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zewn Nt r z k o.nS krokoorwdyycnrho wany r uch |l icznych rz
powierzchnik om- naek godpawi ada za oczyszczanie (-
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uwarunkowane zmiany w ich strukturze |l ub
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15



/\ kompleks dokujacy ODA

zewnetrzne ramiona dyneinowe (ODA)

zewnetrzne ramiona dyneinowe (IDA)

aksonema
Y Y szprychy promieniste (RS)
A / \
regulatorowy kompleks
neksynowo-dyneinowy (N-DRC)
mikrotubula B
strefa

przejsciowa mikrotubula A

kompleks pary centralnej

&A

cialko
podstawne

Rycinal.Schemat przedstpawdigpjodew pgrypokwN jr z s ki
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pgdidysfunkcja rzfisek r mo kepnjymwbvhekowystiienfqa o wo d
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spowodowane dysfunkcj N rzfisek ruchowych na
odpowi adaj N za tr-apesipveght pgynu m-zgowo
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Abstract Cilia and flagella are evolutionarily conserved organelles that form protrusions on the sur
face of many grow th-arrested or differentiated eukaryotic cells. Dhie to the structiral and finctional
differences, cilia can be roughly classified as motile and non-motile (primary). Genetically determined
dysfunction of motile cilia is the basis of primary ciliary dyskinesia (PCD), a heterogeneous ciliopathy
affecting respiratory airways fertility and laterality. In the face of the still incomplete knowledge of
PCD genetics and phenotype-genotype relations in PCD and the spectrum of PCD-like diseases, a
contintiots search for new cauisative genes is required. The use of model organisims has been a great
partt of the advances in understanding molecular mechanisms and the genetic basis of human diseases;
the PCD spectrum is not different in this respect. The planarian model (Schmidtea medit erranea) has
been intensely used to study regeneration processes, and—in the context of cilin—their evolution,
assembly, and role in cell signaling. However, relatively little attention has been paid to the tse
of this simple and accessible model for studying the genetics of PCD and related diseases. The
recent rapid development of the available planarian databases with detailed genomic and functional
annotations prompted us to review the potential of the S. mediterranea model for studying human
motile ciliopathies.

Keywords: candidate genes; flatworms; motile cilia; planarians; primary ciliary dyskinesia (PCDY);
RNA interference (RMNAi)

1. Introduction-Cilia and Ciliopathies

Cilia and flagella are evolutionarily conserved organelles that form protrusions on
the surface of many growth-arrested or differentiated eukaryotic cells, from simple unicel-
lular organisms such as Chlamydomonas to specialized cells in higher animals—fish and
mammals [1-3]. The cilium is anchored at the cell membrane via the basal body, which
extends into the axoneme, the main part of the cilium protruding outside the cell; the
transition zone between the basal body and axoneme has a function of ciliary gating [4].
Due to structural and functional differences, cilia can be roughly classified as motile and
non-motile {also called primary or sensory), although their detailed classification is much
more complicated [5,5].

Motile cilia are ancient organelles that were already present in the Last Eukaryotic
Common Ancestor, LECA [2]. Their main function is associated with their ability to
move; they also perform some sensory functions [5,7,5]. In unicellular organisms, such as
Chlamydomonas, Paramecium, or Tetralymena, cilia or flagella (structurally related to motile
cilia, but much longer) are responsible for the movement of cells. In higher organisms,
motile cilia (5-10 um long) form a dense carpet (hundreds of organelles per cell) on the
apical side of multiciliated cells (MCCs), and through their coordinated planar beating are
responsible for the flow of fluids covering epithelium [9]. Single flagella are responsible for
sperm motility [10], and single motile cilia in the mammalian embryonal node regulate the
directional flow of signals required for the establishment of left-right patterning [11].
Primary cilia found as singular entities on the surface of almost every differentiated
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metazoan cell type [1], are not in focus in this review, but it should be mentioned that they
evolved from motile cilia. Due to the difference in their structure, they are immotile [12],
but they play an important role in the reception and transmission of signals involved
in the regulation of cellular processes essential for development and the maintenance of
tissue homeostasis. The main signaling pathways coordinated by primary cilia include
those regulated by Hedgehog (HH), G-protein-coupled receptors (GPCR), wingless (WINT),
receptor-ty rosine kinases (RTKs), and TGFp /BMP receptors [12-15].

In the axoneme of a typical motile cilium or flagellum (Figure 1), nine peripheral dou-
blets of microtubules (A and B) surround two single central microtubules (C1 and C2). In
the cross-section of the axoneme observed in the transmission electron microscope (TEM),
this arrangement is known as the 9 x 2 + 2 pattern. Additional protein elements attached
to the microtubules are distributed periodically along the axoneme length. Multiprotein
complexes associated with the peripheral A microtubules form characteristic auxiliary struc-
tures: outer and inner dynein arms (ODA and [IDA), ODA docking complexes, radial spokes
{RS), and nexin-dynein regulatory complexes (N-DRC). Several detailed reviews describing
the axonemal structure components have been published in recent years, e.g,, [16-18].

/\ Respir.cilia  sperm flagella Modalcilia Primary cilia

o
P B
9 B
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= e )
Axonems
004 docking complex
Outer dynein arms [ODA)
__ Innerdyneinamms (IDA)
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Figure 1. Simplified schematic re presentation of the ultrastructure of a metile cilium (longitudinal
and cross sections detailing microtubule-associated elements). Cross-sections of the axoneme of
different types of motile cilia (respiratory and nodal cilia, sperm flagellim) ate compared with that of
aprimary cilium The periodic longitudinal unit (organized in 96 nm repeats) consists of four ODAs
{attached to A microtubiiles of the peripheral dublets through the ODA-docking complexes), three
radial spokes, and a set of IDAs (consisting of different complexes identified using a cryoelectron
tomography [15,19]). The length of this unit is determined by the molecular ruler proteins (in
humans, CCDC39 and CCDC40, homologs of Chlamydomonas proteins FAPS9 and FAP172 [20]).
In mammalian motile cilia, ODAs differ in the proximal and distal parts of the axoneme (by the
presence of DNAH11 and DNAHY proteins, espectively); in sperm flagella, they are replaced by
a single protein DMAHI7 [21]. Several small elements attached to the A microtubule, not visible
in classical TEM, have been identified in model organisms using crycelectron tomography [22];
additional small proteins are docked at the luminal side of both A- and B-microtubules [23,24]. The
central microtubiiles, connected by a multiprotein bridge, and surrounded by a set of projections,
form the central pair complex [25].
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Cilia movement is powered by ODAs and IDAs, which act as ATP-dependent molec-
ular motors. They move in synchrony along the B microtubule of the adjacent doublet.
The resulting mutual sliding of the peripheral doublets is restricted by the N-DRCs, which
connect neighboring doublets; the net result is a bend of the cilium [26]. Radial spokes,
attached to the peripheral A microtubules and transiently contacting the projections of the
central microtubules, stabilize the structure and functionally connect the central apparatus
to the dynein arms [27]. The cooperation of all these ultrastructural elements results in a
coordinated planar beating of motile cilia, with a fast power stroke and a slower recovery
stroke occurring in the same plane; for the review see, e.g,, [15].

The ciliogenesis of motile cilia is a multi-step process, starting from the cell cycle exit
and involving many signaling factors; it has been the subject of many excellent reviews,
e.g., [28]. The inhibition of the NOTCHI signal and activation of the MCIDAS-dependent
pathway initiates the biogenesis process specific to MCCs [29]. In MCCs, the MCIDAS
pathway orchestrates massive centriole amplification and their docking in the apical cell
membrane (through the activation of cyclin O) [30]. The expression of the FOX]J1 tran-
scription factor switches on the synthesis of proteins directly involved in the formation of
motile cilia ultrastructure [31]. Cilia elongation and maintenance are possible thanks to the
presence of a dedicated protein shuttle sy stem, named intraflagellar transport (IFT), which
involves the transport of molecules from the cell body through the basal body, transition
zone to the tip of cilia and back [32,33]. Some of the multiprotein ciliary elements of motile
cilia (e.g., dynein arms, ODA docking complexes) are preassembled in the cytoplasm in
a process that requires the presence of proteins, which are physically not a part of the
axonemal ultrastructure [34,35].

Genetically determined dysfunction of cilia is the cause of a large group of diseases,
collectively referred to as ciliopathies. With the expanding knowledge of cilia biology and
genetics, their number is now estimated as at least 35 [36]. The majority of ciliopathies are
caused by the dysfunction of primary /sensory cilia [37]. Consistent with the presence of
primary cilia on almost all cell types and their function in basic cellular pathways, their
dysfunction affects multiple systems, including kidneys, brain, heart, skeleton, and eyes
{e.g., polycystic kidney disease, FKD; nephronophthisis, NPHF; Bardet-Biedl syndrome,
BBS5; Joubert syndrome, JBTS; Meckel syndrome, MKS; Senior-Locken syndrome, SLSN;
retinitis pigmentosa, RP); for the reviews see [36-38]. In this review, however, we focus on
the diseases caused by the genetically determined defects of the structure and/ or function
of motile cilia.

1.1. Primary Ciliary Dyskinesia

Primary ciliary dyskinesia, PCD (OMIM244400; population frequency of 1:10,000 to
1:20,000), is the fagship ciliopathy resulting from the dy sfuntion of motile cilia [34,35,39-43],
It has to be emphasized that the word “primary™ in the name of the disease refers to the fact
that PCD is a genetically-based condition, as opposed to a “secondary” ciliary dyskinesia,
where the dysfunction of motile cilia is caused by environmental factors.

Typical clinical symptoms of PCD reflect the role of motile cilia in different parts
of the human body. Defects of cilia on the apical surface of the epithelial cells lining
the respiratory tract impair mucociliary clearance; as a result, PCD patients suffer from
recurrent respiratory airway infections leading to chronic bronchopulmonary disease,
recurrent sinusitis, rhinitis, otitis media, and bronchiectasis. The immeotility of sperm
flagella is a cause of male infertility, and the immeotility of cilia on the epithelial cells
lining fallopian tubes reduces fertility in females. Dysfunction of cilia present on the
ependymal cells in the brain, which are responsible for cerebrospinal fluid flow, can lead to
hydrocephalus. Finally, the defects of single motile cilia in the embryonic node impair the
flow of morphogens and body patterning (situs), resulting in the randomization of body
organ symmelry (situs inversus totalis in about 50% of PCD patients).

Due to the largely nonspecific clinical symptoms of PCD and insufficient diagnostic
methods, PCD patients are often diagnosed late. The range and severity of PCD symptoms

28



Ink. [. Mol. 5. 2023, 24, 4572 4of24

depend on the mutated gene, reflecting different impacts of the dysfunctional protein on
the ciliary structure and,/ or function [34,35,42-45].

Theoretically, the diagnostic problems can be overcome by applying genetic tests
with high efficiency of mutation detection. However, the genetic basis of PCD is highly
heterogeneous, reflecting a number of proteins involved in the structure and function
of motile cilia [46,47]. The inheritance of PCD in most families is autosomal recessive; the
¥linked or autosomal dominant inheritance is rare. To date, ~50 genes have been reported
to be involved in PCD pathogenesis (Table 1), and the involvement of more is still under
investigation [34,35,39,40,42,44] {Table 2). The role of these genes in the axonemal structure,
ciliary function, or in the biogenesis of motile cilia has been confirmed in animal models
using a range of approaches, including analy sis of mutant organisms, knockout of the gene
in question by targeted mutation or gene knockdown using double-stranded RNA (dsRMNA)
or morpholinos.

Table 1. Genes involved in PCD pathogenesis.

Eole in Motile Cilia

Confirmation from Seleckd Seminal
Gene (Alias) Biogenesis or Part of Delects (Mode of Debection)
o iy Animal Models References
MOIDAS - IF agninst AcAT) Xenopus [22,30]
FOXJ1L; autos. dominand BE stabiliz. f orientation . " anrll,'l:k'mq,m-, Smed 1], 48-50]
: ‘BB mislocalized and mom p-
RPGE; X-linksil BE docking i ) Dreric 51-53]
DFDJR;J{-JHW BE docki (TN et for GASZILE IF 3Rt porymeciizm, Smed, mouse 54-58)
GASZL2 BE stabilization. 2 Mouse, Xenopus 55
DNAAFS il » ODA/IDA preassemmbly Chlamy Dretio 60)
CFAP300 (cl10rf70) " pres Ctd.am; Parnme dum, Smed 61-62]
SPAGI (DNAAF13) . Dreric 4]
gmfu'zs %‘ﬁ% " Chlammy, Tryp, Drerio, Smed g%s
NAAT ! - Absenity shortened DA e v
DMAAFG (PIHI1D3); X-imked - {TEM; IF against ODA o DA Dreric, Drosi, mouse [71-74]
DNAAF7 @MYNDID) " against Dierio, Drosi, mouse [75.76]
elermenis)] Xenopus,
DMAAFII (LERCE) . ) i, Drericy, mowse [7s.77-a0]
CFAP29E (c210rf59) - Drerie, Chlamy, Smed 1]
DMNAAF2 (ETL) Diistal ODA preassemibly medaka, Chlarry, mouse B2
DMAAFS (DYXICI) - DCreric, mouse B3]
DAWI (WD R63,0DAI6) " Dreric, Smed, mouse, Chismy B4-56]
1DA sssembly (in sperm DA Some IDA s absent (TEM; IF .
TTCI2 andoomy ¥ amﬂm#mml Paramecium (=]
Elements of axonemal ultrastracture
DNAI oDA Chlamy RE,89]
gu.uzs . . Ab 10DA Chlum; Smned i—;:'!]]
TXNDCI (NMER DNAIS) - e L dafs,  Ciema o5,96]
DMALI gainst ODA elements, e.g, Chlamy; Smed, Typ 91,4754
DMNAHIIL Y Proxirnal ODA DAL ‘Chlamy mouse 54,100, 101]
DNAHS* Diistal ODA ‘Chlamy, Parame cum, meouse 54,102, 102]
CCDCIIE (ODADY) ODA targeting/ docking Chlsmy 104,105
ARMC4 (ODADZ) - Dherio, mouss 106]
TTC25 (ODADE) " Absenty shortered ODA (TEM; IF mouse, Drerio 107,108
ggg {onAD3) Disksl GO0 against ODA elemens) Chlamy, Smed, Drerio, mouse 1?9—111131]
targeting/ docking Chismny, Dreria 1A
LRRCS6 (ONAAF12) X Typ 114]
(CFAPST (WD RES) DA smsembly o TEM defect (IF) Chlamy [115,116]
(CCDCIV (CFAPSS) AR Mislocalized MTs, abeent IDA (TEM;  Drerio, mouse, dog [117]
CCDCE0 (CFAPITZ) " TF agpinst AR elements or GASE) i, Tonuse [118]
GAS8(GASLL; DRCU NDR complex MT mislocalized or no visikle defect G‘l’“‘n; Teyp, Dierie, monse ig]‘m]
CCDCSS (DRCL; CFAPZS0) M (IF against GASS) Chlamy, Dretic [81,124,125]
RSPH1 RS head mouse 136—138]]
RSPt . Contrl pair o MTsmislecaled T2 hiz o
RSPH3 RS stalk D e oy TF Chismy 131,137
DMAJBI3 (RSPHIGA ) . apainst Chlamy mouse 133125
NMES (RSPH23) RS neck Dreric, dog [136,1%7]
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Eole in Motile Cilia
Confirmation from Selected Seminal
Gene [Alias) Biogenesis or Part of Defects (Mode of Dietection)
u‘? Animal Models Re ferences
HYDIN CF complex . Chlamny mouse, Tryp [125-147]
STE3S (FUSED) “ o 5%;‘“““%}5‘ Sned, Dreric, mouse 143145
SFEF2 “ STE36;not for CRAPTA) ThousE 129, 146
CFAFTY . F Chlamy [147,145]
CFAP2Z2] (PCDFI ) # Mo TEM defect ThouseE, U‘|lm'5¢ [145-150]

L with hydrecephaly; * in sperm replaced by DNAHS ? in sperm replaced by DNAHIZ; 4 effect is variant
dependent. Abbreviations AcaT—acetylated alpha-tubulin marker of microtubules; AR—axonemal ruler;
BB—basal body; CP—central pair; IDA—inner dynein arm; [F—immunofluomescence; NDR—nexin-dynein
regulatory; ODA—outer dynein arm; RS—radial spokes; TEM—transmission electron microscope;
Xenopus—Xemopus laeois, Drerio—Danio rerio, Smed—Schmidfea mediterranea, Drosi—Drosophila melanogaster,
Chlamy—Camydononas  rankardtii, Ciona—Ciona infestinalis, Paramecium—Paramecium e raurelia,
Teyp—Trypanosama brucel

Table 2. Examples of genes with an uncertain role in PCD or involved in PCDHlike diseases.

