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Abstract

A finely regulated system of airway epithelial development governs the differentiation of motile
ciliated cells of the human respiratory tract, conferring the body’s mucociliary clearance
defence system. Human cilia dysfunction can arise through genetic mutations and this is a
cause of debilitating disease morbidities that confer a greatly reduced quality of life. The
inherited human motile ciliopathy disorder, primary ciliary dyskinesia (PCD), can arise from
mutations in genes affecting various aspects of motile cilia structure and function through
deficient production, transport and assembly of cilia motility components or through defective
multiciliogenesis. Our understanding about the development of the respiratory epithelium,
motile cilia biology and the implications for human pathology has expanded greatly over the
past 20 years since isolation of the first PCD gene, rising to now nearly 50 genes. Systems
level insights about cilia motility in health and disease have been made possible through
intensive molecular and omics (genomics, transcriptomics, proteomics) research, applied in
ciliate organisms and in animal and human disease modelling. Here, we review ciliated airway
development and the genetic stratification that underlies PCD, for which the underlying
genotype can increasingly be connected to biological mechanism and disease prognostics.
Progress in this field can facilitate clinical translation of research advances, with potential for
great medical impact, e.g. through improvements in ciliopathy disease diagnosis,
management and family counselling as well as enhancing the potential for future genetically
tailored approaches to disease therapeutics.
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The multiciliated human airways and their cellular composition

The human respiratory tract is lined by a mucociliary epithelium that covers the airway
surfaces from the nose to the most distal segment of the conducting airways (the terminal
bronchioles). Within the airway epithelium, mucus-producing cells and ciliated cells bearing
multiple motile cilia together provide a vital airway defence system of mucociliary clearance,
by the constant trapping and upward motility of inhaled particles and pathogens, with
secretions finally expelled at the nose and mouth or removed at the nasopharynx by
swallowing. The airway epithelium is composed of five main cell types: basal, suprabasal,
club, goblet and multiciliated cells (Figure 1). The cellular heterogeneity across the upper and
lower airways in the healthy airways has been explored through global transcriptomics, as well
as the characterisation of some lung disease states e.g. asthma, pulmonary fibrosis.
Reference airway cell atlases now reveal an unprecedented molecular detail and almost
complete cellular definition, with the exception of some very rare unidentified cell types [1-4]
(Figure 1). Rare cell types include ionocytes, neuroendocrine as well as tuft cells [3]. Better
understanding of the formation and composition of the airway epithelium has been an intensive
area of biological and translational research over recent years. Genetic lineage labelling has
established a comprehensive profiling of airway epithelial cell lineage in mice. Recently, the
advent of single-cell transcriptomic analysis (RNA sequencing), coupled to lineage inference
algorithms has suggested lineage relationships in humans [5]. In both organisms, the main
developmental model implies that basal cells first differentiate into club cells, by going through
a suprabasal cell intermediate. Club cells in turn mature into goblet cells or differentiate into
multiciliated cells. Some authors have proposed that goblet cells could also differentiate into
multiciliated cells, as goblet cells are found on the multiciliated cell branch in airway lineage
inference studies, and furthermore because of the identification of hybrid mucous multiciliating
cells [2, 3, 6, 7].

We now know that basal cells, identified by the expression of KRT5 and TP63, populate the
epithelium all along the airway tree in humans, although their abundance decreases in smaller
airways [8]. Basal cells are the progenitors of all other cell types of the epithelium [9] and they
generate a strong cohesion of the epithelium through their attachment to the basal lamina [10-
12]. Suprabasal cells share many similarities with basal cells, including the expression of
KRTS5, but they have lost TP63 expression, are not adjacent to the basal lamina and display
features of early committed progenitors such as Notch pathway activation [7, 13].

Club cells are luminal cells that secrete anti-inflammatory and immune-modulating compounds
such as secretoglobin 1A1 (SCGB1A1) [14-16] and participate in xenobiotic detoxification [17].
During epithelial regeneration, whether upon injury or at homeostasis, club cells differentiate
from suprabasal cells. Despite their differentiated phenotype and specialized function, they
can, in turn, differentiate into multiciliated cells. This differentiation pathway has been termed
physiological “transdifferentiation” [18].

Goblet cells are also luminal secretory cells, identified by their property of mucin secretion.
Secreted respiratory mucins are the main contributors to the formation of the airway mucus
"gel", predominantly MUCS5AC produced by goblet cells of the surface epithelium and MUC5B
produced by the goblet cells of the submucosal glands [19, 20]. Trapping of airborne particles
occurs within the surface liquid lining the airways, which forms an approximately 5 pm-thick
continuous layer [21]. This surface liquid can be divided into two distinct phases or layers: a
gel phase corresponding to the mucus layer, which is the outermost layer, and a periciliary
fluid which includes motile cilia. Mucus is gradually drained out of the airways with the
coordinated beating of cilia of the respiratory epithelial multiciliated cells.

Multiciliated cells are 20 um-high (basal to apical surface) cylindrical or pyramidal cells that
carry about 200 to 300 motile cilia on their apical surface, which is about 6 um across [22].
Cilia are hair-like structures with a highly organised internal microtubule-based structure
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(axoneme), that protrude out from the apical surface into the extracellular space, to a height
of about 7 um, diameter 0.3 ym. The matile cilia beat at a frequency between 10 and 20 Hz,
resulting in a mucus displacement of about 5 mm/min [20, 23, 24]. Cilia beating movement is
characterized by an effector phase, during which the cilium is perpendicular to the plane of
the epithelium and the ciliary end is anchored to the mucus layer. The cilium moves in a single
plane and in the direction of mucus evacuation, which is followed by a recovery phase, during
which the cilium curves to return to the initial position [25]. Although cilia beating is usually
referred to as synchronous, it is rather slightly shifted in time, causing a wave on the surface
of the epithelium. Between the cilia there are intercalated microvilli, that reach to about half
the height of cilia on the apical surface [26, 27].

