has been identified in the
proteome of human respiratory cilia (22),
and mouse GFP-DNAHI1 has been shown
to be localized in motile cilia (19), we
prescreened anti-DNAH11 hybridoma lines
by IFM for ciliary localization in human
respiratory cells. Western blotting of lysates
from porcine respiratory cells with anti-
human DNAH11 (Figure 2B) demonstrated
a cross-reactive, albeit weak, band of
approximately 500 kD, consistent with the
expected molecular weight of 520 kD.

An immunoreactive band slightly below
500 kD may represent an isoform of
DNAHII. Respiratory cells from healthy
control individuals were costained with
anti-DNAH11 and anti-a/B-tubulin. As
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Figure 2. DNAH11 localizes exclusively to the proximal region of respiratory cilia. (A) Schematic of
DNAH11 protein domains that are conserved among other DNAH proteins per the Conserved Domain
Database. The P-loop region contains several ATPase domains as well as the microtubule binding (MTB)
domain. DHC-N, dynein heavy chain, N-terminal region; DYN, dynein heavy chain/region D6 of dynein
motor. Red highlight, the epitope of DNAH11 spanning amino acids 69-196. (B) Anti-DNAH11Western
blotting of porcine axonemal extracts indicates immunoreactive bands of approximately 500 kD. M, marker
lane; 1, silver stain of lysate; 2, anti-DNAH11. (C) Immunofluorescence microscopy (IFM) of human control
respiratory cells shows that native DNAH11 (green) localizes to the proximal region of ciliary axonemes;
o/B-tubulin (red) was used as counterstain to detect ciliary axonemes. D, distal; P, proximal; scale bar:
10 um. (D) IFM of mouse respiratory cells expressing green fiuorescent protein (GFF)-DNAH11 (GFP—eft-right
dynein [Ird]) demonstrates that GFP-DNAH11 localizes to the proximal region of ciliary axonemes, similar to
the pattern of human DNAH11 localization. Acetylated a-tubulin was used as counterstain to detect ciliary
axonemes (red). Scale bar: 10 pm. (E) In contrast to mouse respiratory cilia, GFP-DNAH11 localizes
throughout the entire axoneme in motile monocilia of the left—right organizer (/) in early mouse embryos but
is not detectable in nonmotile cilia of the node or primary cilia of endodermal cells (/). Body axis is specified
as right (), left (), anterior (a), and posterior (0). Scale bars in (/) and (/): 10 wm. ac., acetylated.
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shown in Figure 2C, DNAHI11 localized
only to the proximal region of ciliary
axonemes, as compared with panaxonemal
localization of «/B-tubulin. We determined
that a commercially available, polyclonal
anti-DNAHI1 antibody also identified
DNAHI1 in the proximal region of human
respiratory cilia by IFM, and provided a
robust cross-reactive signal by Western
blotting of porcine axonemal extracts (see
Figure E13). The mouse ortholog to
DNAH11, also known as the Ird, was
shown to be expressed in tissues containing
motile cilia, including the LR organizer
(19). Consistent with findings in human
respiratory cells, mouse GFP-DNAH11
localized to the proximal region of
respiratory cilia (Figure 2D). In contrast,
mouse GFP-DNAHI11 localization in
monocilia of the LR organizer of GFP-Ird
mice was panaxonemal rather than
proximal (Figure 2E). These data
demonstrate that human DNAH11 and
mouse GFP-DNAHI1 have a restricted,
proximal localization in respiratory cilia,
and that mouse GFP-DNAHI11 has an
unrestricted, panaxonemal localization
pattern in the embryonic LR organizer;
this distinction was not reported
previously (19).