Gene (Alias)
CCDCI9 (CRAPS)

WDR16 (CFAP52)
TF73; lissenceghaly
NEKI0

CCDCI13 (CCDC9E)
TEKTI

CEP164

CEAP20&

MNSIL

BEWD1
CEAP43
CCDCIT (CEAPS3)

Role in Motile Cilia Biogenesis Rel for PCD Confirmation from Selected Seminal
or Part of Axonemal Strocthune evance tor Animal Models References
I i protein Only mild respiratory h. reinhardhii, 5. mediferranea, [24151]
symploms MOLSe
. Only mild respiratory . co o
Inner lumen protein eymp Ch. reinhardtii, 5. medif erranea [24151,152)
Ciliogenesis Strong PCD candidate MoLse [153,154]
Cantrosome; kinase PCD candidate medaka [155,154)
NDE complex PCD candidate T. thermophila [22]
Centrosome, BB, axoneme PCD candidate L. rerie [157]
Centriole; BB docking PCD candidate MoLse [158,159]
EB and axeneme PCD candidate T. Hrermophila, Ch. reirisardtil [160-162)
X.laevis, mouse

. Laterality defect, male S
ODA docking infertility mouse [163,154)
Axcneme Male infertility - (165)
Axoneme Male infertility X laen's, mouse [1&5]
Ciliogenesis Laterality defects X laewis [1&7,168)

Abbreviations: BB, ODA, NDR are as in Table 1.

Pathogenic variants in many of the PCD genes result in obvious ultrastructural and/or
functional defects of cilia, which can be readily visualized using transmission electron mi-
croscopy (TEM) or analysis of the ciliary beat [45,169,170]. The most frequent ultrastructural
defects include the absence or shortening of ODA or both ODA and IDA, disorganization of
microtubule arrangement, scarcity, or a complete lack of cilia. The defects of the ciliary beat
can manifest as immotility, flickering, slow beating, or disturbed pattern of beating [169,170].
On the other hand, mutations identified in some of the genes, e.g., encoding central pair
complex proteins, N-DRC proteins, or some of the dynein arm elements, have no clear
effect on the axonemal structure or on the cilia beat frequency [102,119,123,135,147,171].

Importantly, even the use of high-throughput genome sequencing fails to detect muta-
tions in known PCD genes in ~1/3 of the patients [34,35]. This may be due to the presence of
unknown pathogenic variants, lying outside the most commonly studied coding sequences
or impossible to detect with copy number insensitive techniques, as well as the presence of
pathogenic mutations in yet-unidentified PCD genes. Moreover, the association of some
candidate genes with PCD pathogenesis remains a matter of debate, especially when mu-
tations have been described in single families. In addition, there is an expanding list of
genes from the so-called PCD spectrum [172], in which mutations in cilia-related genes
are associated with an atypical clinical picture of the disease, with a syndromic presen-
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tation [51,52,54,55,173] or without (or very mild) respiratory symptoms [10,102,174-1756].
Classification and curation of gene-disease relationships involving PCD and related motile
cilia disorders are currently the focus of the Motile Ciliopathy Gene Curation Expert Panel,
a part of the ClinicalGenome consortium [https: //www.clinicalgenome.org/ (accessed on
20 February 2023)] [177].

The overall result of the heterogeneity of heritable motile ciliopathies is that—to better
characterize the molecular/ genetic basis of the unsolved cases of PCD and to differentiate
them from the PCD-like spectrum diseases—the search for new candidate genes potentially
involved in the pathogenesis is still needed.

1.2 The Validation of New Genes Underlying PCD and PCDHlike Ciliopathies—The Role of
Model Organisms

The easy access bo NG5-based genetic screening of PCD patients increases the chances
to reveal new candidate genes. Validation of their impact on motile cilia structure and
function requires functional studies. The use of primary cell cultures in such studies
requires obtaining respiratory epithelial biopsies from patients with pathogenic variants
in candidate genes; the amount of the biological material obtained this way is limited,
and often insufficient for detailed biochemical and molecular analyses. Another approach,
silencing candidate genes in the in vitro culture of healthy human respiratory epithelium
{HRE), is not in a routine laboratory method (reviewed in [178]). Primary HRE cells have
limited ability to proliferate in culture. While the recent development of conditionally
reprogrammed HRE cell cultures increased the proliferative lifespan of these cells and
their ability to differentiate, this model is very demanding and still not sufficiently robust
and replicable [178]. This is especially important in functional studies, where genome
modification is required to overexpress or silence specific candidate genes.

Thanks to the high level of evolutionary conservation of motile cilia [3], a variety
of model organisms have been successfully used for shudying cilia biology. The same
approach, which has allowed explaining the molecular basis of cilia assembly, structure,
and function across Eukaryolic species, is widely used as a tool in the functional analysis of
candidate genes underlying the pathogenesis of PCD and other cilia-related diseases.

For almost half of the causative genes identified during over twenty years of PCD
research, their involvement in motile cilia function has been revealed by earlier (non-PCD)
forward genetics studies in model organisms, performed to study cilia biology—the identity
of proteins, their ultrastructural localization, interactions, and function. The loss-of-function
variants in these genes, when found among patients, have been directly associated with
PCD pathogenesis. For another half of PCD genes, with deleterious variants identified
during the genetic screening of patients, their involvement in motile cilia dysfunction has
been confirmed by follow-up reverse genetics studies, involving candidate gene silencing
in model organisms.

The majority of all these studies had been based on a model of double-flagella unicellu-
lar alga, Chlamydomonas reinhardtii. DNAIT, the first gene identified as involved in the patho-
genesis of PCD, has been earlier associated with the flagellar dysfunction caused by the
mutation of IC78, DNAII homolog in a double-flagella unicellular alga, Ch. reinfrardtii [38].
Other models, which had supported the role of then-candidate PCD genes in motile cilia
dysfunction, include unicellular organisms (F. reinhardtii, Trypanosoma brucei, Tetrahymena
thermophila), invertebrates (Drosophila melanogaster, Schmidtea mediterranen) or vertebrates
{frog Xenopus leavis, fish Danio rerio/zebrafish, mouse, dog); reviewed in [179,180]. Among
these model organisms considered in the context of PCD, relatively little attention has been
put to the use of 5. mediterranea.

2. Schmidtea mediterranea

5. mediterranea is a representative of freshwater planarians, free-living invertebrates
from the phylum Platyhelminthes (flatworms). These animals belong to the group of
organisms that have three germ layers {endoderm, mesoderm, and ectoderm), bilateral
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symmetry, and tissues with separate organs. The manner of reproduction of the freshwater
planarians varies across the species and can be exclusively asexual (by transverse fission),
seasonally sexual, and exclusively sexual (by the cross-fertilization of hermaphrodites) [181].
Planarians achieved popularity due to their great ability to regenerate after amputation or
injury. In some cases, a full organism can be rebuilt after several days from 1/ 279 piece
of a single worm, although the egenerative abilities of planarians are different across the
species [182-185]. This regenerative potential makes planarians practically immortal and
enables researchers to use them as efficient model organisms in a variety of studies.

There are several hundred species of planarians, but their use as animal models in
molecular and genetic studies has been mostly limited to the Dugesiidae family (e.g., genera
Dugesia, Girardia, Schmidtea), with the majority of research conducted using two species,
5. mediterranea and Dugesia japonica [186]. D. japonica is favored for behavioral studies
and toxicology screening, while 5. mediterranen is popular and attractive for molecular
experiments [187] Two distinct strains of 5. mediterranen exist in nature: a sexual strain
{2 cm long) and an asexual strain (slightly shorter). Both are diploid, with four pairs of
chromosomes (2n = 8); the asexual form resulls from a chromosome translocation between
the sexual strain chromosomes 1 and 3 [181,188].

A planarian organism has a complex anatomy. The nervous system of flabworms is
comprised of a bilobed ‘brain’ with different types of neurons and glia, and two longi-
tudinal nerve cords connected by many transverse nerves [181,185]. Photo-, chemo- and
theoreceptors located at the front of the planarian’s body send signals to the brain, where
they are processed, leading to behavioral responses [181,184]. Paired ‘eyes’ located on the
planarian head allow the detection of light and shadow, and consist of two types of cells:
pigmented oplic cup cells, and photoreceptor neurons [159,190]. Due to the lack of respira-
tory and circulatory systems in planarians, oxygen is obtained and transported by diffusion.
A centrally located pharynx is in charge of food intake and removal and is connected to a
highly branched intestine, which circulates nutrients within the body. The excretory system
{protonephridia) is responsible for the removal of waste products and esmoregulation [151].
Internal organs are surrounded by a mesenchymal tissue, parenchyma, consisting of adult
pluripotent stem cells (necblasts), which are essential for worms’ regeneration ability and
comprise ~30%s of the cells in the adult animal [185,191]. Planarians possess a set of muscle
fibers, organized in longitudinal, diagonal, and circular orientations. The planarians body
is covered with an epidermis; the ventral epidermis consists of a single layer of multicil-
iated cells (MCCs), and gland cells involved in the production and secretion of mucus,
which is used by flabworms for protection, locomotion, catching food, and adhesion to
substrates [181].

21, Advantages of the 5. mediterranea as a Model Organism

Although planarians do not fully reflect the complexity of the human organism, many
of the annotated S, mediterranea’s genes have known orthologs (or at least homologs) in
the human genome, and researchers increasingly use 5. mediterranea in studies aiming to
better understand aspects related to human development and function involving certain
cell ty pes or tissues.

The maintenance of planarians is relatively easy and cheap, and does not require
specialized equipment; only habitat conditions, such as temperature, darkness, feeding,
and water culture, have to be provided, and many methodological guidelines have been
published [e.g., [188,192,193]]. An important feature of using planarians as a model organ-
ism is the easy way to perform simple modifications of their gene expression. This can
be achieved by knockdown,/silencing genes of interest through RNA interference (RNA)
using double-stranded RNA {dsRNA). DsEMNA can be administered to the worms by mi-
croinjection, by feeding them with dsRMNA-containing bacteria, or with food mixed with
free dsRINA [194-195]. The efficacy of gene silencing on the mRNA level can be evaluated
using reverse transcription polymerase chain reaction (RT-PCR) or quantitative reverse
transcription PCR (RT-gPCR), while the gene expression pattern of a silenced gene can
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be determined using whole-mount fluorescent in situ hybridization (FISH) and whole-
mount in situ hybridization (WMISH). The phenotypic effect/s of gene silencing is typically
observed within a week or two after implementing the RINAI procedure [188].

The genome of 5. mediterranea has been well annotated, which makes this species more
attractive than other planarians. The advances in single-cell RNA sequencing increased
molecular knowledge about planarian stem cell differentiation, and have allowed for
determining the transcriptomes for each cell type in 5. mediterranea, and tracking the
transcriptomic changes during the megeneration process [197-200]. The genomic and
transcriptomic data are deposited in specialized databases and freely available to the
research community [197,201-204].

2.2 5. mediterranea Modd in the Context of Studying Cilin Biology

The potential of using 5. mediterranea as a model organism to study evolutionarily
conserved motile cilia was first described in 2009, and its value has been confirmed in later
publications [188,192,205,206].

Motile cilia am present in many planarian cell types (Figure 2). Multiple motile cilia
{9 x 2+ 2) covering the apical side of MCCs (~80 per cell) in the planarian body epidermis
beat in a synchronized way and are responsible for worms' locomotion [188,207]. MCCs
are also present in the epithelium that covers the feeding organ (pharyrx) [188,207 208].
Specialized ciliated cells at the proximal end of protonephridia (so-called flame cells) play
role in fluid ultrafiltration and circulation. Cilia with the same ultrastructure as motile
ones are also found in the sensory neurons in planarians, although their ability to move
is not clear [155,207]. Finally, sperm cells with flagella are present in the sexual strains of
planarians [209,210]. In planarians, basal bodies are assembled de novo during terminal
differentiation of ciliated cells from necoblast progenies, and never have the function of a
centrosome [1,58,207]. While it is currently unclear how the flatworms generate multiple
centrioles in cells that are initially centriole-free, RNAi experiments show that the known
key factors of centriole duplication are crucial for their amplification [208].

[b]
protenephridia

I ventral epidermis

SENEOTY
neurons

Figure 2. Schmidtea mediterranen: (a) Representative S. mediterraneg individual-top view; (b) Schematic
representation of a planarian. Tissues with cells featuring motile cilia are indicated. The red color
indicates tissues/ organs with multiciliated cells (MCCs).

Both ventral and pharyngeal epidermis are easily accessible and form cilia at high
density and in known orientation [188]. The great advantage of using 5. mediterranen as
a model in motile cilia studies is that the effect of gene silencing on cilia function can be
readily analyzed by recording the change in the speed of planarian locomotion. Importantly,
defects that compromise the function and structure of the cilia are not detrimental to pla-
narians, making them an ideal system for loss-of-function studies concerning cilia-related
genes [192]. Under normal conditions, planarians move by the use of ciliated epithelium
covering the ventral side of worms’ body (so-called gliding movement), while cilia-related
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gene silencing manifests in a so-called "inch-worming” movement that engages the muscles
{waves of whole-body contraction and extension) [188,207]. This phenotype (inch-worming)
is easily visible to even unaided human eyes; a stereoscope (with camera) makes it more
precise and allows to record movies showing the movement of planarians, which can then
be used to measure the distance traveled by worms {using Image] software) [192]. The
motility impairment may be associated with edema, which results from the dysfunction of
cilia in protonephridia [211]. The beating of cilia covering the lateral part of worms can
be recorded using high-speed video camera microscopy (HSVM), and the cilia beating
frequency, pattern, and synchrony can be analyzed in slow motion under a microscope.
The number and length of cilia can be inspected using a fluorescence microscope after
immunoflucrescence staining (IF) with cilia-specific antibodies (acetylated alpha-tabulin,
a marker of the axoneme). After RNAi, changes in the gene expression pattern of epi-
dermal markers can be tracked using WMISH. In addition, the possibility to stimulate
cell differentiation through worms' fragmentation (cutting) that triggers the regeneration
process allows for tracing changes in the gene expression during the differentiation of the
neoblasts into ciliated cells. The effect of gene silencing on the ultrastructure of planarian
cilia can be also examined using a transmission electron microscope (TEM). In addition,
the flatworms bloat due to the inhibition of ciliary function in flame cells, which leads to
defective osmomegulation and edema formation [207].