Regulation of airway multiciliogenesis

The multiciliogenesis pathway is a highly conserved process of cellular development and
differentiation that has proved amenable to molecular investigations through human genetic
and animal model studies, as shown in Figure 2.

One of the major steps of multiciliogenesis is centriole amplification, which takes place in an
intermediate cell state between club and mature multiciliated cells. It is generally considered
that 10% of newly-formed centrioles emerge from parental centrioles, and 90% emerge from
deuterosomes, which are membrane-less protein organelles, rich in DEUP1 protein [28-32].
Although deuterosomes have been proposed to be nucleated from the younger parent
centriole [32] and may have evolved to relieve, rather than supplement centriole amplification
from the parental centrioles, recent studies have shown that the ~300 neosynthesized
centrioles can emerge spontaneously in a cloud of pericentriolar material when both parental
centrioles and deuterosomes are depleted [33, 34]. Each centriole then matures into a basal
body which, after anchoring at the basal membrane, serves as the nucleation site for
outgrowth of microtubules that form the axoneme scaffold for generation of one of the
multicilia.

Among multiciliogenesis regulatory pathways, Notch signalling plays a central role during
airway development and regeneration, since the activation of Notch pathways leads to the
differentiation of basal cells into secretory cells types, while its inhibition is required for
differentiation of muilticiliated cells [35-38]. Notch inhibition leads to the transcriptional
induction of two major transcriptional regulators: Multicilin (MCIDAS) and GMNC. GMNC,
which is also inhibited by Geminin (GMNN), stimulates MCIDAS expression and interacts with
both E2F4/5-TFDP1 and MCIDAS to form a quaternary complex [39-42]. MCIDAS is identified
as a transcriptional regulator of multiciliogenesis, acting at an early stage. By using a tracer
SASS6 Xenopus fusion protein, Stubbs et al. have highlighted the role of MCIDAS in centriole
assembly, which is a prerequisite for the formation of multiple motile cilia [43]. In addition, they
showed that MCIDAS induces the expression of genes involved in multiciliogenesis, such as
FOXJ1. Like GMNC, MCIDAS forms a ternary complex with E2F4 (or E2F5) and TFDP1 to
activate cilia-related gene expression [44]. E2F4 or E2F5 deficiency alone also blocks
multiciliogenesis  [45,  46]. Furthermore,  ChlP-seq  experiments  (chromatin
immunoprecipitation with massively parallel DNA sequencing to identify the binding sites of
DNA-assaociated proteins), to analyse the DNA-binding of E2F4 alone or in combination with
MCIDAS, showed a clear enrichment of E2F4 binding to genomic regions corresponding to
centriole biogenesis genes for their regulation [44]. The proposed model is that GMNC first
forms a complex with E2F4/5-TFDP1 to induce differentiation genes, in particular MCIDAS,
which associates with the complex and reinforces the induction of key factors for the
biogenesis of motile cilia such as MYB, FOXJ1, FOXN4 or RFX3. An additional regulator of
multiciliogenesis is TP73, which is expressed in a fraction of basal cells, but predominantly in
multiciliated cells. Tp73-deficient mice remain capable of amplifying centrioles, but the
centrioles are not able to anchor at the apical membrane, are not polarized and do not grow



axonemes. TP73 expression is induced by MCIDAS and it is found to regulate RFX2, RFX3
and FOXJ1 [47, 48].

FOXJ1 is a transcription factor expressed in all tissues carrying motile cilia: brain ventricles,
fallopian tubes, testes, and the embryonic node [49-51]. Foxjl-deficiency in mouse results in
complete absence of motile cilia [52]. FOXJ1 is required for maturation, migration and/or apical
anchoring of the centrioles, and for axoneme elongation and mobility [49, 53-55]. FOXN4 has
been described as a co-activator of FOXJ1 targets in Xenopus [56, 57]. The RFX (Regulatory
Factor binding to the X box) transcription factors form a family of nine members, but only 3 of
them (RFX2, RFX3 and RFX4) have a functional link with motile cilia [58]. RFX3 regulates cilia
length and mobility, in particular through binding to the dynein promoters and activation of their
expression [59]. RFX factors induce the expression of a large number of proteins participating
in the structure of the cilia (e.g. dyneins) and in particular proteins involved in intraflagellar
transport of ciliary cargos [54, 60]. In a co-regulatory mechanism possibly through formation
of a transcriptional complex, FOXJ1 can induce the expression of RFX2 and RFX3 [61] and
conversely, RFX3 may bind to the FOXJ1 promoter and induce its expression [59].

Amongst multiciliogenesis regulators are found microRNAs (miRNAs), short endogenous
noncoding RNAs that can bind to the 3'-untranslated regions of target genes to inhibit their
expression. MiR-449 and miR-34b/c are specifically expressed during centriole amplification
and ablation of miR-34/449 in vitro in human airway epithelial cells, or in vivo in knock-out
mice, results in impaired centriole amplification and blocked multiciliogenesis [62, 63].
CDC20B, the host gene which harbours the entire miR-449 family, is itself involved in
centriole amplification. CDC20B protein is found at the deuterosomes, required at the centriole
disengagement step that is necessary for centriole duplication [28]. Intriguingly, human
MCIDAS and CDC20B/miR-449 are located together at the same genomic locus on
chromosome 5¢11.2 and furthermore, CDC20B/miR-449 expression is controlled by MCIDAS
[28, 54]. A third regulator of multiciliogenesis, CCNO (cyclin-O) is located in close vicinity to
MCIDAS and CDC20B/miR-449. One of the cyclin protein family required for cells to progress
through the cell cycle, CCNO expression is also controlled by MCIDAS [44] and it is involved
in the early steps of deuterosome-mediated centriole amplification [64]. There are reduced
deuterosome numbers in airway multiciliated precursor cells of Ccno mutant mice, leading to
reduced numbers of centrioles and sparse numbers of motile cilia such that the mice display
a typical matile cilia-related disorder, with impaired mucociliary clearance [65]. The chr 511
region is therefore a key locus for regulation of multiciliated cell differentiation.