To validate the specificity of this anti-
DNAHI11 antibody, we examined
individuals with PCD harboring novel loss-
of-function DNAHII mutations. We
identified a consanguineous Iranian family
(OP-327) with five siblings, of whom four
presented with recurrent upper and lower
respiratory tract infections, and one also
displayed situs inversus totalis (Figure 3A).
Genome-wide linkage analysis of OP-327
identified chromosome 7 as the only
genomic region with a significant logarithm
of odds (LOD) score (above 3.0). Haplotype
analysis demonstrated an 11.9-Mb region
of homozygosity among the PCD siblings
within the chromosomal interval
7p15.2-7p21.3 (physical positions
13,201,036-25,126,009; National Center for
Biotechnology Information Map Viewer),
consistent with homozygosity by descent.
This genomic interval contains 136 genes,
and the only known PCD-causing gene
within this locus is DNAHI1 (Figure 3B).
We subsequently analyzed DNA from
OP-327 114 by whole-exome sequencing
and filtered pathogenic variants (Varbank
software) located within this interval
on chromosome 7. We identified a
homozygous splice-site mutation in

American Journal of Respiratory Cell and Molecular Biology Volume 55 Number 2 | August 2016
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Figure 3. DNAH11 is absent in respiratory cilia of individuals with PCD with a homozygous DNAH11 splice-site mutation. (A) Pedigree of the consanguineous PCD
family OP-327. PCD siblings are shaded black, and the unaffected sibling is shaded white. *Situs inversus totalis. (B) Genome-wide linkage analysis of family OP-327
indicates chromosome 7 (x-axis represents genomic position in centimorgans or cM) as the only significant logarithm of odds (LOD) score (y-axis); this genomic interval
contains DNAH11 (red arrow). (C) Sanger sequencing confirmed a homozygous splice donor variant in DNAHT17 (intron 73, ¢.11739 + 1G>A) in four PCD siblings
(OP-327 111-ll14). The unaffected parent (OP-327 12) and sibling (OP-327 115) are heterozygous (A/G) for this variant, whereas wild-type DNA shows the G nucleotide at
this position. The triplet nucleotide sequence (color) is shown above the translated amino acid sequence (single letters). (D) IFM shows that, in contrast to healthy human
respiratory cells, DNAH11 (red) is absent in PCD siblings OP-327 lI1-ll4. o/B-tubulin (green) is used as counterstain to detect ciliary axonemes. Scale bar: 10 um.
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DNAHI1 (c.11,739 + 1 G>A, intron 73);
this variant affects a canonical donor splice-
site, predicts aberrant splicing, and is absent
from both the 1,000 Genomes and ExAC
databases. We confirmed by Sanger
sequencing that this homozygous
DNAHI1I mutation was present in all
affected siblings, but was heterozygous in
the mother and unaffected sibling (DNA
from the father was not available).

Thus, segregation was consistent with
autosomal recessive inheritance

(Figure 3C). Next, we performed IFM on
respiratory cells from all affected siblings
using this anti-DNAHI11 antibody and
determined that DNAH11 was absent in
respiratory cilia from these siblings

(Figure 3D). These data demonstrate that
the DNAHI1 ¢.11,739 + 1 G>A donor
splice-site mutation results in the loss of
DNAHI11 and validated the specificity of
this anti-DNAH]11 antibody. Consistent
with the reported DNAH11-mutant
phenotype, the affected siblings had
normal ciliary composition for the

ODA HC protein DNAHS5, the IDA
light chain (LC) protein DNALI1, and
the RS head protein (RSPH) 9, as
determined by IFM (see Figure E2).
Respiratory cells from the mother and
unaffected sibling were not available for
IFM; TEM and HVMA were not available
for the affected siblings.

We examined DNAH11 localization in
additional individuals with PCD with
biallelic DNAH11 mutations identified by
either whole-exome or targeted next-
generation sequencing (NGS) and verified
by Sanger sequencing (see Table E2 and
Figures E3-E7). All mutations were either
absent or showed a frequency below 0.01 in
the 1,000 Genomes and ExAC databases,
and were scored as pathogenic (see Table
E3). Consistent with classical loss-of-function
DNAHII mutations in individuals with
PCD OP-1250 II1 (exon 53, c.8698C>T,
p-Arg2900* hom.) and OP-1324 II1
(exon 62, c.10036C>T, p.Arg3346* hom.),
we found that DNAHI11 was absent in
respiratory cells from these individuals
(Figures 4A-4C). TEM of both OP-1250 111
and OP-1324 II1 showed normal ciliary
ultrastructure (see Figures E3 and E4).
Thus, anti-DNAH11 IFM can detect certain
loss-of-function DNAHI1 mutations in
cases with normal TEM. We next examined
whether respiratory cells harboring either
homozygous or compound heterozygous
DNAHI11 missense mutations can exhibit