Planarians have been widely used as a model for studying signaling ne tworks impli-
cated in the maintenance of issue homeostasis, regeneration, and polarity. A large number
of studies were devoted to essential cellular pathways, including Wnt and Hedgehog
signaling in establishing polarity [212], Akt signaling in tissue maintenance and regen-
eration [213], EGFR signaling in the regulation of excretory system [211]. Like in most
bilaterally symmetric animals, canonical Wnt signal is transduced through frizzled receptor
and with the help of disheveled stabilizes beta-catenin, which activates expression cascade
controlling anterior/ posterior axis during regeneration [212,214]. Wnt signals transduced
through frizzled receptors to various non-canonical pathways (disheveled-dependent or
Ca®*-dependent) control cell movement and planar cell polarity (apical positioning of the
basal bodies of epithelial cells). Hedgehog signaling modulates Wnt/beta-catenin’s role in
establishing the anterior,/ posterior axis; when Wnt signaling is low, heads develop, and
when it is high, tails are formed [145,215]. The majority of these signaling networks have
the ciliary context, linking various aspects of Hedgehog signaling, regeneration, and the
biogenesis of cilia, e.g., [145,2153,216,217].

2.3, 5. mediterranea Modd in the Context of Studying PCD and PCD-like Ciliopathies

RNAi-mediated silencing of a variety of genes in 5. mediterranea has been used to
explain/ confirm the connection bebween the homologous genes, defects of the ciliary
ultrastructure, and cilia dysfunction in other organisms. The explicit use of 5. mediterranea
as an animal model to elucidate the pathogenesis of motile ciliopathies (and in particular,
the role of candidate PCD genes) includes relatively few studies, where the effect of gene
silencing on motile cilia function has been examined using dsRNA-mediated knockdown of
the planarian homologs of human candidate genes not previously linked to PCD. In many
more 5. mediterranea studies, the demonstrated phenotypic effects of motile cilia-related
genes’ silencing strongly resemble those seen when PCD genes are mutated, but their
involvement in the pathogenesis remains to be confirmed by finding deleterious variants
in PCD patients.

Deleterious variants of CEAP298 (C21orf59) [81], CCDCI51 [109], and CFAP300
{C110rf70) [63] have been found in PCD patients. Knockdown of the planarian homologs of
these genes has revealed the impaired locomotion phenotype in worms. The details of this
phenotype have been explained using further assays. HSVM analysis of planarians with
silenced CEAP300 (Cllorf70) demonstrated changes in cilia motility pattern and lowered
beat frequency, while TEM analysis of cilia in planarians with CEAP298 (C21orf59) and
CCDCI51 knockdown revealed ODA assembly defects of dynein arms and loss of ODA,
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respectively. The effects of these three genes’ silencing are consistent with the observations
in other animal models. Ch. reinhardtii and zebrafish mutants lacking CCDCI51 orthologues
featured a loss of ODAs [111,218]; silencing of CCDCI51 in zebrafish and mice was shown
to alter ODA assembly [109]. Knockdown of CCDC298 in zebrafish and Ch. reinhardtii,
and of CEAP300 in P. tetraurelia and Ch. reinhardtii resulted in a complete lack of ODA
and IDA [61,61]. All three genes are presently considered PCD genes, involved in the
assembly of dynein arms (CEAP298, CFAP300), and proper functioning of the ODA docking
complex (CCD5T).

The role of FOX]J1 as the key transcription factor controlling meotile cilia biogenesis has
been reported in various FOX]1-deficient model organisms, including mice [49], X. laetis,
and zebrafish [50]. The 5. mediterranea model has been used to demonstrate the conserved
role of vertebrate FOXJI. Among four FOX]1 homologs found in planarians, silencing
of FOXJ1-4 caused the absence of motile cilia, resulting in a characteristic inch-worming
locomeotion and edema formation [48]. The FOX]JI involvement in PCD pathogenesis in
humans has been demonstrated several years later, when dominant pathogenic variants in
FOXJ1 were found in PCD patients with mild respiratory symptoms and hydrocephalus,
caused by the severely reduced number of cilia per MCC due to defect in the apical docking
of basal bodies [31].

Proteins essential to basal body assembly in 5. mediterranea include orthologs of many
conserved genes required for centriole assembly or function in humans. In planarians,
depleting the ortholog of OFD1 (among other proteins) results in the decreased locomotion
of knocked-down animals, apparently due to the inhibition of basal body dacking [58]. A
similar ciliary phenotype has been recently demonstrated in PCD patients with the disease
caused by nonsense mutations in the few last exons of the OFD1 gene [55]. In humans,
the truncation of the C-terminus of the protein causes PCD without severe neurological,
skeletal, or renal symptoms characteristic for other OF DI-related syndromes associated
with the loss of a larger part of the OFD1 protein cause syndromic diseases (e.g., oral-
facial-digital syndrome type 1 or Joubert syndrome type 10). While the effect of the gene
knockdown in planarians does not explain truncation size-dependent differences in human
clinical phenotype, it corroborates the proposed mechanism for the ciliary phenotype in
PCD patients, showing that apical docking of basal bodies in planarians and in humans
employ, atleast in part, the same molecular components.

DAW1 (WDR&9/ODA16) encodes a WD repeat protein, whose role as a dynein as-
sembly factor has been shown in many model organisms. Depletion of DAW1 pro-
tein homologs results in ultrastructural defect characterized by the reduced number of
ODAs in Ch. rainhardtii [219], zebrafish [220], and mouse [221]; Ch. reinhardtii studies
have shown that DAW1 is involved in ODA transport through interaction with IFT46
protein [86,222,223]. The knockdown of DAWI homolog in 5. mediterranar results in short-
ened epidermal cilia and decreased abundance of ciliated protonephridia [55]. The recent
finding of deleterious DAWI variants in patients with disturbed laterality and respiratory
symptoms has confirmed the predicted involvement of this gene in PCD pathogenesis,
although only in patients whose cilia are characterized by subtle beating abnormalities [84].

Deleterious variants in two other genes, CFAP45 CCDCI%NESGI, and CEA Ps2'WDR16,
have been found in human individuals whose clinical presentation, with situs inversus
and asthenozoospermia, but only mild respiratory symptoms, did not allow for classi-
fying them as classical PCD cases [151]. Earlier studies in Ch. reinhardtii have localized
these two proteins in the lumen of the B microtubule of the peripheral doublet [24]. The
knockdown of the planarian homologs resulted in significant impairment of planarian
locomotion in viscous but not in a normal medium; TEM of the silenced worms has
shown normal ciliary ultrastructure, consistent with TEM cross-sections of CEA P45 and
CEAP52-deficient respiratory cilia from CRISPR-Cas9 generated mice or from humans with
mutated genes [151]. Therefore, planarian results confirm the uncertain status of CFAP45
and CFAPS? as PCD genes.
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IC2 and LCI are S mediterranea homologs of human DNAI? and DNALT genes, respec-
tively, encoding integral components of ODA. Mutations in DNAIZ(IC2) cause defects in
ODA resulting in the rechuction in ciliary beat frequency in Ch. reinhardtii, and are known
to cause PCD in humans [90]. Mutations in DNALI(LCI) disturb the proper function of
ODA in Ch. reinhardtii [224], but the data supporting this gene’s role in human PCD are
scarce [97,225]) The knockdewn of either of these two genes in 5. mediterranea severely
decreases worms’ motility, due to the reduction in the ciliary beat frequency and coordi-
nation (metachronal synchrony). However, while TEM and IF reveal the loss of ODA in
IC2-silenced planarians, no ODA defects are visible in LCI-silenced worms [91]. This is
consistent with the still uncertain role of INALI in PCD pathogenesis in humans.

The ODA-docking complex is a microtubule-associated structure that targets ODA
to its binding site on the axonemal microtubule [226]. In Ch. reinhardtii it contains three
proteins, referred to as DC1, DC2, and DC3, of which DC1 and DC2 can assemble ODA
in the absence of DC3 [227]. (. reinhardtii mutants with the loss of DC2 (a major subunit
of the ODA-docking complex) have bwo flagella of normal length but show slow jerky
swimming [228]. Two DC2 homologs, CCDC83 and CCDC114, function in ODA docking in
vertebrates. Respiratory cilia in PCD patients with deleterious variants in CCD'C114 have
normal length, but lack ODAs due to the defects in ODA docking to microtubules [229].
In mice, in which CCDCE3 (the testis-specific DC2 homolog) is knocked out, spermatozoa
flagella are shortened, but ODAs remain unaffected, probably due to the compensation by
overxpression of CCDCI14 [230]. The knockdown of DC2 orthologue in 5. mediterranea
impairs worms’ locomotion due to the low-frequency, uncoordinated ciliary beating caused
by the inefficient ODA docking; in addition, cilia density and length are decreased [231].
The importance of these findings for PCD pathogenesis remains to be explored.

WDR92 is a highly conserved WD-wepeat protein. Silencing of the planarian homolog
of WDRS2 results in a phenotype similar to those observed when acknowledged PCD
genes are knocked down. Peristaltic contractions instead of smooth gliding of the worms
reduced and uncoordinated the ciliary beat; in TEM analysis, partial loss of dynein arms,
incomplete closure of the B-microtubule, and lack of normal central pair complex are
observed [232] WDR92 is required for the assembly of ODAs and IDAs in D). melanogaster
and Ch. reinhardtii [233-235]. Based on these observations, WDR92 has been proposed
to act as a part of a cytoplasmic chaperone required for the proper folding and stability
of key axonemal components. So far, no pathogenic variants have been found in human
PCD patients.

IFT88 (Tg737) encodes a component of the IFT complex; its mutations in Ch. reinhardtii
results in a lack of flagella, while in mice they cause shortening of primary cilia, as well
as kidney and liver defects [236]. The importance of IFT88 in motile cilia biogenesis has
been confirmed in the 5. mediterranes model, where silencing of IFT88 significantly reduced
planarians motility and caused the complete absence of cilia on the ventral surface of
knocked-down animals [91]. Defects in IFT are likely to affect motile cilia in humans.
Defects in the T¢7 37 gene in mice are very similar to those seen in humans with autosomal
recessive polycystic kidney disease [237], but so far no pathogenic IFT88 variants have been
reported in PCD patients.

Ch. reinhardtii protein FAF163 is an intermediate dynein chain closely related to the
FAP133 infermediate dynein chain that powers retrograde IFT required for the assembly of
cilia. The functional role of FAP163 has been examined by the knockdenwn of the ortholo-
gous gene WD60 (FAP163) in 5. mediterranea [238]. The silenced animals exhibited severely
impaired movement {reduced velocity and inch-worming), resulting from a dramatic re-
duction in both the number and length of cilia. Cilia and ciliary stubs examined by TEM
contained doublet microtubules and associated structures but had an enlarged diameter
due to the presence of large quantities of amorphous electron-dense material located be-
tween the axonemal doublet microtubules and the ciliary membrane. These observations
suggest that WDAWFAPI43) is required for ciliary assembly. So far, no pathogenic variants
have been found in human PCD patients.
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An interesting application of RNAi-mediated gene silencing in 5. mediterranea concerns
the analysis of planarian protonephridia as a model of pathological features of human
cystic kidney diseases (CKDs), in which fluid-filled cysts develop from nephric tubules due
to defective flow sensing, cell proliferation, and differentiation. In contrast to mammalian
kidneys that contain only immotile sensory cilia, the excretory system of planarians is
equipped with motile cilia that drive fluid flow into and through the tubules [239,240].
Interestingly, structure and function comparisons revealed that the combination of ultra-
filtration and flow-associated filtrate modification is remarkably conserved between the
planarian excretory system (flame cells) and the vertebrate nephrons {(podocytes) [67] The
genome of 5. mediterranea contains many genes that cause cysts when their equivalents
are mutated in humans. Silencing of planarian homologs of human DNAH1 and LRRC50
genes resulted in abnormal worms locomotion due to the loss of cilia beating; animals also
developed edema and formed protonephridial cysts [67]. These results suggest that cilia-
driven fluid How is crucial for maintaining cell homeostasis in planarian protonephridia
and establish planarians as a novel and experimentally accessible invertebrate model for
the study of human kidney pathologies.

In the majority of the aforementioned studies, 5. meditermnea was not the only organ-
ism used in the functional assessment of cilia-related genes, which are or can be considered
candidate PCD genes. While the application of the planarian model in these studies may
seem redundant, it can be seen that abundant work using S. mediterranea genes silencing has
been performed to analyze the role of various proteins in the assembly, maintenance, and
function of motile cilia, without immediate referring to PCD pathogenesis. These results are
often used later, whenever deleterious variants in candidate PCD genes are found in human
patients (see, e.g., the cases of FOX]I or DAWI). On the other hand, when a new candidate
PCD gene comes into focus based on genetic screening in humans, using the planarian
model is perhaps the most efficient way to perform preliminary functional studies. When
compared to the most popular single-cell organisms (Ch. reinhardtii, P. tetraurelia, T. bruced,
T. thermophila), 5. mediterranea offers an advantage of studying the epidermis that closely
resemnbles human epithelium with MCCs, and compared to fish or mammals allows a much
faster, easier and more affordable alternative modeling,

3. Perspectives

For many years, the use of the planarian model in the analysis of human candidate
genes has been hampered by the lack of information on human-planarian orthologues.
Recently, the rapid and extensive growth of the genomic, transcriptomic, phenoty pic,
and phylogenstic data generated by the planarian research community has alleviated
this problem.

In this review, the human gene names or aliases are used to facilitate comparison
with the part of the text describing human cilia and ciliopathies. However, it should
be emphasized that to establish a uniform method for naming genes and proteins and
for describing RNAi experiments in 5. mediterranea, nomenclature guidelines have been
developed [241], where the main rule is that the name of the gene is preceded by a’Smed’
prefix. In addition, to enhance cross-platform and cross-species searchability, the Planarian
Anatomy Ontology (FLANA), an extendable relational framework of defined 5. mediterranea
anatomical terms has been recently developed [242].

The rapid growth of the amount of genomic and functional data on 5. mediterranea
prompted the development of integration tools that would enable the collection and
use of these data by the scientific community. In response to these needs, the SmedGD
database has been developed by the Sanchez Alvarado team [201,202]. The data deposited
in SmedGD refer to the 5. mediterranea genome and include predicted and annotated
genes, protein homologies, gene expression patterns, and RNAi phenotypes, among others.
SmedGD has been a stand-alone web resource for 15 years. Recently, the 5. mediterranea

assembly from SmedGD has been transferred to SIMRbase at the Stowers Institute
for Medical Research (htips:/ /sinwbase stowers.org/ (accessed on 20 February 2023)).
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Another high-quality 5. mediterranar genome assembly can be found in the Planmine database
{hittps:/ / planmine mpinat mpg.de /planmine /begin.do (accessed on 20 February 2023), devel-
oped in 2016 by the Rink team [199,203,243]. Originally, Planmine was based on the
inde pendently assembled transcriptomes from the Rink team and contributors from the
planarian community. The updated database provides also genomic information, including
a gene prediction set that assigns existing transcripts to defined genomic coordinates. In
addition, Planmine uses recent datasets from the single-cell RNA-seq (e.g., from Digiworm
resource and Planaria Single Cell Atlas), allowing for the expansion of the available gene
expression information [197,198]. Both Digiworm and Planaria Single Cell Atlas refer
to transcriptomes published by the Rink team, which makes these resources compatible
with data in the Planmine database. Moreover, in contrast to other planarian databases,
Planmine is also a resource of transcriptomes from other flatworm species. Planmine can
be used to search for the planarian homologs of interesting transcripts and corresponding
predicted genes. Planmine provides information about functional annotations (gene ontol-
ogy), the best BLAST hits, expression patterns of homologs in planarian cell types, as well
as phenotypes after RNAi of specified genes, among others.