The up-regulation of structure and motility components at the later stage of multiciliogenesis
is accompanied by other essential multiciliogenesis controls. These include different cell
polarity factors and hydrodynamic forces involved in cilia orientation and coordinated beating,
as has been reviewed elsewhere [66].

Airway epithelium modification in disease

There is significant potential for damage to the delicate airway epithelial defence system of
mucus clearance through its daily exposure, via respiration, to inhaled pathogens, toxins and
immunological challenges. In addition, genetic factors and pathogenic gene mutations
contribute to a spectrum of ‘muco-obstructive’ airway diseases, which includes a range of
complex conditions, such as chronic obstructive pulmonary disease (COPD), non-cystic
fibrosis bronchiectasis, asthma, chronic bronchitis.

The spectrum also includes inherited single gene disorders causing monogenetic disease [67],
such as the rare genetic diseases primary ciliary dyskinesia (PCD) and cystic fibrosis (CF).
PCD and CF have an overlapping spectrum of repeated infections and bronchiectasis
implicating cilia dysfunction. However, their disease aetiology is completely distinct: PCD is



the major inborn disease known to be directly caused by airway cilia structure/function
mutations i.e. mutations that affect the motile cilium’s axoneme generation or its structural
organisation. In CF, cilia dysplasia and axonemal structural abnormalities of motile cilia may
be seen in affected patient’s airways [68, 69], but this is for different reasons that relate to a
physical interference with normal mucociliary clearance/movement of cilia. CF is caused by
mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), which is
expressed in the multiciliated cells, but at low levels, with much higher expression in ionocytes
[5, 70]. CFTR mutations dysregulate airway epithelial ion transport, resulting in increased
epithelial fluid absorption and decreased water content, altering mucus properties and
mucociliary interactions.

Several of the multiciliogenesis regulatory genes are now recognised to be associated with
disease arising from cilia dysmotility (PCD), as shown in red in Figure 2. In addition, a team
recently found that IL-13, induced in chronic conditions such as asthma, inhibits MCIDAS
independently of the Notch pathway [71]. In terms of ciliopathy, much about the underlying
biological mechanisms has been revealed through human genetics. A mutation of multicilin
(MCIDAS) was found in PCD patients with a subtype termed "Reduced Generation of Multiple
Cilia" (RGMC). Their ciliated airway cells lacked multiple basal bodies and displayed
drastically reduced numbers of cilia that were furthermore static, also having ultrastructural
defects demonstrating a lack of the maotility protein apparatus in the remnant cilia [72]. CCNO
mutations were also detected in PCD patients with similar RGMC lack of mutlicilia, but in this
case the defect lay in the basal body biogenesis program, downstream of the MCIDAS master
regulation of multiciliated cell differentiation. CCNO deficiency affects the amplification and
anchoring of centrioles, resulting in cilia of reduced number but retaining normal cilia
ultrastructure and motility (i.e. not lacking the motility proteins) [73]. FOXJ1 mutations were
also identified to cause RGMC, with a reduced number of cilia that interestingly had a mixture
of dysmotility, with both normal and structurally disorganised airway cilia. FOXJ1 mutations
are distinguished by causing the only dominant form of PCD, through haploinsufficiency in
carriers of a single FOXJ1 mutation [74]. GMNC is, like MCIDAS, a critical master regulator of
multiciliated cells differentiation and a candidate gene for human RGMC. Consistent with this,
Gmnc-deficient mice lack airway multiciliated cells, but no human patient mutations have yet
been reported [42].

Many genes are known to regulate cilia length, but recent human mutational studies identified
an interesting additional regulator of multiciliogenesis, NEK10, that is worth highlighting in the
context of PCD. Mutations in NEK10, a ciliated cell-specific serine-threonine kinase from the
NIMA (never in mitosis gene a)- related kinase (NEK) cell cycle protein family, give rise to
muco-obstructive airway disease akin to PCD with bronchiectasis. However, uniquely within
this disease spectrum, NEK10 mutation is associated with shortened motile cilia (of normal
structure and motility), accompanied by reduced motile cilia protein expression but also
widespread ciliary proteome depletion. NEK10 mutations also do not confer the defect of
undocked centriole/basal bodies seen in cilia aplasia syndromes arising from MCIDAS, CCNO
and FOXJ1 mutations [75].

Clinical features of motile ciliopathies with airway disease (PCD)

The clinical course of airway disease in PCD motile ciliopathies is shown in Figure 3. This
usually includes an early onset, manifesting as neonatal respiratory distress syndrome.
Affected individuals have chronic upper and lower airway symptoms, which features recurrent
sinusitis, rhinitis, congestion and nasal polyps, daily productive cough, continual respiratory
infections, recurrent pneumonia. The ear canal is affected with chronic infections, otitis media
and often conductive hearing loss. There is a progressive loss of lung function through the
effects of bronchiectasis, whereby the airways become inflamed, scarred and enlarged with
excessive mucus creating susceptibility to infections.