218

aberrant DNAHI1 localization, including
respiratory cells from individuals with
PCD OI-128 112 (exon 81, ¢.13175C>T,
p-Thr4392Met, hom.), OP-83 II2 (exon
27, ¢4775G>T, p.Cys1592Phe; exon 52,
c.8589C>G, p.Ser2863Arg), and OP-63 112
(exon 52, ¢.8525G>A, p.Arg2842Gln;
exon 52, c.8632C>T, p.GIn2878*) (Figures
4D-4F). Interestingly, we found that
DNAHI1 was also undetectable in these
respiratory cilia, indicating that these
DNAH]II-mutant proteins are either not
expressed or unable to be assembled in
the ciliary axonemes. OI-128 II1 showed
normal ciliary ultrastructure by TEM (see
Figure E5). In contrast, IFM of respiratory
cells from individuals with PCD OP-98 II1
(exon 48, ¢.7914G>C, p.Trp2604*; exon 82,
¢.13333_34insACCA, p.lle4445Asnfs*3)
and OP-235 II1 (exon 77, c.12697C>T,
p-GIn4233*; exon 79, ¢.12980T>C,
p.Leud327Ser), which were reported
previously (14), have normal ciliary
ultrastructure by TEM (Figure 1C), and
demonstrated normal proximal DNAHI11
localization (see Figure E8). We conclude
that anti-DNAHI11 IFM can detect
DNAH]11-mutant cilia and therefore be
helpful to establish the correct diagnosis
(Figures 3D and 4A-4E; see also Figure
E13). However, IFM is not always abnormal
in individuals with PCD with DNAHII
mutations (see Figure E8), demonstrating
that certain DNAH]I1 variants do not
significantly alter DNAHI11 protein
expression and/or its assembly to the
proximal ciliary region.

The ODAs are large, multisubunit
molecular motors formed by the combined
assembly of polypeptides of different sizes:
HC (~400-500 kD), intermediate chain
(~45-110 kD) and LC (~8-55 kD)

(23, 24). In the unicellular alga,
Chlamydomonas, the ODAs comprise three
distinct HCs (a-, B-, and y-HC). We
reported previously that at least two distinct
types of ODA complexes are present in
human respiratory cilia (15): the ODA
HC DNAHS5 (orthologous to the
Chlamydomonas y-HC) is present
throughout the entire length of the ciliary
axoneme, whereas the ODA HC DNAH9
(orthologous to the Chlamydomonas
B-HC) localizes exclusively to the distal
ciliary compartment. Thus in respiratory
cilia, at least two ODA types are present:
type 1 (DNAHY negative and DNAH5
positive; proximal ciliary axoneme) and
type 2 (DNAH9 and DNAHS5 positive;

distal ciliary axoneme). To characterize
further these ODA subtypes in human
respiratory cilia, we costained control
respiratory cells with anti-DNAH11 and
anti-DNAH9. As shown in Figure 5, both
DNAHI11 and DNAH9 have distinct
localization patterns in only the proximal
or distal axonemal regions of respiratory
cilia, respectively. This supports and
clarifies our previous finding that distinct
ODA subtypes are present in human
respiratory cilia: a proximal axonemal
region positive for DNAH11 (and negative
for DNAHY, type 1), and a distal axonemal
region positive for DNAH9 (and negative
for DNAHI11, type 2); DNAHS5, which is
localized along the entire respiratory
axoneme, possibly functions as a
heterodimeric dynein complex with the
Chlamydomonas B-HC orthologs DNAH11
in the proximal region or with DNAH9
in the distal region. This proximal ciliary
region containing DNAHI11 is also
distinct from the ciliary transition zone
(see Figure E9). We next analyzed ciliary
beating of DNAH11-mutant respiratory
cells from individuals with PCD OP-1250
11, OP-1324 111, and OP-1324 112 by
HVMA. These respiratory cells
characteristically exhibited reduced ciliary
bending in the proximal (but not distal)
region of the ciliary axonemes,
subsequently reducing the amplitude

of the waveform and manifesting as
hyperkinetic beating (Figure 5D; see also
Figure E10 and Videos E1-E8). We propose
that loss or dysfunction of DNAHI1 in the
proximal region of respiratory cilia reduces
dynein-mediated force generation in this
area, resulting in reduced ciliary bending
and increased stiffness in the proximal
axonemal region.