Flanosphere (hitps:/ /plancsphere stowers.org/ (accessed on 20 February 2023)) is
a new website dedicated to 5. mediterranea, which contains a collection of data and tools
from the Sanchez Alvarado laboratory [242]. One of the Planosphere tools is “gene search”,
which can be used to search homologs in 5. mediterranea, and to define experimentally
determined cell/ tissue-specific gene expression patterns. In addition to transcriptomic
and genomic data, Planosphere provides information about predicted protein sequences.
This website is linked to the data deposited in the Planmine database and refers to data
{e.g., from RNAseq) published by other teams.

For researchers studying cilia or cilia-related diseases, it is important that RNAseq,
together with other techniques, has allowed to characterize and reconstruct epidermal
cell lineages, including the stages between neoblasts and fully differentiated epidermal
cells [197,198,244-246]. Using Digiworm, researchers can check at which stage of epi-
dermal lineage the gene of interest is expressed (it is possible for all cell/tissue types,
e.g., protonephridia).

The available web resources, especially Planmine, Planosphere, and Digiworm, pro-
vide msearchers with a powerful tool to design experiments using 5. mediterranea as a
model organism. They can be used to simply explore their contents to better understand
planarian biology. Importantly, they allow the cross-searching of databases devoted to
other organisms, using gene names, sequences, annotation terms, ete. (the details of such
searches differ among planarian websites). This facilitates using the growing planarian
knowledge in applications related to studies of human ciliopathies
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Artykug 2

CFAP30Q Mutations in Slavic Patients with Primary Ciliary Dyskinesia and a Role in
Ciliary Dynein Arms Trafficking

EwaZi nt k,iZezannaBukowy-B i e r, AliajRabiasz PatrycjaDacaRoszak Alina

Wojda KatarzynaVoelkel, Ewa Rutkiewicz Andrzej Pogorzelski MargaridaRasteirq
Mi c hvatg

Am J Respir Cell Mol Biol. 2019 Oct;61(4):44119.

Wi el ol etnie badania prowadzone w Zakga
| GC pozwoli gy na wyj aSni eni 80%godzin@dchodzenime g o
s gowi a @®&ypupa baglawcza3 9 8 Pol ak-w i 16 Sgowak - w
zrozumi eni a pprozdejporUoaw aRiIZd,no sekwencyhol@aowani
exome sequencin§yVES)ul 20 p ol s k i zRCD @ rdecijlestyfikowawynd ot Nd
podgoUu t&jnalchna oMES pozwoli ga na identy
wariant -w wW znanych genach PCD, j ak r- w
zaangaUowanych w palteodgreynne z21 tta&ki cchi | g emp-aw i
w chromosorne 11 CFAP300(cilia and flagella associated protein 308liasC11orf70,
w kt  -rym u siedmiu ni espokr e wzdenyfikgwaho p ac
potencjalnie patogenny wariant ¢.[198 200 delTTTinsCC] (p.Phe67Profsverdkyonie
3.

Wmomencigpr oj ekt owani a, | ak i reali zacj.i b
temat z wi Nz k uCFAPRBn patogenwezXwiPCDKkuzozstadynmr
zakl asyfi kowany jako gen kandyCéleromawaheg ncj ¢
pracy bygo p CRARIO@®w pmd mige nrealiie PCD i okr eS|

genu na strukturn i. funkcjn rznsek ruchowy

Przy uUyciu s S&geeawc jrordaew anraicdpotwierdzojoe nt -
recesywndziedgigzenis wdriantu c.[198 200 delTTTinsCDpdatkowaanaliza
mat eri agu dodk pEao&} eagty.ca, oparta o metodhn
jednoni ci owy c h(singlestrang ncenfoitmatian polymorphism SSCP)
[ sekwencjonowani e Sanger a, pozwoli ga na

dziesi nci u ni e sghaykhse vendinoinuy chho mozygot, dw-ch
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(u jednego pacjenta drugi patogenny wariantekgonie 4 c.353A>G (p.Aspl88Gly);

u drugiego w intronie 6: c¢c.675+3 _del AAGT)
b a dzd@atyfikowano homozygotyczny patogenny wariant w innym genie AT 25.

Analiza in silico wy kaz aga potencjalnie patogenny
delTTTinsCG , kt -rego obecnoSi moUe prowadzi
kodonu STOP i tym samym powsBDoasntifap nsck3i- croante
(cDNA uzyskanegae RNA wyizolowanego X o m- n & B § odddctoowegmacjenta

umo Ul isprewdeaie wp § y oo e ¢ nhtmrSazyigotycznegowarianu ¢.[198_200
delTTTinsCC] na poziom ekspresji mMRNAFAP300p o ni (Ukd) p o wy3ide)j
patogennego wariantw odniesieniu do kontroli (zdrowego dawcynaliza RT-PCR
wykazaga brak frCGFgR8@pouoni UDejanséBDypteksonu
jednoczeSnie niezmienionym poziomie ekspr e
koduj Ncych bi agd k aDNAH5r RSPH4Aaraz Igene referendymegdc :
GAPDH) . Poziom ekspresji fjragment aksgomumsBr
obni Uony (do okogdo 10 WwObserwaderns e g ¢degrjdad) d ok
ni epr awi dJg oGFARB@nandR#& NMD rfonsense mediated mRNA dgcay

kt-ry polega na wykryciu i e | i pnazedwazesny Cz
kodon STOP.Analiza in silico pozost agyc CFARGEO (c.3b3A>G wraz

c.675+3 6delAAGT)ws kaz aga na i ch potencjalny ud
transkryptu kodowanego prz€FAP30Q co r - wni eU moUe miel ct
wzglmaubrak materiagu od pacjent-w, nie zo

Anali za danych klinicznych pacCFRARN0C w z
wykazaga, Ue wszyscy pacjenci mi e | isitust y p o W
inversus totalisy by go obserwowane u dziewinciu (na
piAiciu pacjent-w wykazagy, Ue zmiany w bac
poziomu tlenku azotu w odniesieniu do we
pacj ent -zw HfSiVIMhnywy kazagy cagkowity brak ru
oddechowego, zaS analiza archiwalnych zd
oddechowego (dla dw-ch pacjent-w) wskazag
ODA i IDA, przy jednoczesnym zaclwoa ni u wzorca ukgadu mi krot
2) . W celu |l epszego zrozumienia wpgywu ¢
rznsek, przeprowadaesceacg| nANikommue&f hab
pacjenta w odniesienzecdwckagtshkl erawabycl
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struktur.aPondec zramsn sgedky GAS8, CCDC39 i RSPHA4

l okalizacjn w ajlpgareaeminear (kweskavzanpr zeei wci
tubulinn), stwierdzono wOBA(DNANEIDONAIZ) drazw Kk O |
| DA ( DNALI 1) , co potwierdzi go obserwacj e
w aksonemie rznsek, w winkszoSci kom-r ek

cznSci cytopl azmy. Co ciekawedzegpgndygs DAKA
mar ker ciagek podstawnych (centryna), po

z cytoplazmy poza ciagko podstawne.

W celu lepszego zrozumienia profilu ekspreSfFAP300wz gl ndem wybr a
gen-w reprezent uj Ncy cuchowych FOXI1, BNAHNONAIly r z |
CCDC40, RSPH4A, DYX1¢1, przeprowadzono kompl eksowN
badanych gen-w w trakcie r-Unicowania hce
pochodzNcych z polip-w zdCRAR3QMWzostl ekspesjiw. P
mindzy dniem 3 a 11 ciliogenezy, nastnpni
eks
zaangaUowany w skgadani e r ami o na stugturane n owy
ramion dyneinowych@NAH5, DNAI) or az genu koduj NeDRQoO bi
(CCDC40Q.

presji) byg podobny do pr oDYX1ICa e&Ks pryeg|]

Kol ejnym etapem byga anal i CRBAP3MmMI Indzywyj n
czgowi eki em a or gaDeaniereria onazS mediesdnaaAnaliza in
siicostruktury genu wykazaga, Ue gen ryby, p
ekson- w, p 0 d medderragedzy pgiennc i u . Por -wnanie s
CFAP300 pozwoligo na stwierdzenie, >43%e na
identycznoSci) we wszystkich trzech org

opowi aesopoiide jugi emu oraz piNtemu genu cz§o\

Ostatnim etapem bada® bygo potwierdzen
genuCFAP300w f unkcj onowamowychz Aipreky ruUyci u met
(RNA interferenceRNAI) z wykorzystaniem dwuniciowych RNAlQublestranded RNA,
ds RNA) podawanych w poUywi en$. umedierranean i z m
Ef ekt ywnoSi wyci szeni a po Swedderaheaddrzd efEa p oo
ostatnim karmieniu robaki cinto w celu st

nowych kom-rek nabgonka i {r admnes wdcicliinacg es
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obserwowano w p homeloganQFAR300 {Senadcfap30) nal ok o mocj i
robak-w (wz-r i priAidkoSi SmeectapBdOpor Reba§y

wcharakterystyczny spos - b spowodowany Z a
wykazuj Nc ruch typowy dl a ihanwokning movempgmr at u
Przeni eszczani e sokKo%y mrbaazky: wwoblynjioej sze w por
kontrolnych karmionych wNtr-bkN z dsRNA

fluorescencji énhanced Green Fluorescent Prote@GFP) (robaki z wyciszonyi@med

cfap300 0.29 N 0.04 mm/ s; robaki kontrol ne:
pl anar i przy uUyciu HSVM potwierdzi ga wp
robak:- w; w odr-Unieniu od robak-w Skednt r ol

cfap300porusa gy si n bez zachowania koordynacij.i |

Om- wi ona praca pozwo CrRAB3DOwmpaogenerzic RGCDeded z e r

wzgl nda stosunkowo Si db@Nno&ziist patogenne
CFAP300c . [ 198 200 del TTTi ns CC] w  aochadzenia o wa n
sgowi aGski ego, stwierdzono, Ue testy diag
rozszerzone o0 analizn tego genu. Anal i za

warianty genlCFAP300maj N zwi Nzek z zabur zgbrakeuchu)r uch
or az Zzaburzeni ami ul trastriuvkwewwnntrzairsydh
dyneinowych). Uzyskane wyniki z IF i analiza profilu ekspresji mMRNPA300 oraz

i nnych gen-w rznskowych, wraz z analai zN ¢
pracy) wskazujN na roli CFAP300 w cytopl a
oraz ich transporcie. Ponadt o potCRAP20O dz on
w funkcjonowani u r zn sSnédcfapad@stpowyadlo;wawyc izsad
funkcji rznsek ruchowych W nedtgramea z mi e model ow

WykorzystanieS. mediterranegako organizmu modelowego w omawianej pracy
bygo poprzedzone optymalizacjN uUycia teg
z funkcjonowanie®rgamsekn teaohwonwychyd wcze
w Zakgadzie, wankit - Fyst yrteuacliiezowana jegpg a r
wprowadzeniei o pt ymal i zacj ayi sUypdiny <=t @amewitd pr z e d

doktorskiej.
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\Y/ IO wk gad wubpkacji:st ani e
T udziag w ustaleniu koncepcj. [ met odol c
f analiza wpgywu obecnoSci patogennego w
g e n - wPQRR& archiwalnym materiale pacjenta)
T udziag w hodowl i kom-rek nabgonka oddec
analizain silico ewolucyjnego zakonserwowan@ZFAP300mi ndzy or gani zr
1T zaprojektowani e, wykonani e i i nterpre
S. mediterraneawyciszenie homologa genGFAP300(w tym zaprojektowanie
[ synteza dsRNA prizwtro)upotywiern diz eerriaen s & fr g/ kptc
wyciszenia na poziomie mRNA (izolacja RNA, synteza cDNA, ¢ROR), analiza
wpgywu wyci szeni a na funkcjonowani e r
|l okomocji robak-w i ruchu rznsek)
T udziag w prydnytghelt owani u
T udziag wrpgsaal oe]j wer sj i manuskryptu
wersji manuskryptu
Publi kacja oraz informacje dodatkowe (zagl]l
internetowym:

https://doi.org/10.1165/rcmb.20182600C
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CFAP300: Mutations in Slavic Patients with Primary Ciliary Dyskinesia
and a Role in Ciliary Dynein Arms Trafficking

Ewa Zietkiewicz', Zuzanna Bukowy-Bieryllo', Alicia Rabiasz", Patrycja Daca-Roszak', Alina Wojda',
Katarzyna Voelkel', Ewa Rutkiewicz', Andrzej Pogorzelski®, Margarida Rasteiro® and Michal witt!

'Institute of Human Genetics, Polish Academy of Sciences, Poznan, Poland; *Department of Preumology and

Tuberculosis and Lung Diseases, Rabka, Poland; and *Chronic
de Ciéncias Médicas, Lishon, Partugal

ic Fibrosis, Institute of

Research Centre (CEDOC), ‘A Medical SchooHFaculdade

QRCID IDs: 0000-0003-2437-5088 [E.Z); 0000-0002-68945-1059 (ZB.-B.); 0000-0003-3365-4812 (AR.); 0000-0003-1094-1333 (P.D.-R.);

0000-0003-1729-4159 (MW.).

Abstract

Primary ciliary dyskinesia (PCD) is a rare, genetically heterogeneous
hereditary disease from a class of ciliopathies., In spite of the recent
progress, the genetic basis of PCD in one-third of patients remains
unknown, In search for new genes and/or mutations, whole-exome
sequencing was performed in 120 unrelated Polish patients with
PCD, in whom no genetic cause of PCD was earlier identified.
Among a number of pathogenic variants in PCD genes, mutations
in CFAP300 (alias C11o7f70) were detected, Extended screening

in the whole Polish PCD cohort revealed the relatively high
frequency (3.6%) of otherwise rare c.[198_200 del_insCC] variant,
indicating that it should be included in population-specific
genetic tests for PCD in Slavic populations. Immunofluorescence
analysis of the respiratory epithelial cells from patients with

CFAP300mutations revealed the absence or aberrantlocalization of
outer and inner dynein arm markers, consistent with transmission
electron microscope images indicating the lack of both dynein
arms, Interestingly, the disparate localization of DNAHS and
DMNALII proteins in patients with CFAP300 mutations suggested
differential mechanisms for the trafficking of preassembled

outer and inner dynein arms to the axoneme, The profile of
CFAP300 expression during ciliogenesis in suspension culture
was consistent with its role in cilia assembly. Gene silencing
experiments, performed in a model organism, Schmidtea
mediterranea (flatworm), pointed to the conserved role of CFAP300
in ciliary function,

Keywords: population; founder effect; cilia assembly; gene
silencing; planaria

Primary ciliary dyskinesia (PCD;
OMIM244400) is a rare systemic

disorder with an average incidence of
1:10,000-1:20,000 live births (1-3). The
estimates of PCD ce range from

1 per 2,200 to 40,000 (4, 5), depending

on the population and diagnostic schemes;
the average value of 1 per 10,000 is often
suggested (6). PCD is caused by the
genetically determined dysfunction of

motile cilia, evolutionary conserved
organelles present on the surface of many
cell types; the impairment of cilia motility
is usually mirrored by changes in their
ultrastructure, Dysfunction of multiple
cilia on the apical surface of the epithelial
cells lining the respiratory tract impairs
mucociliary clearance; in effect,

patients with PCD suffer from recuorrent
respiratory airways infections leading to

chronic bronchopulmonary disease,
recurrent sinusitis, rhinitis, otitis media, and
bronchiectasis. The immotility of sperm
flagella is the cause of male infertility, whereas
immotility of cilia present on epithelial

cells lining the fallopian tubes lowers
fertility in female patients, The defects of
primary cilia in the embryonic node canse
randomization of the body plan symmetry,
resulting in the reversal of visceral organ
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symmetry (sius inversus) in approximately
approximately 50% of patients with PCD
(Kartagener syndrome; for a review, see,
e.g, Reference 7).