A wider spectrum of clinical symptoms characterises the PCD-RGMC motile ciliopathies, as
dysfunction of motile cilia affects not only the respiratory tract but also several other
specialised regions of the body involved in fluid flow across epithelia and transport of cells
through fluid. This can result in left-right axis organ displacements and subfertility;
hydrocephalus may (sporadically) also occur, notably more frequently in RGMC (Figure 3).
These non-airway features arise from dysmotile cilia on the epithelial surfaces of, respectively,
the embryonic left-right (L-R) organiser (monocilia), the oviduct and the brain ventricles
(multicilia). Additionally, structurally related axonemal dysmotility of the sperm flagella causes
frequent male infertility [76]. Ependymal cilia of the ventricles influence the movement and
likely also composition of the cerebrospinal fluid, whilst nodal monocilia within the L-R
organiser determine organ laterality early during development [77, 78]. In PCD, laterality
determination is randomised, with only about half patients having normal arrangement of the
internal organs (situs solitus, SS). The other half have situs inversus and heterotaxy, most
often manifesting as situs inversus totalis (SIT) involving medically harmless mirror-image
organ displacement e.g. dextrocardia. However in 6-9% there is more complex situs
ambiguous (SA) associated with cardiac defects like isomerisms, that may require surgical
intervention. Congenital heart disease has been found in 6-17% of PCD patients, occurring in
fact across all of SS/SIT/SA, but much more frequently in SA cases [79-81]. PCD patients with
heart defects and heterotaxy are also at higher risk of more severe respiratory complications
[82].

Genetics of PCD and molecular diagnostics

A timeline of events in PCD research and gene discovery is shown in Figure 4. Since 1999
and the isolation of DNAI1, the first PCD gene (Pennarun et al.), almost 50 genes have been
found to be mutated in this condition (Figure 5). Internally, the motility of cilia is supported by
their anciently conserved microtubular axoneme core scaffold, arranged in a classical (9+2)
structure of a central microtubular pair surrounded by nine peripheral microtubules (Figure 5).
Gene mutation-related disturbance of the 9+2 axoneme is associated with a spectrum of
motile ciliopathy disease within the PCD category. The inheritance mode is mostly recessive
as only three genes are associated with a recessive X-linked transmission (RPGR, PIH1D3,
and OFD1) and one with dominant inheritance (FOXJ1). As for all recessive disorders, the
incidence of PCD is higher in populations where endogamy is frequent and a number of
founder effect mutations have arisen through genetic isolation.

PCD diagnosis is complicated by disease variability and the need for expert verification of cilia
dysfunction. Diagnostic screening is specialised and multifaceted, best performed at a
specialist centre and employing a number of measures of ciliary motility (low nasal nitric oxide,
tests of cilia structure, function, dyskinesia index), which have established clinical guidelines
for their relative specificity and sensitivity [83, 84]. The main differential diagnoses are cystic
fibrosis and immunodeficiencies. Given the genetic heterogeneity of PCD and the large size
of most of the causative genes, such as the dynein heavy chains and HYDIN, gene-based
molecular diagnosis now relies on massive parallel high throughput sequencing by targeted
panel, whole exome or whole genome sequencing approaches. Acknowledged challenges in
PCD patient gene sequence interpretation also include multiple disease alleles, often found in
just one or two families, including ‘hidden’ splicing defects or single amino acid substitutions
[85, 86]. Mutation nomenclature and the classification of DNA variants as causal-pathogenic
requires a rigorous approach, employing the consensus guidelines of the Human Genome
Variation Society and the American College of Medical Genetics [87, 88]. Within these rules,
the diagnostic rate for PCD is high, reaching 70-75%, in patients with a highly probable PCD
phenotype that is based on indicative clinical signs such as low nasal nitric oxide; and
suggestive ciliary investigations such as defects being found using ciliary beat analysis by
high-speed video microscopy, axonemal structure analysis by transmission electron
microscopy or ciliary protein expression by immunofluorescence [85, 89-91]. Since the causal
additional PCD genes and variants remain to be identified in ~25% of PCD cases, genetics is
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not yet a stand-alone gold standard test, however the contribution of genetics is indisputable
and increasingly implemented within clinical diagnostic settings [84]. Genetic screens have
proven able to diagnose patients lacking detailed cilia functional analysis, so a gene panel- or
exome-first approach has been advocated especially for less well-resourced clinical centres
[85, 90].

The genetic spectrum varies between geographic areas. In patients with European ancestry,
the major causes are mutations in the DNAHS5 and DNAH11 dynein heavy chains of the outer
dynein arms of airway cilia and a European CCDC40 mutation accounts for many cases. In
some other populations, recurrent ancestral mutations are frequently found in patients, such
as the CCDC103 p.(His154Pro) missense mutation carried (20% are homozygous) by South
Asian ancestry PCD patients [92], a recurrent Arabic RSPH9 p.(Lys268del) mutation [85], or
a CCDC39 c¢.2190del mutation in North African patients (24% homozygotes in Tunisian
patients [93]). This type of recurrent specific mutation can be targeted for screening first,
especially if high-throughput techniques are not readily available.

Mutations in PCD genes impair the structure and/or the function of the axoneme

A tight correlation exists between the implicated gene in PCD patients and the axonemal
ultrastructural phenotype of their respiratory cilia (Table 1) and/or their sperm flagella. Apart
from RPGR and OFD1 associated to a more syndromic phenotype, PCD genes can be divided
into three main groups of proteins, in which mutations confer ciliary defects consistent with
their known biological functions (Figure 6 and see Table 1 for references). The first is the
previously mentioned group of transcription factors and transcriptional regulators involved in
multiciliogenesis (CCNO, FOXJ1, MCIDAS) in addition to the new player NEK10 involved in
control of cilia length (Figure 2). The second encompasses components of axonemal
structure, e.g. DNAH5 and DNAH11 dynein heavy chains of the outer dynein arms, HYDIN
the C2b projection of the central pair complex, CCDC39 and CCDC40 the molecular ruler
proteins and RSPH1, 3, 4A, 9 radial spoke head proteins. Amongst the gene group linked to
structural defects, the localisation and roles of NME5 and STK36 remain less clear [94, 95].