To characterize further DNAHI11 in
diverse PCD subtypes, we examined
respiratory cilia from individuals with PCD
with defined genetic/phenotypic defects by
IFM. Previous studies have demonstrated
that loss-of-function mutations in the genes
DNAHS5 and DNAI2 (encoding structural
components of type 1 and type 2 ODA
complexes) result in lack of axonemal ODA
assembly (4, 5, 15); these DNAHS5- and
DNAI2-mutant cilia are deficient for the
ODA proteins, DNAH5, DNAH9, and
DNAI2 (5, 15), and lack the ODA structure,
as determined by TEM (Figure 1B).
Interestingly, we found normal proximal
DNAHI1 localization in DNAH5-
and DNAI2-mutant respiratory cilia,
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A o—B—tubulin DNAH11

control

OP-1250 I
DNAH11:
p.Arg2900* hom.

OP-1324 111
DNAH11:
p.Arg3346™ hom.

Ol-128 112
DNAH11:
p.Thr4392Met hom.

OP-83 112
DNAH11:
p.Cys1592Phe;
p.Ser2863Arg het.

OP-63 12
DNAH11:
p.Arg2842Gin;
p.GIn2878* het.

Figure 4. DNAH11 is absent in respiratory cilia of individuals with PCD with both homozygous
nonsense and homozygous or compound heterozygous missense DNAH17 mutations. We
confirmed additional novel DNAH11 loss-of-function mutations (see Figures E3-E7 and Tables E2
and E3) and determined that, in contrast to healthy control (A), these cilia lack DNAH11 (B-F).
o/B-tubulin (green) is used as counterstain to detect ciliary axonemes. Scale bars: 10 ym.

indicating that the integrity of the ODA
macromolecular complex is not essential
for proximal DNAH11 assembly in
respiratory axonemes (Figures 6A-6C).
Previous studies have also demonstrated
that loss-of-function mutations in DNAAF]I
(25) and DNAAF3 (26) cause loss of both
ODA and IDA assembly; DNAAFI- and
DNAAF3-mutant cilia are deficient for the
same ODA proteins as DNAHS5- and
DNAI2-mutant cilia, as well as the inner
arm LC protein DNALII, and they lack
both the ODA and IDA structures, as
determined by TEM (Figure 1B). We also
observed normal proximal DNAH11
localization in these DNAAFI- and
DNAAF3-mutant cilia (Figures 6D and 6E),
demonstrating that the integrity of neither
the ODA nor IDA macromolecular
complex is essential for DNAH11 assembly
in respiratory axonemes. Further
supporting this observation, we also
determined that DNAHI1 retains proximal
ciliary localization in CCDCI51-mutant
respiratory cilia, which also have ODA
defects, due to functional loss of the

ODA axonemal docking complex (27)

(see Figure E11).

We next analyzed whether DNAHI11
localization depends on the integrity of
defined axonemal multiprotein
complexes that intercalate with the A-B
tubules, such as the N-DRC and RS
structures (Figure 1A). We observed
proximal DNAHI11 localization in healthy
control respiratory cilia as well as those
harboring N-DRC (CCDCI164-mutant
cilia) (28), N-DRC and IDA (CCDC39-
mutant cilia) (6), and RS (RSPH4A-
mutant cilia lacking the entire RS head
structure) (18) defects stemming
from loss-of-function mutations in these
respective PCD-causing genes (see
Figures E11 and E12). We conclude that
axonemal assembly of the B-HC ortholog,
DNAHI11, does not depend on the
integrity of the N-DRC and RS ciliary
complexes or the ODAs and IDAs in
respiratory cilia.