PCD is inherited in an antosomal
recessive or, less frequently, X-linked
manner. To date, over 40 genes have been
described, mutations in which cause PCD
(reviewed in References 2, 8-11; see also
References 12-21). The number of reported
mutations in the PCD genes is on a
constant rise. In spite of the recent progress,
the genetic basis of PCD can be presently
explained in approximately 70% of the
cases worldwide (11), In addition, the
frequency of pathogenic variants is not
uniform among populations, indicating the
need o investigate population-specific
profiles of mutation frequency in the PCD
genes. CFAP300 gene (cilia- and flagella-
associated protein 300, ENSGO0000137691;
previously reported as C1lorf70) is among
the most recent additions to the growing
list of genes reported to be involved in PCD
pathogenesis, Located on chromosome
11g22.1, it encompasses approximately
37.12 kb of the genomic DNA. Its
main transcript (CFAP300-201,
ENST00000434758.% 2,193 bp) comprises
7 exons and encodes a protein of 267 amino
acids. The role of the CFAP300 in cilia
assembly has been demonstrated, but the
protein cellular localization and function
remains ambiguous (17-18).

Our previous screening efforts
performed in a large group of approximately
390 unrelated patients with PCD of Slavic
(mostly Polish) origin, resulted in mutation
detection in approximately 50% of
the examined families (22-25, and
E. Zietkiewicz and colleagues, unpublished
results). In the search for further genes and
mutations, whole-exome sequencing (WES)
was performed in 120 of approximately 200
unrelated individuals with PCD, in whom
no mutations were previously identified,
Among a number of pathogenic variants in
known PCD genes and in several candidate
genes (E. Zietkiewicz and colleagues,
unpublished results), a truncating mutation
in exon 3 of CFAP300 was detected in
several individuals, To characterize the
frequency of pathogenic variants in
CFAP300 in a Slavic population, the coding
sequence of the gene was screened for
pathogenic variants in the remaining part
of the PCD cohort. To better understand
the role of CFAP300 protein in motile cilia
assembly, the effect of CFAP300 depletion

Zietkiewicz, Bukowy-Bieryllo, Rablasz, et al.. CFAP300 Mutations in Slavic Patients with PCD

on the cilia structure was examined in
epithelial cells from patients with CFAP300
mutations. The temporal expression of
CFAP300 during ciliogenesis was compared
with the expression of other ciliary genes in
a sequential, two-phase colture of epithelial
cells from a control subject without PCD.
The evolutionary conservation of the role of
CFAP300 orthologs in cilia biology was
examined by gene silencing in an animal
model—a flatworm from the genus
Planaria (Schmidtea mediterranea), which
uses multiple cilia covering its ventral side
for locomotion.

Methods

Biological Material from Patients
Patients were classified as having PCD
in accordance with European guidelines
on PCD (14) (see Text El in the data
supplement for the details on inclusion
criteria and sample collection).

WES

Total genomic DN A was extracted from the
peripheral blood samples obtained from
patients with PCD. Library preparation and
pair-ends sequencing were performed by a
commercial provider (BGI and Macrogen
Inc.) using SureSelect” V5 PostCap exome
library preparation system (Agilent
Technologies) and Illumina HiSeq4000
platform (lumina, Inc.). See Text E2 for
details.

Genetic Screening in Polish Patients
with PCD

To confirm mutations segregation and to
estimate the frequency of CFAP300
pathogenic variants in Pelish PCD
population, the gene's coding sequence was
amalyzed using single strand conformation
polymorphism analysis andfor dideoxy
sequencing in the families of patients with
CFAP300, and in the remaining patients
with PCD (~~80 unrelated individuals; see
Text E3 and Table E1). The predicted
deleterions effects of new variants were
examined in silico using online tools
(Text E3).

Analysis the Effect of CFAP300
Mutation at the Transcription Level
Qualitative gene expression analysis was
performed using Enhanced Avian RT
First Strand Synthesis Kit (Sigma- Aldrich)
(25). Primers used for cDNA analysis from

the otal RNA were designed to amplify
trans-exonic sequences (Table El).
Amplification products were separated in
10% polyacrylamide gel (29:1) and silver
stained.

Analysis of the Effect of CFAP300
Protein Depletion

High-speed video microscopy (HSVM) was
used to visualize the effect of CFAP300
depletion on the ciliary beating pattern
(Text E4). To examine the impact of
mutation on the ciliary structre, respiratory
epithelial cells were analyzed by high-
resolution immunofluorescence (IF), using
antibodies against markers of the selected
elements of ciliary ultrastructure (Text E4).
The HSVM and IF results were compared
with the archival transmission electron
microscopy (TEM) data (Text E4).

Analysis of Selected Cilia-related
Transcripts in Non-PCD Cell Culture
Primary respiratory epithelial cells from
non-PCD nasal polyps collected in RPMI
medium were cullored in vitro toward
ciliogenesis (Text ES). Relative quantitation
of gene expression was performed using
custom-made 384-well TLDA cards
{Thermo Fisher Scientific), containing
primers and TagMan probes targeting
genes involved in cilia bio , and two
housekeeping genes (Table E2). Gene
expression was analyzed using the
comparative Ct method (AAct) (26).

CFAP300 Orthologs in Model
Organisms

The nucleotide and protein sequences of
human CFAP300 were compared with its
orthologs in planarian 8. mediterranea and
in zebrafish (Danio rerio) (Text EG).

Analysis of the Role of CFAP300 in the
Planarian Model (S. mediferranea)
Using BNA Interference

To examine the effect of CFAP300 protein
depletion in 5. mediterranea, RNA
interference was performed; the effects on
worm locomotion and cilia motility were
examined (Text E7).

Results

CFAP300 Mutations in Polish Patients
with PCD

WES analysis was performed in a group of
120 clinically diagnosed patients with PCD
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with no previously detected pathogenic
variants in PCD genes. The presence of
a homozygous frame-shifting mutation,
. [198_200 delTTTinsCC], in exon 3 of
the CFAP300 gene was revealed in seven
unrelated individoals. An amosomal-
recessive inheritance pattern of the
variant was confirmed by dideoxy
sequencing in the available relatives of the
patients (Figure E1). The c[198_200
delTTTinsCC], corresponding to two
linked polymorphims reported in the SNP
database as two separate entries
(rs745839898 and rs758492644), introduces
a premature stop codon (p.F&7PE*10),
which results in the severe truncation of the
predicted protein,

To better estimate the involvement
of CFAP300 in PCD pathogenesis, the
remaining part of our Slavic PCD cohort
(consisting of ~480 patients with no
mutations identified in other known PCD
genes, and not analyzed by WES) was
screened, using single strand conformation
polymerphism and dideoxy sequencing
techniques, for mutations in the CFAP300
coding sequence (Text E3). The c[198_200
delTTTinsCC)] variant was found in 10
more unrelated patients: 7 were
homozygotes (in addition to 7 identified by
WES), and 3 carried this variant on one
allele (Figure E1).

One of the heterozygotes (#1106,
family 520) turned out to be a carrier,
as two deleterious variants were later
found in another PCD gene, TT(25
(E. Zietkiewicz and coll cagues, unpublished
results). In two remaining c.[198_200
delTTTinsCC] heterozygotes, two novel
CFAP300 variants were identified (Figure
E1). In one of these patients (#34, family

146), the &.[198_200 delTTTinsCC) variant
was accompanied in trans by a mutation in
exon 4, ¢353A = G, resulting in a pD118G
substitution. This change was deemed
neutral by a protein variation effect
analyzer (PROVEAN), and prediction of
the functiomal effects of SNPs using the
Polyphen software; however, the scores
calenlated using Human Splicing Finder
tool predicted ¢.353A > G to activate a
cryptic exonic donor site. In another
patient (#1075, family 504), the c[198_200
delTTTinsCC] was accompanied
(presumably in trang) by a 4-bp deletion in
intron 6, 675 + 3_6 delAAGT. According
to the Human Splicing Finder tool, this
mutation may affect the donor splice site in
intron 6. Due to the lack of epithelial cells
from the patients, the pathogenic character
of mutations in exon 4 and intron 6 was not
confirmed by transcript analysis, but the
possibility of their deleterious character
was provisionally assumed. The overall
frequency of pathogenic CFAP300 variants,
calculated for the whole PCD cohort of 412
individuals (398 Polish and 16 Slovak), was
3.6%.,

To shed light on the origin of
c.[198_200 delTTTinsCC], the predominant
pathogenic variant in CFAP300, the
background haplotype, composed of three
neutral SNPs localized in CFAP300 introns
1, 2, and 3, was examined in the patients
with the mutation, and in 120 unrelated
chromosomes not carrying any of the
deleterious CFAP300 variants, considered
here as representative of the general Polish
population. In all cases, e.[198_200
delTTTinsCC] was found on the
identical haplotype background 1-1-2
{Table 1). This haplotype was present in

only 15% (18/120) of the nonaffected
chromosom es,

Impact of Deleterious Variants in
CFAP300 on the Clinical and Ciliary
Phenotype

All individuals with the deleterions variant
in CFAP300 presented with classical clinical
PCD symptoms, such as chronic lower
respiratory tract infections, simusitis, otitis
media, bronchiectasis, and neonatal
respiratory distress syndrome. In five
affected individuals, for whom data was
available, the nasal nitric oxide production
rate was much lower than the PCD
diagnostic thresholds recommended in
North America or Europe (see Table 2 and
Text E4) (14, 27-29). In 9 out of 16 families
with p enic CFAP300 variants, the
affected individuals had situs inversus
totalis, HSVM analysis of the ciliary
motility in nasal respiratory epithelial
cells from five of the patients revealed
complete lack of cilia motility (Text E4
and Video EI).

Archival pictures of the respiratory cilia
cross-sections analyzed by TEM in the
material from three individuals with the
homozygous c.[198_200 del TTTinsCC]
variant displayed loss of both outer dynein
arms (ODAs) and inner dynein arms
{IDAs), with the undisturbed 9 + 2 pattern
of axonemal microtubules (Text E4 and
Figure E2); loss of ODA and IDA occurred
in 75-100% of the analyzed ciliary cross-
sections (61-85 cross-sections per patient),

To assess the mutation’s impact on
CFAP300 expression, transcripts from a
control subjects withomt PCD and from a
patient with the homozygous c.[198_200
delTTTinsCC] variant (#914, family 417)

Table 1. Distribution of the CFAP300 Haplotype Variants among Analyzed Slavic Chromosomes

Chromosomes with the patho
c.[198_200deTTTinsCC) mg?c

Chromosomes without pathogenic variants
in CRAFP 300"

MNeutral SNPs in CFAP300 Introns

Intren 1: Infron 2:
c.110+16A>G c.192G + 59A>C
rs12804542 rs7934495

1 1
1 2
1 1
2 1

Intren 3:
c.268+214T>C rs Chromosome
10750626 Count
2 3
1 13
1 83
2 18
1

1 danotes ancestral alleles found in the onhologous sequance in chimpanzae); 2 denotes derved allales,
*Unrelated chromosomes, incduding parental chromosomes not transfamad 1o the patients.
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were compared. cDNA was amplified using
two different sets of primers, one targeting
CFAP300 transcript downstream and
another upstream of the mutation site
(Figure 1). Expression of other ciliary genes
(RSPH4A, DNAHS) and a housekeeping
gene (GAPDH) was assessed in parallel.
The levels of RSPH4A and DNAHS
transcripts in the patient remained
unaffected, but no amplification product
was obtained using primers targeting

the CFAP300 transcript sequence
downstream of the premature STOP
codon in exon 3. At the same time, only
a very low amount of the product (10%
compared with the control subject

without PCD) was amplified using primers
located upstream of the mutation site,

¥
| | | 1 | ]
= - -—
exiF  ex2R exdF exshH
180 pb 188 pb
1 2 M 1 2
—— el pspa
———
— ——
— . GAPDH
- — e DMAHS
— CFAP200
ﬁ ol Exd-5
CFAP200
& Ex1-2
r—

Figure 1. Multiplex PCR amplification was
parformed using cDNA from (1) a non-PCD
control individual, and from (2) the PCD
patient #5814 with the homozygous

¢ [198_200ddTTTinsCC) vardant, GAPDH
product fexons 4-8; 382 bp) was used 1o
nommalize the PCR efidency; RSPHYA faxans
1-2; 436 bp), and DNAHS fexons 24-25; 308bp)
reprasanted axpression of othar diary ganes.
Two fragmants of CFAPS00 ware amplified:
downstream and upstream fram the mutation
site (@aa insat for primers’ localization;

¢ [198_200daTTTingCC] mutation site is
indicated by an arrowhead). M - size marker

{1 kd DMA Ladder, Invitroger]. No CFAP300
product was cbearvad in the patient's cDNA
amplified using the downstraam set of pamars
{white amow]. The densitometricaly determined
intensity of the product amplified using primers
located upstraam from the mutation (Dlack
amow) was approximataly ten times lowar than in
tha non-PCD control. PCD = primary cliary
dyskdnasia.
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suggesting that the majority of the truncated
transcript was removed by nonsense-mediated
decay.

To better characterize the impact of
CFAP300 protein depletion on the ciliary
ultrastructure, high-resolution IF amalysis
using antibodies against selected protein
markers was performed in epithelial cell
samples from four homozygous c[198_200
delTTTinsCC] patients (Figure 2). The
correct axonemal localization of GASS,
CCDC39, and RSPH4A indicated that the
CFAP300 protein depletion had no effect
on nexin links, nexin-dynein regulatory
complexes {N-DRC), or radial spokes (RS),
respectively, The absence of DNAHS and
DNAI2 {markers of ODA) and DNALIL
(marker of IDA) in the axoneme was
consistent with the lack of both dynein
arms, indicated by the TEM data and by
the lack of ciliary motility in HSVM
amalysis. Interestingly, although in some
of the cells the dynein arm proteins
were totally missing, in the majority of
cells the signals of DNAHS, DNAI2, and
DMNALIL were present, but aberrantly
localized in the apical part of the
cytoplasm (Figure 2).

To more closely examine the
localization of dynein arm markers in the
CEAP300-depleted cells, IF analysis was
performed using anti-CENTRIN (marker of
basal bodies) with either anti-DNALIL or
anti-DNAHS (Figure 2, two last rows).
Interestingly, in the patients, DNALIL
localized more distally than CENTRIN, as
opposed o DNAHS, which did not cross
the basal body position marked by
CENTRIN. Additional double staining
analysis using anti-CENTRIN and anti-
DNALIL or anti-DNAHS antibodies was
performed in the cells from patients with
PCD with mutations in SPAGL another
gene affecting dynein arm assembly.
DNALIL in individuals with these
mutations did not enter the axoneme, bt
was also localized distally to CENTRIN,
whereas DNAHS remained in the
cytoplasm (data not shown).