The third is a collection of now at least 15 proteins participating within large complexes to drive
the folding, stabilization and assembly and/or transport of axonemal outer and inner dynein
arm motors, first recognised with isolation of the PCD gene DNAAF2 in 2008 [96]. Research
in Chlamydomonas, mouse, Xenopus, fly and humans shows a complex program of dynein
pre-assembly in the cytoplasm mediated by client/chaperone functions of DNAAFs (dynein
axonemal assembly factors). Dynein arm ‘clients’ are stabilised and assembled by DNAAFs
that participate as co-chaperones to recruit HSP90 chaperone protein(s), to assist the dyneins
to fold and stabilise. These assembly complexes, by homology and binding screens, appear
analogous in function to the R2TP complex. R2TP, composed of two DNA helicases, RUVBL1
and RUVBL2, PIH1D1 and RPAPS3, recruits HSP90, allowing it to stabilise, fold and help
assemble non-ciliary protein clients [97]. Of the PCD-implicated assembly factors, DNAAF4,
SPAG1 and CCDC103 have RPAP3 homology, while DNAAF2 and DNAAF6 have PIH1D1
homology [86, 98]. Human RUVBL2 interacts with LRRC6, which interacts with ZMYND10,
implicating both these PCD proteins as partners in R2TP type assembly complexes [99, 100].

Other interactions amongst the PCD dynein assembly factors have been identified and
multiple DNAAFs appear to concentrate together with axonemal dyneins and chaperones into
cytoplasmic assembly organelles (“DynAPs”) specific to multiciliated cells, which have liquid-
like behaviours [101]. Much remains to be defined in this pathway, e.g. CFAP298 has unknown
function [102], DNAAF5 and DNAAF6 are thought to act at an initial step of dynein arm
assembly involving ODA intermediate chains [103], while DNAAF1, DNAAF2 and DNAAF3
work together to assemble the ODA heavy chains [104]. Rather than pre-assembly of entire
dynein motors in the cytoplasm, a more sequential assembly into the axonemes during
ciliogenesis has been proposed, as well as potential for early and late assembly complexes
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[105, 106]. Different DNAAFs appear responsible for assembly of distinct dynein arm subunits,
for example two cytoplasmic PCD proteins, DNAAF6 and TTC12, govern assembly of selected
inner dynein arm components as well as aspects of ODA assembly [86, 107].

Once assembled, or sequentially assembled, the dynein motors are imported from the
cytoplasm into cilia which requires intraflagellar transport (IFT), mediated by the transport
adaptor DAW1 (ODA16) interacting with the IFT complex-B protein IFT46 to facilitate their
transport from the cilia base to tip [108]. PCD-causing mutations have not been reported in
either DAWL or IFT46, but other later acting PCD associated partners in this process are
CFAP300 which localises in the cytoplasm but also interacts with axonemal IFT [109].
Intriguingly, DNAAF1 is reported to interact with IFT88, a partner of IFT46 within IFT complex-
B [110]. There are also partners in dynein arm assembly reported to localise solely to the
axoneme: LRRC56, participating in ODA assembly at the distal cilium [111] and CFAP57,
participating in assembly of inner dynein arm components [112].

Finally, outside the axoneme itself, PCD-causing mutations have also been reported in
GAS2L2, a ciliated cell-specific protein localised to basal bodies, basal feet, rootlets, and actin
filaments. Patients with GAS2L2 mutations have a normal ciliary axoneme structure but an
asynchronous ciliary beat, linked to defects in ciliary orientation [113].

Genotype-phenotype correlations and ciliary investigations

Axoneme structure defects and abnormal cilia beat patterns characterized in PCD patients
correlate highly with the implicated gene [114-116]. This finding is used in disease diagnosis,
as PCD diagnosis requires a confirmation of consistency between ciliary and genetic
investigations, especially if at least one of the alleles carries a variant of uncertain pathogenic
significance [83]. Mutations in multiciliogenesis causing RGMC-type PCD are structurally
unique, with greatly reduced respiratory cilia numbers. Mutations in genes encoding ODA and
ODA docking components (e.g. DNAH5, CCDC151) lead to absent and/or shorter dynein arms
in respiratory cilia that are also mostly immotile or show a low beat frequency. One exception
is DNAH11 where, due to a masked ODA localisation and its proximal localization in the
axoneme (Figure 6), its absence is missed by routine TEM as the axoneme structure appears
normal [117]. DNAH11 mutations also cause a specific pattern of low-amplitude hyperkinetic
ciliary beat with vibrating cilia, connected to a motility defect limited to the proximal cilia portion
where that protein is located [117] (Figure 6). Dynein assembly protein mutations cause a
lack of dynein arms in TEM, with practically immotile cilia. One exception is the p.(His154Pro)
CCDC103 mutation, associated with only moderate structural and beat impairment [92].
Mutations in CCDC39 or CCDC40, the 96 nm axonemal rulers, cause a specific
disorganization of absent inner dynein arm, central apparatus defects, and microtubular
disorganization, conferring a low percentage of beating cilia (stiff cilia with reduced beat
amplitude) [118-120]. Central microtubule complex defects arising from mutations in
components of the complex itself or the radial spokes underlie subtle anomalies that can be
missed by TEM and/or high-speed video microscopy and cilia beat impairment can also be
moderate. Mutations in the nexin-dynein regulatory complex (N-DRC) also lead to inconstant
and mild axonemal disorganization and moderate beating alteration. Other specific TEM
disturbances for the known PCD genes are detailed in Table 1.