Studies in the Chlamydomonas B-HC
mutant, oda4-s7 (a truncated B-HC
protein lacking its carboxyl terminus),
have demonstrated a variable reduction in
electron density in the midportion of
ODAs and occasional reduction in ODA
number by averaged TEM cross-section
analysis (29-31). Therefore, we carefully
re-evaluated the proximal region of
DNAH11-deficient cilia (OP-1250 II1) by
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L

DNAH5
DNAH9

DNAH11

4am |

Figure 5. DNAH11 and DNAH9 distinctly localize to proximal and distal regions of respiratory cilia,
respectively. (A) IFM shows that DNAH9 (green) localizes to the distal region of respiratory cilia;
DNAHS5 (red) localizes throughout the entire cilium. Scale bar: 10 ym. (B) IFM shows that DNAH11
(ourple) localizes distinctly in the proximal region of respiratory cilia in contrast to DNAH9 (green),
which localizes distinctly in the distal region of respiratory cilia. Scale bar: 10 pm. (C) A schematic

shows that DNAH11 and DNAH9 localize to distinct regions in respiratory cilia, thus defining distinct

proximal and distal ODA subtypes. (D) Model of hyperkinetic ciliary beating. Whereas healthy
respiratory cilia display an average beat frequency of approximately 6 Hz, cilia from individuals with
DNAH11 mutations have an average beat frequency above 9 Hz, owing to reduced bending in the
proximal ciliary region (see Figure E10 and Videos E1-E8). Blue shades indicate forward effective
stroke; gray shades indicate recovery stroke. wt, wild type.

TEM tomography and detected a partial
reduction in ODAs in the proximal, but
not distal, ciliary region of these cilia
(Figure 7). This indicates that DNAH11-
mutant cilia harbor subtle ODA defects in
only the proximal ciliary region, and
clarifies the apparently normal ciliary
ultrastructure of these cilia: this subtle
ODA defect in DNAHI11-mutant cilia may
be easily overlooked by conventional
TEM analysis (visualization of a single,
structural projection in two dimensions),
but is detectable by careful analysis

of three-dimensional models of the
proximal ciliary region obtained by

TEM tomography (detailed visualization
of a structure inside a reconstructed three-
dimensional volume).
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Discussion

The diagnosis of PCD in cases of normal
ciliary ultrastructure and normal visceral
arrangement (situs solitus) remains
challenging and requires additional
supportive assays (10). Despite several
reports describing DNAHI1 mutations

as a cause of PCD with normal

ciliary ultrastructure, its molecular
characterization and mechanistic
contribution to this PCD subtype remains
poorly understood. Here, we have
validated a monoclonal antibody specific
to DNAHI11; DNAHI11 is localized to
the proximal region of respiratory cilia,
and this is supported by the observation
that GFP-DNAHI1 is also localized

proximally in mouse respiratory cilia.
The differential localization pattern

of GFP-DNAH11 between mouse
respiratory cilia (restricted, proximal)
and motile monocilia of the embryonic
LR organizer (panaxonemal) underscores
the observation that DNAHI1/Dnahll
mutations result in LR body patterning
defects, and supports a critical function
for DNAHI11 in nodal ciliary beating
(12, 14, 32-34).