CFAP300 Expression during
Ciliogenesis in Cultured Human
Epithelial Cells

To assess the expression of CFAP300 in
relation to other genes involved in cilia
biology, the level of selected transcripts was
amlyzed quantitatively during ciliogenesis
in the primary adherent-sequential
epithelial cell culure from non-PCD nasal

polyps (Text E5). The transcripts analyzed
using TLDA cards represented: motile
ciliogenesis regulator (FOXJ1); elements of
the ciliary strocture —ODA ( DNAHS), IDA
(DNAII), nexin-dynein regulatory complex
(CCDC40), and BS (RSPH4A); and dynein
arm assembly proteins—DYXICI and
CFAP300 (Figare 3).

A strong wpregulation of FOXJI
expression was observed at the very
beginning of the suspension culture, The
increase in the expression of all the
remaining genes was delayed by
approximately 2 days. The temporal profile
of the fold change in CFAP300 expression
{increase from Day 3 to 11, then a platean
or a slight decrease) was very similar to that
of DYXICI involved in dynein arm
assembly, and to those of structural dynein
arm proteins (DNAHS and DNAII) or
N-DRC proteins (CCDC40). The increase
in the expression of RSPH4A, which
encodes a protein component of RS, was
more rapid, and the level of ranscript was
approximately three times higher than that
of other ciliary genes.

CFAF300 Orthologs in Model
Organisms

Evolutionary conservation of CFAP3I00
was analyzed in two model organisms,

D. rerio (zebrafish) and 8. mediterranea
{asexual strain) (Text E6 and Figure E3).
The zebrafish CFAP300 ortholog,
sixrpl7-1p14.7, occupies ap proximately

4.3 kbp of the genomic sequence on
chromosome 21 and consists of 7 exons. Its
single transcript, 201, encodes protein of
272 aa. The ortholog of CFAP300 in

8. mediterranea (asexual strain) occupies
approximately 2.4 kbp of the genomic
sequence; transcript Smed_v6_12801_0_1
(annotated in the PlanMine database)
encodes a protein of 249 aa. The
comparison of the orthologous gene
structures revealed that the planarian gene
consists of 5 exons: exon 3 corresponds to
human/zebrafish exons 34 and exon 4
corresponds to human/zebrafish exons 5-6.
The highest conservation of the protein in
the three species (>43%) was seen in
human exons 2 and 5, encompassing

DUF 4498, the single domain in the protein
structure,

Gene Silencing of the Planarian
Ortholog of CFAP300

To confirm the conserved role of CEFAP300
in the ciliary function, the effect of
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Control - non-PCD healthy individual

AcAtub

. )

Centrin

AcAtub

DNAI2

AcAtub

Centrin

Centrin

PCD patient with homozygous C110rf70 mutation

Figure 2. Cliated cells were fam the respiratory epithalium from a non-PCD individual (left panels) and a representative PCD patient (#9389 with the
homozygous exon 3 mutation in CFAP300 fight panels). Celis were double-labeled with antibodies directed against elements of clliary utrastructure, from
the top to the bottom: AcAtub (green) and DNAHS fred); CCDC39 fred) and DNAL2 (green); AcAtub (green) and DNAUI1 fred); CENTRIN (grean) and
DNAHS (red); CENTRIN (green) and DNALI1 fred). Nuclel were staned with DAPI {plue). The signal of DNAHS5 and DNAI2 (ODA) and DNALI1 (DA) in the
patients was missing from the axonemes and either totally absent from the celis or aberrantly localized in the apical part of the cytoplasm, indicating that
the depletion of CFAP300 results in the fallure to assemble/properly localize both dynein arms. Aberrant localization of DNALI (cytoplasmic, apica to
CENTRIN) dffered fom that of DNAHS (cytoplasmic, proximal to CENTRIN). Staining of GASS, CCDC39, RSPH4A, and CENTRIN in the patients was not
affected. AcAtub =acetytated a-tubulin; CCDC39 = colled-colled domain containing 39; DIC = differential interference contrast; DNAHS = dynein
axonema heavy chan 5; DNALI = dynein axonemal light intermediate chain 1; GASS = growth arest specific 8; IDA = inner dynein arm; ODA = outer

dynein arm; RSPH4A = radial spoke head component 4A.

RNA interference of its ortholog in

S. mediterranea was examined. dsRNA
corresponding to the 402-bp segment in
the 5' part of the Smed_v6_12801_0_1
transcript was administered to the worms
by repetitive feeding (see Text E8 and Table
El for details). Ciliogenesis was stimulated
by cutting worms and allowing
regeneration from pluripotential stem cells
(neoblasts). Symptoms of the impairment

Zietkiewicz, Bukowy-Bieryllo, Rablasz, et al.: GFAP300 Mutations in Slavic Patients with PCD

of the cilia-mediated locomotion of
planaria were seen 6-7 days after worms’
fragmentation, and manifested as a slow
crawling aided by body contraction (so
called “inchworming” movement) instead
of cilia-mediated gliding (Video E2). A five-
to sixfold reduction in the average speed of
locomotion in CFAP300-silenced worms
(0.29 = 0.04 mm/s) compared with controls
fed with eGFP dsRNA (147 =0.21 mm/s)

was observed (Figure 4). HSVM analysis
showed the severe reduction of cilia
motility in planaria fed with CFAP300
dsRNA (Video E3). Examination at 1/8
speed revealed the lack of coordination in
cilia beating and heterogeneity of their
motility. The silencing effect lasted for

1-2 days; after that time, the cilia

motility and worm locomotion retumed to

normal.
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600 -
——&— FOXI
A DYXiCA
— & CFAP300
----@----CCDC40
- - - - - DNAHS
DNALI

] ] N 5]
= = = =

Fold expression comparad to day (0)

g

Days in suspension culture

Figure 3. Expression profiles of seven cliarelated genes were analyzed at days 0, 3, 5, 11, 14, and
21 of the suspension phase in the culture of prmary epithelial celks from non-PCD nasal polvps;
expression on day 0 was used as a calibrator, The genes represented different stages of cliogenesis:
FOMJT — motile cliogenesis induction (thin sdlid line with diamonds); ONAAF4DYXTCT and CRAPE00
- ciia assambly {thick solid inas with tdangles); CCDC40 - structural elements of the axoname
(dashed and dotted ine with circles); DNAHG, DNALIT - dynein arms (dashed lines with squares),
RSPH4A - radial spokes (dashed ine with small drcles); two stable housekeeping genes (785 and

TEF) were usad for data nomnalization,

Discussion

The ¢.[198_200 delTTTinsCC] mutation
in CFAP300 (alias C1lorf70) was found to
be cansative in 16 of 412 analyzed Slavic
PCD families; two other presumably
pathogenic variants (¢.353A > G in exon
4 and c675 + 3-6del in intron 6) were
private; four previously reported rare
pathogenic variants (17, 18) were not
identified in any of the analyzed patients
{Figure 5).

The relatively high frequency of
¢.[198_200 delTTTinsCC] in exon 3 of
CFAP300 (30/824 chromosomes in the
whole cohort) may be indicative of a
Slavic founder effect, especially given that
this pathogenic variant has not been
found in the targeted WES analysis of
161 PCD individuals of non-Slavic origin
{18). On the other hand, c.[198_200
delTTTinsCC] has been reported in 2 of
15 PCD families analyzed in another
targeted WES study (17); however, with
no information on the ethnic affiliation
of these patients and a small preselected
group analyzed in that study, it neither
supports nor contradicts the possibility

446

of the mutation’s Slavic origin. Our study
has shown that ¢.[198_200 delTTTinsCC]
resides on the same b

haplotype, otherwise found in only 15%
of the nonaffected Polish chromosomes;
this is consistent with the common
ancestry of ¢.[198_200 delTTTinsCC].
However, inferences about the age of the
mutation and the possible Slavic founder
effect would require analyzing more
markers, localized at much longer
genomic distances. Nevertheless,

the high frequency of c.[198_200
delTTTinsCC] among Slavic patients
with PCD places this variant among
mutations, which should be considered
in designing population-specific panels
for genetic tests,

The impact of CFAP300 mutations
on the ciliary structure, as demonstrated
by TEM- and IF-based analyses,
confirmed earlier observations (17, 18),
that the depletion of CFAP300 results in
the defects of both ODAs and IDAs, but
does not affect other structures, like RS,
N-DRC, or basal bodies. This pattern of
IF staining in the respiratory epithelia
cells from patients with biallelic

CFAP300 mutations resembled the one
observed earlier in patients with
mutations in the genes encoding proteins
involved in different stages of cilia
assembly. The profile of CFAP300
expression during ciliogenesis, examined
in the suspension phase of the two-phase
culture of epithelial cells from non-PCD
nasal polyps, paralleled that of
DNAAF4/DYXICI protein, and was
therefore consistent with the proposed
role of CFAP300 in cilia assembly {17,
18).

However, the cilia assembly is not a
single-step process. The first group of
proteins involved in the cilia assembly
combines cytoplasmic proteins acting
as cochaperons: DNAAF1/LRRCS0
{30, 31); DNAAF2/KTU (32); DNAAF3
(33 DNAAF4/DYX1C1 (34);
DNAAF5/HEATR2 (35, 36); LRRC6 (37,
38); CCDC103 (39, 40); and SPAGI (41).
The second group plays a role in the
cytoplasmic assembly of dynein arms
and/or their transport to the proper
axonemal location: C21orf59 (42) and
ZMYNDI10 (43, 44). Other proteins
required for proper trafficking of the
preassembled dynein arms, revealed by
studies in Chlamydomonas and
zébrafish, but not found to canse
PCD in humans, include ODAS
{(human LRRC56) and ODA16 (human
WDR69), shown to interact with
IFT46, a component of the
intraflagellar retrograde transport,

IFT (45-47).

The cytoplasmic protein, DNAAF2,
together with SPAG1 and DNAAFS, have
been shown to be involved in the early
stages of dynein arm assembly (48). The
late preassembly proteins, PIHID3 and
DMNAAF4, have also been shown to bind
DNAAF2 (16, 34). Therefore, the
function of DNAAF2 as a link between
early and late preassembly complexes has
been suggested (48). The direct
interaction of CFAP300 with DNAAF2
has been reported (17), suggesting its
cytoplasmic localization and the role in
the assembly of dynein arms. Western
blots performed in Chlamydomonas and
Paramecium confirmed the predominant
presence of CFAP300 ortholog in the
cytoplasm, but revealed that a small
amount was also in cilia; the localization
of CFAP300 in the detergent-soluble
fraction of cilia indicated its localization
in the matrix and membrane, as opposed

American Joumal of Respiratory Cell and Molecular Blology Volume 61 Number 4 | October 2019
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CRAP300-gilenced
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12s
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2s - ‘ ds
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Fgure 4. The impact of RMAI on planaras’
locomotion was obsenved seven days after the
fragmentation of worms fed with dsRNA BGAP -
left panel or CRAP300 - right panel). The picture
shows worms with regenerated talls, CRAPS00-
silenced womns moved by body contractions
only, as opposed to control worms, which
maoved by clia-mediated ghiding, The distance
covered by the control and sllenced worms
during 14 and 28 s, respectively, are shown as
snapshots taken every 2 or 4 s, The average
spaed of CRAP300-slenced woms (calculated
in 20 animalg) wes 56 times slower than in the
controts, dsRNA = double-strand RNA; RNAI =
RMA interfarence.

to the insoluble axonemal fraction (18).
This cytoplasmic and ciliary matrix
localization of CFAP300, similar to that
proposed for C21orf59 (42) and ZMYNDI10
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{43, 44), may suggest its role in dynein
arm transport within the axoneme, The
exact role of CFAP300 remains to be
elucidated.

In this context, it is interesting that, in
our hands, IF staining in cells from patients
with two truncating mutations in CFAP300
often indicated that dynein arm
components (DN AHS, DNAIL2, and
DNALIL), although absent from the cilia,
were in the apical part of the cytoplasm,
close 1o the base of the axoneme ( Figure 2).
Similar IF staining has been observed
previously (17), but not discussed. It is
tempting to speculate that the apical
localization of the preassembled dynein
arms observed in individuals with CFAP300
mutations reflects their arrest in place, from
which they should have been further
trafficked into the axonemal compartment
with the aid of CFAP300. This
scenario appears consistent with the
large-scale comparative analysis of the
Chlamydomonas genome, where FBB5, the
CFAP300 ortholog, has been identified as a
member of a group of flagellar basal body
genes (49),

Both DNALII and DNAHS
were absent from ciliary axonemes in the
cells with mutations in CFAP300.
Interestingly, double IF staining with anti-
CENTRIN and either anti-DNALIL or
anti-DNAHS antibodies (Fignre 2)
revealed that the position of ODA and IDA
markers with respect to the basal body
marker was different, with DN AHS
localized proximally and DNALIL distally
to CENTRIN. This may suggest different
mechanisms for the trafficking of

1 hamaz t

puzasn

q:bem danar?
1I‘ll.r|l

Figure 5. Schamatic represantation of the CRAP300 gene, Exons are reprasantead by filled boxes are
driven up to scale. Summary of pathogenic variants reported in this study and in twio previous repors
s provided, (18) 1 and (17) 1. The number of families camying CRAR300 mutations ks shown fhomoz -

in homozygosity, trans -
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In trans with another mutation; monoz — with mutation on one allale only).
Mutations of unocertain pathogenicity are framed.

preassembled IDA and ODA elements to the
axoneme, This phenomenon appears not o
be restricted to the cells with mutations in
CFAP300, becanse a similar difference in
the localization of DNAHS and DNALIL
was also observed in cells from patients
with mutations in other assembly-related
genes (eg, SPAGI; data not shown).

To shed more light upon the
evolutionary conservation of the role of
CFAP300 in cilia biology, we examined
the effect of silencing the gene ortholog
in a model organism, the 8. mediterranea
flatworm, The worms’ locomotion defect
observed in the knockdown experiments
demonstrated that the role of the protein
in ciliary function is highly conserved
in evolution, consistent with similar
observations in Chlamydomonas and
Paramecium (18). The evolutionary
conservation of the CFAP300 function is
striking, especially in light of the
relatively low level of amino acid identity
among its orthologs (Figure 3). On the
other hand, the much higher level of
sequence conservation observed in the
protein segment encompassing human
exons 2 and 5 indicates that these
fragments may have a particularly
important role in CFAP300 protein
functioning, and thus in cilia biology.
This information could be nseful for
further studies on the molecular function
of DUF4498, the large enkaryotic domain
of mknown fonction. The domain
encompasses the major part of CFAP300
protein and is disrupted by all the
mutations in this gene reported so far in
patients with PCD. B
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SUPPLEMENTARY TEXT

Text E1.
Biological material from patients

Classical clinical symptoms included neonatal respiratory distress, recurrent upper and lower respiratory
tract infections, sinusitis, bronchiectasis, otitis media, in some - abnormalities in left-right body
asymmetry, mainly situs inversus. These were supported by any of the following criteria: i) low nasal nitric
oxide (NO) production, i.e. <200ppb calculated using sampling flow rate of 350 ml/min (Table 2),
measured either by using a hand-held Niox Mino (Aerocrine) or EcoMedics CLD88 (Duernten); ii) abnormal
ciliary motion in high-speed videomicroscopy (HSVM); iii} ciliary ultrastructure defects in transmission
electron microscopy (TEM); iv) defective staining using any of the two antibodies, anti-GAS8 or anti-
DNAIZ. Of note, NO level of 220 ppb, calculated using sampling flow rate 350 ml/min) for Ecomedics
analyzer, corresponds to the threshold of 77 nL/min recommended by PCD organizations in the North
America (27); the PCD threshold of <300 ppb is recommended in Europe (28); see also (29); there is

currently no consensus over what threshold constitutes a positive or negative cut-off for nNO (14).