Genotype-phenotype correlations in clinical expression

CCDC39 and CCDC40 mutation patients presenting with this major axonemal disruption also
tend to have worse lung function than patients with isolated outer dynein arm defects [121].
CCDC39/40 patients tend to have significantly lower percent predicted FEV1 and weight and
height z-scores, accompanied by significant lung function decline over time, which is not found
in patients with other ultrastructural defects. Landmark Chlamydomonas single-particle cryo-
electron microscopy imaging contrasts the effects of mutations in proteins attached to the
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outside versus the inside of the peripheral microtubule doublets. Outer proteins CCDC39,
CCDC40, CCDC114 and CCDC151 are linked to PCD, the CCDC39/40 complex serving a
critical role stretching along the entire axoneme to space axonemal complexes out with a 96-
nm repeat, which may explain the disease severity. In contrast, mutations of microtubule inner
proteins (MIPs) appear to affect nodal more than than respiratory cilia (possibly due to a
greater nodal cilia mechanical stress). Hence, where respiratory cilia have been examined (for
MNS1 and NME7 mutations and reviewed in [122]), there is little to no disturbance [123-125],
with expression in affected individuals of laterality and sperm defects but not PCD.

‘Milder’ PCD disease may also occur in patients with GAS2L2 and LRRC56 mutations that are
found in patients with an apparently undisturbed cilia ultrastructure in TEM investigations [111,
113]. Individuals with RSPH1 mutations, who have central complex defects, but a high
proportion of normal TEM cilia (reportedly overlapping with the range in healthy controls), also
show a better lung function (significantly higher FEV1) and low neonatal respiratory distress
with daily wet cough occurring later in life than for typical PCD [126]. DNAH9 is also linked to
a mild respiratory phenotype and subtle ciliary alterations, with disease restricted to recurrent
airway infections [127] or to upper airways [128]. There is a slight motility defect of the distal
cilia portion, in keeping with the regional, distal localization of this y ODA dynein heavy chain
in airway cilia (Figure 6).

Whilst laterality defects affect about half of patients, there are several PCD genes in which
mutations do not cause left/right patterning defects. These include N-DRC mutations as the
nodal cilia are not disturbed [102, 129-131] and as nodal cilia lack a central complex there are
also no laterality problems in patients with central complex or radial spoke mutations [79].
Although mutations in the multiciliogenesis genes (CCNO, MCIDAS) also do not cause
laterality defects as described above, because nodal cilia are monomoatile, they do manifest
with a comparatively severe mucociliary clearance disorder and have higher instances of
hydrocephalus, suggesting a lack of cilia affects fluid flow in the airways and brain more greatly
than cilia being present but dysmotile. Hydrocephalus, linked to impaired motility of ependymal
cilia, is a key phenotypic feature in PCD mouse mutants, but is rarely found in PCD patients
except for RGMC patients. The exception in RGMC is FOXJ1 mutation patients who do get
laterality defects, since the motile nodal cilia are generated through a distinct ciliogenesis
program controlled by the NOTO transcription factor which requires FOXJ1 [74].

As some male and female PCD patients are fertile, it has been suspected that different
axonemal protein compaosition in airway cilia and Fallopian tubes and sperm cells could explain
a preserved fertility in some cases. Interestingly, a majority of male and female patients with
DNAH5 and DNAH11 mutations - major outer dynein arm motor genes - and for whom fertility
data were available, conceived spontaneously [132], when it was also shown that ODAs were
present in spermatozoa axonemes in DNAHS5 patients [133]. Recent data confirmed that
human airway multiciliated cells and sperm cells harbour distinct compositions in outer arm
dynein heavy chains (Figure 6). In airway cilia, DNAH5 is the ODA y heavy chain and DNAH9
and DNAH11 the B heavy chain (in distal versus proximal axonemal portion). In sperm cells
ODA, DNAHS is the y heavy chain and DNAH17 the 8 heavy chain. There is a preserved or
moderately impaired fertility of male patients with DNAH5 or DNAH11 mutations, whilst
DNAH8 and DNAH17 mutations cause isolated male infertility without any respiratory
symptoms [134, 135]. In affected PCD males carrying CCDC114 mutations, their lack of
infertility has also been suggested to arise from genetic redundancy, as CCDC63 could
replace CCDC114 function in sperm [136]. Conversely, there is potential for many cases of
MMAF (multiple morphological abnormalities of the sperm flagella) to have previously
unrecognised or milder respiratory symptoms, for example when SPEF2 is involved [137, 138].
The fertility of male patients with DNAH5 mutations is still lower than the average, possibly
because multiciliated cells specific to the male reproductive tract could also play a role as an
additional/alternative contributor to male infertility in PCD patients, as recently suggested from
studies in mice lacking multiciliated cells in the efferent ducts (Terre et al., Development,
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2019). The composition of the axoneme of multiciliated cells of the female reproductive tract
is still poorly characterised [139].

Overlap between primary cilia and motile cilia defects

Motile cilia and primary cilia share mechanisms in their assembly, structure and function and
several ciliopathies due to primary cilia defects have emerged to be associated with motile
cilia anomalies of the respiratory epithelia and PCD symptoms. In males, RPGR mutations are
responsible for isolated retinitis pigmentosa or for an inborn PCD phenotype combined with
retinitis pigmentosa occurring later in life [140]. In these patients, the airway cilia axonemes
show various structural defects inked to respiratory disease. The CEP290 gene, mutations in
which cause Leber congenital amaurosis, is highly expressed in the retina and nasal epithelial
cells, but respiratory cilia analysis also reveals a variable proportion of short cilia together with
polymorphic structural anomalies accompanied by recurrent moderate upper and lower airway
inflammatory disease. [141]. INVS mutations, classically associated with nephronophthisis,
have been found to drive situs inversus and recurrent bronchitis, with central complex defects
characterized in tracheal cells of one foetus [142]. OFD1 mutations cause the oral-facial-digital
type 1 syndrome with an X-linked dominant inheritance and lethality in males, however in 2006
OFD1 mutations were found in males with severe mental retardation, macrocephaly, and
recurrent respiratory tract infections linked to impaired ciliary motility; female carriers appear
asymptomatic [143]. More recently, hemizygous OFD1 frameshift mutations located in exons
20 and 21 have been characterized in several males with X-linked recessive non-syndromic
PCD [144, 145]. In patients with Bardet-Biedl syndrome, assessment of respiratory epithelial
cells showed significant ciliary depletion and goblet cell hyperplasia, in keeping with an
increased prevalence of neonatal respiratory distress at birth, asthma, otitis media, and rhinitis
found in BBS patients [146].