Because DNAHI11 mutations are a
common cause of PCD with normal ciliary
ultrastructure, and conventional TEM is
not useful in these cases, anti-DNAHI11
IFM of respiratory cilia should facilitate
diagnosis of this PCD subtype (Figures
3-4). However, we also show that some
DNAHI1I mutations are compatible with
axonemal assembly of a mutant DNAHI11
protein (see Figure E8). This antibody likely
would not detect carboxyl-terminal
missense and/or truncating mutations
(OP-98 111, p.lle4445Asnfs*3; OP-235 112,
p-GIn4233*, p.Leud327Ser) unless they
affect overall protein stability. Thus, a
normal DNAHI1 staining pattern using
this antibody cannot rule out the presence
of certain DNAHII mutations, and a
negative DNAHI11 staining pattern is not
diagnostic per se. However, due to current
limitations in routine genetic testing (e.g., low
coverage, detection of indels), anti-DNAHI11
IFM analysis could support a PCD diagnosis
in unresolved genetic cases, for example,
when only a single heterozygous DNAH11
mutation is detected (14). We showed
recently that IFM can help to establish a PCD
diagnosis in cases with RS defects, using anti-
RSPH1, RSPH4A, and RSPH9 antibodies
(18). Furthermore, we have previously
established IFM-based diagnostic screening
to identify ODA defects using anti-DNAHS5,
anti-DNAHY, and anti-DNAI2 antibodies
(5, 15, 16). We also showed that IFM using
anti-CCDC39, anti-GAS8, and anti-DNALI1
antibodies can detect N-DRC and IDA
defects (6, 7, 17, 25). Thus, the majority of
known PCD types are now detectable by
IFM, which is helpful to establish the correct
diagnosis.

The restricted localization of human
DNAHI11 in the proximal region of
respiratory cilia can help us to understand
why DNAH11 mutations result in PCD
with hyperkinetic ciliary beating and
reduced beating amplitude. A previous
report that systematically analyzed ciliary
beating of respiratory cilia (at 25°C) with
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LY —p—tubulin DNAH11

control

Ol-16 112
DNAHS5:
p.GIn1464* hom.

OP-254 111
DNAI2:
p.Arg263* hom.

OP-250 I
DNAAF1:
p.Ala451fs*7 hom.

OP-989 I
DNAAF3:
p.Leu108Pro hom.

Figure 6. DNAH11 localizes to the proximal region of respiratory cilia in individuals with PCD with mutations affecting ODA and IDA assembly. Similar to healthy
control respiratory cells (A), DNAH11 localizes to the proximal region of respiratory cilia in individuals with PCD harboring homozygous nonsense mutations in
DNAHS5 (B) and DNAI2 (C) that lack ODA structures, as well as individuals with PCD harboring homozygous loss-of-function mutations in DNAAFT (D) and
DNAAF3 (E) that lack both ODA and IDA structures. Anti-DNAH11 (green) is costained with a/B-tubulin (red) to detect ciliary axonemes. Scale bar: 10 ym.
Individuals with PCD OP-254 111, OP-250 II1 and OP-989 II1 were reported previously (5, 25, 26). TEM of OI-16 112 and OP-989 II1 are shown in Figure 1B. DIC,
differential interference contrast microscopy.

diverse genetic PCD variants (20) found mean values for healthy controls (6.36 Hz) (e.g., DNAH5 mutations), DNAHI1-mutant

that DNAHI11 mutations resulted in a and respiratory disease controls (5.32 Hz).  respiratory cilia characteristically showed
higher ciliary beat frequency with a mean  In contrast to other PCD variants, increased stiffness and reduced bending in
value of 8.7 Hz, in contrast to reported including those harboring ODA defects the proximal axonemal region (see Videos
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Figure 7. TEM tomography detects a partial reduction of ODAs in the proximal, but not distal, region

DNAH11 proximal

DNAH11 distal

oY

of DNAH11-deficient cilia. Tomographic reconstruction of ciliary cross-sections from (A) wild-type
(WT) and (B and C) DNAH11-deficient cilia (OP-1250 II1; see also Figure 4B and Figures E3 and E14,
and Videos E1-E4) identify a partial reduction of ODAs (white arrowheads) in the proximal (B), but not
distal (C), region of DNAH11-deficient cilia. Black arrowheads, structured ODAs; black arrows in B
indicate the electron-dense material sometimes visible between microtubule doublets in the proximal
ciliary region, approximately 400 nm distal to the transition zone and 100 nm distal to the base of the
central pair microtubules. Tomographic reconstructions of ciliary longitudinal sections from (D) WT
and (E and F) DNAH11-deficient cilia (OP-1250 II1) also identify a partial reduction of ODAs (white
arrowheads) in the proximal (E), but not distal (F), region of DNAH1 1-deficient cilia. Scale bars: 50 nm.