The institutional review board for human studies (the Ethics Review Board at the Medical University in
Poznan) approved the protocols (permission # 435/13) and informed written consent was obtained from

the subjects or their surrogates whenever required by the institutional review board.

A group of 120 unrelated Polish PCD patients, in whom no mutations were found in the previous screening
efforts based on S5CP/heteroduplex analysis, ASO-genatyping or direct dideoxy sequencing (22-25; and
our unpublished data), were analyzed using new generation sequencing of the whole exome. The total
number of PCD families available for the genetic screening (and used for the calculation of CFAF300
mutations frequency in Slavic PCD population) was 412 (398 families of Polish and 16 of Slovak origin).

Peripheral blood samples were collected during routine check-ups of the patients and used to isolate
genomic DNA. Human respiratory epithelial cells from bronchial biopsies obtained during a routine
check-up of the patients, used to isolate total RNA, were collected and stored at -80°C in RMNALater
solution (Qjagen). Samples used to prepare cells for immunofluorescence (IF) analysis (collected in RPMI,
spread on glass slides and stored at -80°C) were obtained by nasal brush biopsies from patients and from
consenting healthy volunteers. Epithelial cells used for in witro ciliogenesis were obtained from routinely

resected nasal polyps originating from non-PCD donors.
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Nucleic acids isolation procedures

DNA was extracted using standard salting-out method. RNA from frozen samples of epithelial cells in
RMALater was extracted using RNeasy®Plus Micro Kit [QIAGEN), according to manufacturer's protocol

(Total RNA containing small RNAs). RMNA quality was assessed using the Bioanalyzer (Pall Biosciences).

Text E2.

Whole exome sequencing (WES)

SureSelect™ V5 PostCap system (Agilent Technologies, CA, USA} was used for the exome library
preparation. Amplified libraries that passed quality control (DNA 1000 Bioanalyzer assay) were sequenced
on HiSeq4000 platform (lllumina, Inc., CA, USA), as paired-end reads (2 x 100 bp; 5 Gbp of raw data). Each
of the analyzed samples was sequenced in a separate flow cell. The aimed sequencing coverage at the

raw data level was 100X.

Quality control was conducted using FastQC and FastQ Screen. Sequencing reads were aligned to the
GRCh37 reference genome, using BWA-MEM (E1). On average, 83-fold mean coverage of the targeted
exome was achieved (SureSelectXT V5 regions, covering 50.4 megabases [Mb]), with 91% positions
covered at 20x or higher. Aligned reads were processed using MarkDuplicates algorithm from the Picard
tool set and BaseRecalibrator which is a part of the Genome Analysis Toolkit (GATK v3.6) (E2). Germline
SNWs and indels were identified using GATK's HaplotypeCaller in GVCF mode (v3.6). All of the identified
variants were annotated using Variant Effect Predictor (v85) (E4).The annotation data (VCF files) were
converted to an Excel file; this allowed direct comparison of all the samples analyzed, and manual variant
filtration and prioritization. Consistent with the rare occurrence of PCD, variants from the dbSNP build
141 and/or the 1000 Genomes Project databases characterized by the minor allele frequency =0.01 in the
general, European or European American population [whichever was higher), were excluded from the
analysis. The data were filtered according to a recessive (or X-linked) disease model: the samples with
biallelic (or monoallelic X-linked) deleterious mutations (nonsynonymous mutations in the coding
sequence, splice-site substitutions or indels) found in any of the known PCD genes were considered
solved. The remaining samples (including those with only monoallelic mutations found in autosomal PCD
genes), were subjected to the search for candidate genes. Genes with novel deleterious variants (not
reported in any public database) or with the minor allele frequency lower than 0.01, were selected for
further studies, especially if the variants were present in more than one of the PCD patients, with no

mutations in the known PCD genes identified.

E3
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Text E3
Genotyping CFAP300 families and other PCD patients

CFAP300 exons containing deleterious variants found by WES were PCR-amplified and analyzed by
dideoxy sequencing to confirm the presence of the variant allele. Whenever parents or siblings of the
patient were available, segregation of the PCD-causing variants in a family was examined (Fig. E1).
Evaluation of the sequencing results was performed using Chromas and Fasta Sequence Comparison tool

[http://fasta.bioch.virginia.edu/fasta_www2].

The coding sequence of CFAP300 was analyzed in the remaining PCD patients, who were not subjected to
WES and for whom no biallelic mutation in any of the PCD genes was found {~80 unrelated individuals).
The search for new rare variants was performed using SSCP analysis, as earlier described (23). PCR primers
for CFAP300 analysis (Table E1), designed with the use of Primer3, flanked whole exons and exon/intron
junctions; the amplicon size for SSCP and sequencing was 250-300 bp; the details on CFAP300 PCR and

SSCP conditions are avallable from the authors upon request.

The predicted deleterious effects of new variants were examined in silfico using online tools: Polyphen-2
[genetics.bwh.harvard.edu/pph2/] and Provean [provean.jcvi.org] for nonsynonymous mutations and
Human Splicing Finder for the splice site mutation [www.umd.be/HSF/]. Sequence variants were
described according to the recommendations [www.hgvs.org/mutnomen/checklist.html]; the cDNA
numbering was according to the main Ensembl transcript CFAP300-201 (ENSTOD0DD434758.6, RefSeq:
NM_032930).

Text E4

High-speed video microscopy (HSVM), immunofluorescence (IF) and transmission electron microscope

(TEM) analysis

Cilia motility was assessed at room temperature in clusters of freshly collected nasal respiratory
epithelium cells, suspended in RPMI medium. Cilia motility was evaluated using inverted Opta-Tech
microscope at 400x magnification and recorded using a high-speed video Basler camera (120 fps). Ciliary
beat pattern was assessed by analyzing slow-motion playbacks of the recordings in SAVA software (Sisson-

Ammons Video Analysis software, Ammons Engineering, USA (ES5); (Video E1 A and B).

Immunofluorescence (IF) analysis was performed as described (25), using the following primary
antibodies: acetylated a-tubulin {mouse monoclonal T6793, SIGMA; used at 1: 15,000); DNAHS (mouse
polyclonal HPAD37470, SIGMA; 1: 800); DNAI2 (mouse monoclonal HOD0B4446-M01, ABNOVA; 1:550);
DNALIL (rabbit polyclonal ARP53611, AVIVA; 1:1200); GASE (rabbit polyclonal HPAD41311, SIGMA; 1:500);
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CCDC39 (rabbit polyclonal HPAD35364, SIGMA; 1:500); RSPH4A (rabbit polyclonal HPAD35364, SIGMA;
1:200); CENTRIN (mouse polyclonal 04-1624, MILIPORE; 1:2000); highly cross-adsorbed secondary
antibodies (goat anti-rabbit |gG-546 and goat anti-mouse IgG-488, Molecular Probes MERCK; both
1:3000).

Ultrastructural defects in the patients were confirmed by reanalysis of available archival images from TEM

analysis, prepared as described earlier (23). TEM was performed with a Philips CM10 at 16,000- to 50,000-
fold magnification |Fig. E2).

Text ES
Ciliogenesis in culture

Primary respiratory epithelial cells from nasal polyps collected in RPMI medium were cultured in vitro
toward ciliogenesis, using a sequential 2-phase method (E6), whereby cells proliferate in the adherent
(ADH) phase, followed by cell differentiation during the suspension [{SUSP) phase. Cultures were initiated
using epithelial cells from nasal polyps; the culture conditions were as described before (E7). Epithelial
cells were collected at the day preceding the SUSP culture (pre-SUSP, day 0) and days 3, 5, 11, 14,21 of
the SUSP culture, suspended in RNA Later Plus buffer (Qjagen), frozen at -80°C and used for RMA isolation

within 3 weeks.

Text E6
CFAP300 orthologues in zebrafish and planaria

CFAP300 orthologue transcript in 5. mediterranea (asexual strain) was identified in the PlanMine database

(http://planmine.mpi-cbg.de/planmine/begin.do) (E8). The genomic structure of the planarian gene was
assessed by comparing transcript with the genomic DNA sequence from the SmedGD browser (S.
mediterranea Genome Database (http://smedgdke03.stowers.ol i-hin/gh2/ghrowse/SmedUnigenes).
The nucleotide and protein sequences of human CFAP300, and its orthologues in zebrafish and Schmidtea
mediterranea were compared in MultAlin software, using Blosum62-12-2 and DNA-5-0 score tables for

DNA and protein comparisons, respectively [http://multalin.toulouse.inra.fr/multalin] (Fig. E3).

Text E7

Transient RNAI silencing of the CFAP300 orthologue in planarian model

=i}

69



An asexual strain of 5. mediterranea was maintained at 20 °C, as described (59), and fed chicken liver
onceftwice per week. Animals measuring 3-5 mm in length were starved for at least one week before

experiments.

DsRNA was designed using the coding sequence of CFAP300 orthologue in 5. mediterranea asexual strain,
Smed_v6_12801_0_1 as a reference. Total RNA was isolated according to ThermoFisher Scientific
protocol, using TRIzol and DNA-free kit. Total RNA was reverse transcribed using oligo(dT) primer and
RevertAid H Minus First Strand cDNA Synthesis kit (ThermoFisher Scientific). The 402 bp long fragment
encompassing planarian exons 1 (part), 2, 3 and exon 4 (part), corresponding to positions 180-601 in
Smed_v6_12801_0_1, was amplified using primers tagged with T7 RNA polymerase promotor (Table E1,
Fig. E3). The amplicon was used as a template for dsRNA preparation according to the manufacturer’s
protocol (MEGAscript™ T7 Transcription Kit, Thermo Fisher Scientific).

RMA interference was performed using the feeding protocol (E10). DsRNA was administered to the worms
by repetitive feeding (five times, every second day) with a homogenized chicken liver mixed with CFAP300
dsRNA (10 pg dsRNA mixed with 50 pl of liver paste per 10 worms); dsRNA prepared from the plasmid
containing eGFP (enhanced green fluorescence protein) was fed to the control group. The efficiency of
CFAP300 silencing was confirmed by the analysis of cONA isolated from the worms (data not shown). Next
day after the last feeding, the worms were cut to stimulate the process of regeneration (planarias are
known for their high regeneration capacity). The phenotypic effects of the knockdown were examined 6-
9 days after worms fragmentation. The velocity of planarias’ locomotion was recorded for 20-80 sec using
a stereoscope (Opta-Tech, SK series) at 10x magnification, and OptaView IS software version 4.1.3 (Video
EZ A and B). Image) software was used for image analysis and measurements (E11). The average distance
traveled by ten knockdown worms in a time unit (10 or 20 sec) was compared with the corresponding
measure for ten control animals (fed with the eGFP dsRNA). The effect of RNAi on cilia motility was
assessed using HSVM and SAVA software, as described in 5T4 section, at 400 x magnification (Video E3 A
and B).
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SUPPLEMENTARY TABLES

Table E1. Sequences of primers and oligonucleotides used in the study

Primers used in the analysis of human CFAP300

PCR primers* (5'-3') for exon screening by SSCP and dideoxy sequencing:

Cllorf70-1_F CATCCACCCAGCCGAGAG
Cllarf‘,"D-]_R gaagaccaagggcctcttot
Cllorf70-2_F gtgggtgggatcggttatc
Cllorf70-2_R agagacccagggaactotoc
C11orf‘,"0.3_F aaaatatctaacttattccoccctcaaat
Cllorf70-3_R tgaaaattcctgaggcaaasa
Cllorf70-4_F gcgatttattttggaaatagttga
Cllorf70-4_R ttcctgaaataaaattccactgo
Cllorf70-5_F tcaagattggttcttaaaataggtgt
Cllarf?D-S_R agatttacatattgtgatctagcaaca
Cllurf‘,'D.E-_F ttacttaaatgtatatgocaatgoct
Cllurf‘,"D.G_R tcococtaggoataacattgtoctga
Cllorf70-7_F gcgacggagcaagactct
Cllorf70-7_R TCTTCTGCICTAAGTAGGCTCCT

PCR primerst for cDNA analysis (5'-3'):

Cllol‘fTD-El_F GEGGACTTGEGTGGCTACTRE
CllGI‘fTD-EZ_H CCTTCCGATAGGACTGRALAGSE
CllorfTD-Ea_F TGARGATATIGTACGAGACAGTGGA
Cc1 larf'.'D-Ed_H CTCCACCRAGGCARAGATGT
GAPDH_ed F ACGGGAAGCTTGTCATCART
GAPDH_e8 R GEGCCATCCACAGTCTTICT
RSPH4A_el F CAGTCTCAGCAACCCARACC
RSPH4A_e2 R CCRARTOTCCCTGGAGRALRR
DNAHS_e24 F ACCGGAGTGAGATGGAAAAC
DNAH5_e25 R CTGGGCTGCAGTGAGACTAA

EB
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Primers used in the analysis of 5. mediterranea orthologue of c11orf70 (dd_Smed_v6_12801_0_1)

Primers used to prepare dsRNA for RNAi (5'-3'); sequence in brackets: T7 polymerase promotor:

Smed_cllorf70_ds_el_F

[TAATACGACTCACTATAGGG] GTTICTTITTIATACCCTIGCCCG

Smed_cllorf70_ds_ed_R

[TAATACGACTCACTATAGGG] TCTGCGACTCTCTTCCGART

eGFP ds_R

[TAATACGACTCACTATAGGG] TGTTCTGCTGGTAGTGETICG

eGFP_ds_F

[TAATACGACTCACTATAGGE] GRCGTARACGGCCACAAGTT

* Primers located in exons in introns are shown in uppercase and lowercase, respectively.

t Primers used for cDNA analysis were designed to amplify trans-exonic sequences.