Discussion and future developments

Recent years have seen unprecedented progress in defining the molecular, cellular and
developmental nature of the human ciliated airway in health and disease [147-149]. Alongside
this progress, Bjorn Afzelius’s statement 40 years ago that “the symptoms of Kartagener
syndrome [PCD today] are all directly or indirectly a consequence of the inborn inability of the
cilia to move or to perform normal and coordinate movements”, still holds true [150].

It took a further 18 years to determine the first inherited cause of PCD/Kartagener syndrome
[151], followed by revelation of the extensive genetic heterogeneity we now know to underlie
motile ciliopathy. The subsequent progress in new and translational biology arising from PCD
human genetics research, has often been underpinned by molecular work in ciliate organisms
[104, 111,112,122, 152]. Initially, the discovery of new causes for PCD relied on the screening
of candidate genes characterized in algal or animal ciliated/flagellated models such as
Chlamydomonas, Tetrahymena, Xenopus, sea urchin, zebrafish and mouse. Since the 2010s,
with development of high throughput sequencing techniques, the pace of discovery of new
aetiologies has increased, however validation of new PCD causes and the understanding of
the pathways and mechanisms governing motile cilia assembly and function still significantly
relies on ciliate model organisms [107, 109, 153]. In parallel, cellular models arise, such as
the targeted gene ablation possible by CRISPR-Cas9 in human epithelial nasal cells cultured
and differentiated in vitro [75, 107]. The genes implicated in recent years still do not explain
all cases, with genetic cause unknown in about 25% of the patients. The underlying causes
may involve new genes or more comprehensive screening of known genes (e.g. their non-
coding regions), which should in future be revealed by wider implementation of genetic
screening and new developments such as whole genome sequencing.

We have gathered a better nuanced knowledge of motile ciliopathy disease stratification,
according to genotype and ethnicity. The future power of translational human genetics lies in
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collaborative research, larger clinical consortia and more unified research networks for
recruitment and characterisation of larger PCD patient cohorts. Initiatives such as BEAT-PCD,
ERN-LUNG and the Genetic Disorders of Mucociliary Clearance Consortium (GDMCC) help
to increase patient numbers and statistical significance, facilitating better understanding of
genotype phenotype correlations of clinical importance and of PCD disease modifiers. This in
turn can help to promote more accurate and genetically targeted approaches for family
counselling, genetic therapies and development of disease-modulating drugs.
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Table 1. Genes involved in primary ciliary dyskinesia in humans and corresponding main ciliary
ultrastructural phenotype

HGNC gene symbol Chr Inheritance | Original identification

(previous name) mode

Absence/truncation of outer dynein arms

ODAD2 (ARMC4) 10 AR Hjeij et al., 2013 [154]

ODAD3 (CCDC151) 19 AR Alsaadi et al., 2014 [155]; Hjeij et al., 2014 [156]
ODAD1 (CCDC114) 19 AR Onoufriadis et al., 2013 [136]; Knowles et al., 2013 [157]
DNAH5 5 AR Olbrich et al., 2002 [158]

DNAH9 17 AR Fassad et al., 2018b [128]; Loges et al., 2018 [127]
DNAH112 7 AR Bartoloni et al., 2002 [159]

DNAI1 9 AR Pennarun et al., 1999 [151]

DNAI2 17 AR Loges et al., 2008 [160]

DNAL1 14 AR Horvéth et al., 2005 [161]

NMES8 (TXNDC3) 7 AR Duriez et al., 2007 [94]

TTC25 (ODAD4) 17 AR Wallmeier et al., 2016 [162]

Absence of outer and inner dynein arms

CCDC103 17 AR Panizzi et al., 2012 [163]

CFAP298 (C210rf59) 21 AR Austin-Tse et al., 2013 [102]

CFAP300 (C110rf70) 11 AR Fassad et al., 2018a [109]; HOben et al., 2018 [164]
DNAAF1 (LRRC50) 16 AR Duquesnoy et al., 2009 [165]; Loges et al., 2009 [166]
DNAAF2 (KTU) 14 AR Omran et al., 2008 [96]

DNAAF3 19 AR Mitchison et al., 2012 [104]

DNAAF4 (DYX1C1) 15 AR Tarkar et al., 2013 [167]

DNAAF5 (HEATR2) 7 AR Horani et al., 2012 [168]

DNAAF6 (PIH1D3) X XLR Olcese et al., 2017 [86]; Paff et al., 2017 [169]
LRRC6 8 AR Kott et al., 2012 [170]

RPGR X XLR Moore et al., 2006 [140]

SPAG1 8 AR Knowles et al., 2013 [171]

ZMYND10 3 AR Moore et al., 2013 [153]; Zariwala et al., 2013 [172]
Axonemal disorganization and absence of inner dynein arms

CCDC39 3 AR Merveille et al., 2011 [120]

CCDC40 17 AR Becker-Heck et al., 2011 [119]

TTC12° 11 AR Thomas et al., 2020 [107]

Nexin dynein regulatory complex defects

CCDC65 (DRC2)° 12 AR Horani et al., 2013 [129]; Austin-Tse et al., 2013 [102]
DRC1c® 2 AR Wirschell et al., 2013 [131]