E1-E8). The distinct proximal ciliary
localization of DNAHI11 and the
characteristic beating deficiency observed in
DNAH11 mutations suggest that DNAH11
is critical for bending of the proximal
ciliary region during the effective and
recovery strokes of the ciliary beat cycle
(Figure 5D). To our knowledge, this is the
first study to describe a well defined
compartment in the proximal region of
respiratory cilia. Previous studies using
Chlamydomonas have described
proximal axonemal localization of IDA
proteins, including dynein HC DHCI11,
the ortholog to human ciliary dynein
HC DNAH?7 (35, 36) and Fa2p, an
ortholog to human NIMA-related
kinase (NEK) family proteins (37).

222

These studies also proposed

a specialized role for the proximal
axonemal region in bending and
waveform initiation (35, 36), as well as
mechanosensation and regulation of
intraflagellar transport at the site of
flagellar assembly/autotomy (37).

The Chlamydomonas (3-HC gene show
ambiguous BLAST homologies to three
human genes: DNAH9, DNAH11, and
DNAH]17. This suggests that 3-HC has
diverged for specialized functions in higher
eukaryotes during evolution. Our data
demonstrate that certain differences
between proximal type 1 ODAs and distal
type 2 ODAs have evolved because B-HC
DNAHO9 assembly depends on the integrity
of the ODA complex (5, 15, 25), whereas

B-HC DNAHI1 assembly does not
(Figure 6; see also Figure E11). Recently,
in vitro studies using Chlamydomonas
demonstrated that B-HC is the main force
generator coupled to ATP hydrolysis, in
contrast to a-HC (for which there is no
clear human ortholog) and y-HC (human
orthologs DNAH5 and DNAHS) (38).
Although we cannot exclude a functional
role for DNAHI17 in respiratory cilia, it
has not been identified in several
transcriptomic and proteomic analyses

of eukaryotic cilia (39), in contrast to
both DNAHI11 and DNAHO. Interestingly,
anti-DNAH9 IFM analysis of both
DNAH11-deficient (OP-1250 I11) and
DNAHI11-mutant (OP-235 II2) cilia
demonstrated that the B-HC DNAH9 shifts
from a distinctly distal to a panaxonemal
localization (see Figure E14), in an identical
distribution pattern to the y-HC ortholog,
DNAHS. Presumably, DNAH9 can
heterodimerize with DNAHS5 in the
proximal ciliary region when DNAHI1 is
either defective or absent. However,
DNAHO9 cannot functionally replace the
partial ODA defect in the proximal ciliary
region (Figure 7) and characteristic
hyperkinetic beating (Figure 5D; see also
Figure E10 and Videos E1-E8) in
DNAH]I1-mutant cilia. Based on our
observation that DNAH11 and DNAH9
occupy distinct proximal and distal regions
of respiratory cilia, we conclude that
DNAHI11 and DNAHO9 are paralogs:
DNAHI1 has diverged from an ancestral
B-HC as the principal effector of proximal
ciliary bending in respiratory cilia, whereas
DNAHOY functions in the distal axonemal
region.

We and others have demonstrated
previously that DNAHI11 mutations do
not affect assembly of ODAs (12, 14). We
now show by TEM tomography that a
partial reduction of ODAs is detectable
in only the proximal region of DNAH11-
deficient cilia. In addition, we show by
anti-DNAH11 IFM that the axonemal
assembly of DNAH11 does not depend
on the integrity of the macromolecular
ODA and IDA complexes as well as the
axonemal N-DRC and RS complexes.
This demonstrates that the ODA defect
underlying DNAH11 mutations is
subtle, and helps explain why these
PCD cases demonstrate normal ciliary
ultrastructure by conventional TEM.
Furthermore, this predicts that a novel
pathway of axonemal assembly and as-
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yet unidentified genetic factors may be ultrastructure and hyperkinetic ciliary study, and acknowledge the German patient

responsible for this relatively common beating. l
(over 30%) PCD subtype.

In summary, these studies use a Author disclosures are available with the text
validated anti-DNAHI11 antibody to of this article at www.atsjournals.org.

define a distinct proximal region in
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