GAssd 16 AR Olbrich et al., 2015 [130]

Central complex defects

CFAP221¢& 2 AR Bustamante-Marin et al., 2020 [173]

DNAJB13 11 AR El Khouri et al., 2016 [174]

HYDIN' 16 AR Olbrich et al., 2012 [175]

NME5 5 AR Cho et al., 2020 [176]

RSPH1 21 AR Kott et al., 2013 [177]

RSPH3 6 AR Jeanson et al., 2015 [178]

RSPH4A 6 AR Castleman et al., 2009 [125]

RSPH9 6 AR Castleman et al., 2009 [125]

STK36 2 AR Edelbusch et al., 2017 [95]

sPEF2f 5 AR Cindri¢ et al., 2019 [137]

Normal ultrastructure

CFAP579 1 AR Bustamante-Marin et al., 2020 [112]

LRRC56N 11 AR Bonnefoy et al., 2018 [111]

GAS2L2! 17 AR Bustamante-Marin et al., 2019 [113]

NEK 104 3 AR Chivukula et al., 2020 [75]

OFD1 X XLRK Budny et al., 2006 [143]; Bukowy-Bieryllo et al., 2019 [144]
Multiciliogenesis defect

CCNO 5 AR Wallmeier et al., 2014 [73]

FOXJ1 17 AD Wallmeier et al., 2019 [74]

MCIDAS 5 AR Boon et al., 2014 [72]

a ODA defects visible by high-resolution electron tomography; °, mild microtubular disorganization compared to CCDC39/CCDC40, with
absent IDA and ODA in patient sperm; ¢, absent N-DRC links reported in some TEM cilia sections; 9, mis-aligned outer microtubule
doublets in some TEM cilia sections; ¢, no ultrastructure yet recorded in TEM; , central microtubular pair defects that can be missed in
TEM structural analysis; 9, CFAP57 is axonemal and depletion causes absent IDA in Chlamydomonas; ", LRRC56 is axonemal and
depletion causes absence of distal ODAs in Trypanosoma; i, cilia orientation affected; ], short cilia; ¥, C-terminal mutations associated with
XLR PCD whilst other mutations are associated to syndromic ciliopathies with XLD or XLR inheritance. HGNC, Human Gene
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Nomenclature Committee; Chr., chromosome location; AR, autosomal recessive; AD, autosomal dominant; XLR, X-linked recessive;
XLD, X-linked dominant; MT, microtubule.
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Figure legends

Figure 1. Molecular atlas of the human airway epithelium.

Top panel, the cellular composition of the trachea and large airways is now well-defined, as
contributed to through single-cell RNA-seq studies, with gene markers defined for each cell
type (shown in parentheses). Bottom panel, UMAP plot of healthy airway ScCRNA-seq datasets,
including a set of rare cells explained on the right. Distinct cell types are labelled in a specific
colour, blue indicates those with multiciliated cell markers i.e. pre-multiciliated (light blue) and
multiciliated (dark blue). Based upon data from [3, 149].

Figure 2. Motile cilia disease and regulation of airway multiciliogenesis.

The generation of multiciliated cells involves a highly regulated developmental program for
secretory-to-ciliated cell conversion which is overseen by two master transcription regulators,
GMNC and MCIDAS, under the inhibitory regulatory control of Geminin and Notch. Their
induction of multiciliogenesis essential genes (e.g. MYB, CDC20B, FOXJ1, the RFX2 and
RFX3 transcription factors and TP73) results in downstream centriole amplification, basal
body docking and ciliogenesis which is accompanied by up-regulation of multiple axonemal
dyneins and other motile cilia proteins. Mutations in this pathway affecting the transcription
regulators MCIDAS and FOXJ1 and the centriole biogenesis regulator CCNO (highlighted in
red) cause motile ciliopathies with severe airway disease often accompanied by
hydrocephalus. The kinase NEK10, an additional regulator of multiciliogenesis and motile cilia
protein expression, is also highlighted red as mutations cause PCD symptoms in patients
associated with short cilia but of apparently milder clinical effect.

Figure 3. Clinical features of motile cilia disease and recommended clinical tests to
screen for airway cilia defects.

Top panel shows the major features of PCD. Bottom panel, diagnosis of ciliary dyskinesia is
made using a range of analyses (blue chevrons), with genetic screening and gene discovery
research an important part, with the advent of high throughput and omics-level molecular
genomic analyses, in particular to describe the emerging clinical spectrum and non-classic
disease variants. nNO, nasal nitric oxide; TEM, transmission election microscopy; IF,
immunofluorescence protein analysis; HSVMA, high speed video microscopy analysis to
investigate cilia beat frequency, pattern and number. *Range based upon data from [79-81].

Figure 4. Timeline of PCD clinical description, respiratory and ciliary investigations and
significant steps in the discovery of its molecular causes. Milestones show the first
reported occurrences in the literature, to the best of our knowledge. References are in the
main text. CNS, central nervous system; WES, whole exome sequencing; WGS, whole
genome sequencing; cryoET, cryo-electron tomography.

Figure 5. Location and function of the proteins encoded by PCD genes.

Shows locations of encoded proteins (red symbols) in human airway ciliated cells, dotted red
lines indicate a cross-section through the motile cilium, to show the proteins of the internal
9+2 microtubular array. DA, dynein arms; 2, syndromic PCD forms (RPGR implicated in
retinitis pigmentosa and/or PCD; OFD1 exon 20 and 21 frameshift mutations implicated in
typical PCD and other mutations implicated in syndromic ciliopathies); °, proposed functions;
¢, to-date, genetic results so far based upon data from one human family; ¢, not upregulated
during ciliogenesis [91].

Figure 6. Differential composition of dynein heavy chains of the outer dynein arms in

human respiratory cilia and sperm flagella.
See text for explanation.
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