Table E2. List of mRNA transcripts and TLDA probes

mRNA transcript name | TLDA probe name Type of probe | Role in cilia biology

FOX11 Hs00230964_m1 Target Induction of motile ciliogenesis
CFAP300 Hs00988407_m1l Target Cilia assembly
DNAAF4/DYXICI Hs00984202_m1l Target Cilia assembly

DNAHS Hs00292485_ml Target ODA structure

DNALI1 Hs00185750_ml Target ODA structure

CcDCc40 Hs00215769_rml Target N-DRC structure

RSPH4A Hs00402529_m1l Target Radial spoke structure

185 Hs99999901_s1 Normalizing Housekeeping gene

TBP Hs99999910_m1l Noarmalizing Housekeeping gene
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ONLINE RESOURCES

Chromas and Fasta Sequence Comparison tool http://fasta.bioch.virginia.edu/fasta_www2

Multalin multiple sequence comparison http://multalin.toulouse.inra.fr/multalin

Gene Cards: http://genecards.org
DAVID software: https://david.nciferf.gov/home.jsp

Human Splicing Finder: http://www.umd.be/HSF/

Variant Effect Predictor: https://www.ensembl.org/info/docs/tools/vep/index.html

PlanMine database http://planmine.mpi-cbg.de/planmine/begin.do
5. mediterranea Genome Database http://smedgdkc03.stowers.org/cgi-

bin/gb2/gbrowse/SmedUnigenes
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LEGENDS FOR SUPPLEMENTARY FIGURES
Figure E1. <i>CFAP300</i> mutations found in Slavic PCD patients

Pedigrees of the families, in which <i>CFAP300</i> mutations were found by WES or follow-up screening.
All families are Polish, except for family 157 (Slovak). Patients are filled in black; #363 in family 217 (light
grey) was found to have PCD through genetic testing; carriers are indicated by the dot inside the symbol
(black dot, if confirmed by dideoxy sequencing). Individuals included in the WES cohort are underlined; in
family 157, both parents were WES-sequenced instead of the patient. #1106 in family 520, later found to
be a homozygote for the consensus splicing site mutation in another PCD gene (¢.397+1G>A/c.397+1G>A
in <i>TTC25</i>), was only a carrier of <iI>CFAP300</i> mutation in exon 3 (white asterisk inside the
individuals symbol; parental origin of the mutation is unknown). Only representative chromatograms from

dideaxy sequencing of the ¢.198-200TTT>CC mutation are shown.

The ¢.353A>G resulting in p.D118G substitution (fam. 146) was deemed neutral by Provean and benign
by PolyPhen. However, the scores calculated using Human Splicing Finder tool predicted ¢.3534>G to
activate a cryptic exonic donor site (HSF matrix score: 75.99 for the mutant and 49.16 and the wild type;
variation 54.58%; MaxEnt score: 7.76 for the mutant and -0.41 and the wild type; variation 1992.68%).
Activation of the donor site in exon 4 would result in shortening this exon by 93 bp, resulting in an in-
frame deletion of 31 amino acids. The c.675+3delAAGT in exon 6 (fam. 504), according to the Human
Splicing Finder tool, may affect the donor splice site in intron 6 (HSF matrix score: 61.96 for the mutant
and 84.4 for the wild type; variation -26.59%; MaxEnt score: -5.27 for the mutant and 6.69 for the wild
type; variation -178.77%).

Figure E2. TEM analysis of the representative cross-sections of cilia from the respiratory epithelium

Left panel = a non-PCD control with clearly discernible outer and inner dynein arms (black and white
arrows, respectively). Right panel — three patients homozygous for the deleterious wvariant
¢.[198_200delTTTinsCC] in exon 3 of <i>CFAP300</i>; the lack of detectable dynein arms is indicated by
arrowheads. Patients # 633 and #1074: 85 and 61 cross-sections analyzed, respectively; in 100% lack of
ODA and IDA; patient #360 — 65 cross sections analyzed, in 75% lack of ODA and IDA, 25% — lack of IDA.

Figure E3. The evolutionary conservation of the <i>CFAP300</i> gene structure and protein sequence

Upper panel: Schematic localization of exons in human <i>CFAP300</i> (upper panel) and its two
orthologues: <i>Danio rerio</i> (middle) and <i>Schmidtea mediterranea</i> (bottom). Only exons are
drawn to scale; the exact size of exons and introns is shown in bp. Approximate position of the primers

used to obtain dsRMA for RNAI in planaria is indicated by black arrows.

El1
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Lower panel: Comparison of CFAP300 protein sequence in the three species: human (Hsap), zebrafish
(Drer), and planaria (Smed). High consensus level (>90%) is indicated in red. Thick black lines above the
alignment indicate position of exons in human and zebrafish; lines below the alignment delineate exons
in planaria. The overall proportion of high consensus positions in the whole coding sequence is 27%; the
pairwise sequence comparisons are expectedly higher (49% human-zebrafish and 36% human-planaria).
The numbers above the alignment show relevant proportions calculated for each of the human exons,
indicating the highest conservation (>43%) in exons 2 and 5. The grey bar below the alignment

corresponds to the position of the DUF4498 domain.

LEGENDS FOR SUPPLEMENTARY VIDEOS

Video E1: A: Respiratory epithelium cells from healthy individual with normal ciliary function. B-D:
Respiratory epithelium cells in three CFAP300 patients (#914, #993, #1074) revealed the total lack of
ciliary beating. Microscope: 400 x magnification.

Video E2: A: Normal locomotion of control planaria fed with GFP dsRNA. B: Disturbed locomotion [speed
and pattern) of CFAp300-silenced planaria. Animals 7 days after fragmentation, with the regenerated tails.

Stereoscope: 10 x magnification

Video E3: A: Cilia motility in control planaria fed with GFP dsRNA. B: Reduced speed and nonsynchronized
cilia motility in CFAP300-silenced planaria. Microscope: 400 x magnification.

E12
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Figure E1

EQE@EQEQ

904 914 989 993 1061 1074 1138 1144 1166
cc/cc cc/cc cc/cc cc/cc cc/cc cc/cc cc/cc cc/cc cc/cc

157 217 255 520
431 103 | 104 634 635 362 568
CC/wt CC/wt CC/wt CC/wt | CC/wt CC/wt CC/wt
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Figure E3

234 10983 7529 9221 5168 1783
[ s | 2l
exl fex2 JE| ——  — . — —@— o = I
167 1 v

27 11 87 76 A29 1361

1291

—m——-—-—-—

174 132~ 73, 155 173 67 135 230

e |—m

80 95 82 207 237 129 73
-» -

11% 43% 19% 22%

Hsap MATGELGDLGGYYFRFLPQKTFOSLSSKEITSRLRQHSHLGRIKAQAF GFDOTFOSYRKDDFYMAF FKDPNYIPNLKLLSDSSGOIILGTEVKKIERINYPCTALSHSFFHRLYDEDIVRDSGHIYKCLDSFCOPFLISDELRR
Drer YTTTIGIMAEEKL SFEQTFNFNLLSTKSFNFQEDPKTSRLLHKHUSHLGRTTAQAFNFDOSFOPYRSHDFAUNFFADPCYKHHLNYL-DPTGSHTRLG-DITHYRVEVYPCTKYSYDIFDPTYSNGTLRPSGHIVKCYHEI YPOF-~-~DEL R
Sme HIENENSSFIPLPDRKYYIFTRKDFENSLMKHSHKGRINCICF GFDOTFKSYNIGYFIOKFFSDPNVYSUINER=mmmmmmmm TKLIPCOIEAIPCTLTSHELF TRL-HGTYTRENGRIIGSPDEYCHGITISDELRK

[ 1
45% 14% 23%
Hsap Y| YEDSEKYEIFSQPDREEFLFCLFKHLCLGGALCOYEDYISPYLETTKLIYKOLYSYRKNPOTKKIQITSSYFKYSAYDSAG=HCYPSAKNHEQTF SYFIYDPIRRHLHYLYHCYGYGDHS

Drer || | ERDSEYHHIISPSDRQEFLFRLFKHMYLGGELCOYEDYIOPY IETVKIHYKOLVSYQKDTOTKEINVYTTYLKYSAYOHSG-LCYPSATENKOTF RYLCIDPCKRHYYYLFHSFGIGDFSGN
Sme || HSDDSSTYDLYSEESRREFLFQLFKGFYLGGETCOFEEDTTQYLNITKTF YKDIVSYQKN-DYGNYMVLSHTYKIRCKNEKDETYFPOSSHENSF AYYI TOPLKKHLHLLNHSFGCGHF

78



Artykug 3
A novel pathogenic variant of CFAP221is a cause of a mild form of primary ciliary
dyskinesia

Alicja Rabiasz ZuzannaBukowy-Bi e r, RairngrjaK a ¥ mi e HommaR kz y st-a o ws
Ma c i, MajcamMi k, tréhaWojsyk-BanaszakEwaZ i nt ki e wi ¢ z

Biochim BiophysActa Mol Basis Dis. 2025 Apr 16;1871(6):167855

W odpowiedzi na stale rosnNcN |iczbhn
zaangaUowane w r-Une jednost kdinGen (Ctinical b o we
Genome Resourse dzi agaj Nca Ipstytatach 2dwisd(dtionalylrstiutes

of Health NI H) , kt -ra sguUy jako narzindzie dc
patogennych wariant-w i gen-w w r-Unych c
bazy, aby gen otrzymag zataamtgmddowanegaeivi mpi
choroby, jego zwiNzek z okr eS| onNCFRAR28T o b N

(cilia and flagella associated protein 224aliasPCDPJ) zlokalizowany w chromosomie 2,
j est jednym kt -gen -2wd §fhGek m CnGenpvyimaga pilnego
potwierdzenia poprzez opubli kowanie dodat k
w wariant ami w tym geni e, co pozwol i na o
chorobii oraz cech klini chmyonhth NzwiCed eenry omaz
bygo potwi er dFAR2B8liwe prbbpgegenue pierwotnej ¢

Analiza genetyczna DNA pacjenta o | Uej
objawami laryngologicznymibr aki em rozstrzeni kocsjkN z p f U ¢
w wieku 18 | at, brakiem odwr-cenia nar zNd
poziomem tlenku azot u, wykazaga obecnoSi p
(NM_012472.6:c.436G>C (p.Aspl46His)) w znanym genie PCRRCG (leucinerich
repeatcontaining 6;aliasDNAAF1). Ze wz gl Andu na niezidentyf
wariantu na drugim all el u, przeprowadzono
zmian na drugim allelu genuRRC6u pacj ent a, nat omi ast p oz
nowego patogennego wantu, NM_001271049.2 c.1641dup (p.Asn548GInfsTer6)

w eksonie 16 genuCFAP221na obu allelach. Sekwencjonowanie Sangera u pacjenta
[ rodzic-w potwierdzigo recesywny spos- b

patogenny warianl.RRC6 ¢ . 4 36 G> C y bylkoju padjepta oraz jego matki,
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nosicielstwoCFAP22L : ¢. 164 1dup stwierdzono u obojga
pacjenta. Analiza in siico wskazaga na potencjalnie S
zidentyfi kowanego wariantu, zktl- rdeagow pprog vaau
przedwczesnego kodonu STOP. W celu okreS
poziom ekspresjiCFAP221pr zepr owadzono analizn pozi on
w odniesieniu do genu referencyjnegGAPDH Analiza RTFPCR dla ekso n - w

zl okalizowanych powyUej (56), pomindzy or &
(odpowiednio, eksony 3-4, 89, 1415, eksony 1517 oraz eksony 1819, 2324),

w odniesieniu do genu referencyjnegayy k az a g a cagkowiROR br a
w por - wao kontroliuzdrowego dawcy) obserwacja ta zost a
poziomie biagkowymsug &degradfichmiee pwyamii kiig o we g o
CFAP221na skutek szlaku NMD.

W celu scharakteryzowani aCFaARHtyl®Aldup at o0 g
(bowoduj Ncelgioa § b a a kC RaA Fudkejdnowanier z i s e k rucho
przeprowadzono analizn struktury [ funkc
u pacjenta w por-wnaniu do kontroli. Anal
przeci wk o biRSBHdA GBASB, Moktyldwanejalfaubul i ni e wskaze
wp g ypatogennego wariantCFAP221lna gg:- wne el ementy wul tr
(ODA, RS, NDRC) ; sygnagdg | F z uUyciem przeci wci
[ SPEF2) bryige mma wzam iasstz mi eni ony. U kontro
barwi gy rzhiski; -8PPRZ,j eohawisyz@gnafaamy i do
w cytopl azmie, NSTK&6 asvt coyiddred§y kamt ir e k (
w rznskach, a9W%W) pnpaomnswa@ywhrggskach | ak |
anal i za, badanie ruchu rzninsek przy uUyciu
sin ni esynwh rsomasdkzmiUan,pby wykluczyl wpgy
Sro
oddechowego pacjenta oraz kontroli, Kt - r e

dowi s kowy c hwyproavadzondesoth o wizm slke& m- r ek pi er wol

granicy faz ciecpowietrze &ir-liquid interfaceAL1 ) w ki erunku <cil i og
pacjenta po ciliogemrriadler iphrByasa mdtaoticlei swonSi
r z n <ikaky be@t frequency CBF) kom:-rek pacjenta wynos
8.14 N 1.36 Hz (p<0.00dRr n Wuegduu rakiceg] e
S| uzroawibs k o wy przeprrymardtzozo uéligspem kul ek

(sferyczne/ kuliste czNstki o Srednicy 0.5
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zr - Unicowane kom-rKki nabgomakyan i dédadac huo we @ c
W por-wnaniu do zdr dweéj9.KEntNBol7i4 OmMm3 s6 3 oMK
Uzyskanema t e  ip & gniasieria od pacjentau mo Ul i wi o §wbadanegoz i
wariantu wtekpf emkc¢jknw. Znaczna winkszoSi |
wi tkra analiza ruchu oi @&z omdnhdenapladegyi]jiaid pyl cehmng
$wiat owN Or g a ford &eajthiOrganizationWHG).  (

Ostatnim etapem badaZBAPB2IW of upnoktcw i oenrodwzaenni i
ruchowych przy uUyci uS. medigreanca\¥ malu wytszbia | o we |
badanego genu robakom podawano dsRNA skierowane przeciwko homologowi ludzkiego
CFAP221i1 Smedcfap221(j ako kontroln uUyto robaki t
eGFP;ef ekt ywnoSi wyciszeni a -PORWpigeyrwd zwoyncoi spzre
badanego gennoa fenotypS. mediterrane® b s er wowano na cagych, |

RNAi Smedcfap221lni e wpgynngo na zmiann wzoru ru

statystycznie spowolnienie | okomocj. pl an
0.303 i 1mm/5d, Nodp 8&i5edni o; p<0.001). Anal
w okolicy ggowy robak-w wykazaga wpgyw wyc
wolniej i w spos-b rmizeisymodbh cawmiSdrzzniys.e k$ rue

z wyciszonymSmeedcfap22lby ga o okogo 15% wolniejsza
kontrolnych (17.44 N 0.95 and 20.35 N 0. 5¢

Podsumowuj Nc, om- wi ona praca pozwol i g
CFAP22 : ¢c. 1641dup w patogenezie pierwotne]
kKl inicznym. Analiza rznsek navbpjdoynvk ab roadkdue cht

CFAP221 na zabupareywieemrtl eanlemej w przy | ednc
inne struktuy a k s o n e my rznsek. Ruch r zoiksretkOaly y §
w konsekwencj.i prowadzi go do i stoihisalkgwe O

Badanie nasienia pacjemta e w yvwkpagzybrdkio CFAP22ha standardowe parametry
nasienia, w tym na mof ol ogi n plemni k-w c¢czy ich ruc
ewolucyjnie zakonserwowanN rolfin badanego
w organizmie modelowyn$. mediterranea Co i st otne, | Uejszy pr
bygdg sp-jny zrwolvanynoutpkanam po wgciszeréu homologa g&iAP221
(Smedcfap221)
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ARTICLE INFO ABETRACT

Eeywords:
Ciliapathy

Primary ciliary dyskinesia (PCD) in a heritable disease caused by the dysfunction of mosile cilia, with a highly

genetic |
Botile cilia

PCD

Respiratory epithelial oells
Schmidten meditermanea
and function, the E

d. CFAP221 (Gilia and Flagella Associated Protein 221) is one of the genes,

whaae role in the PCD pathogenesis requires further evidence.
Using whole-exome sequencing we found a novel, homozygous protein-truncating variant in CFAP22] in a
Polich PCD patient. To better underatand the effect of the identified pathogeric variant an motile cilia structure
Ts | epithelium was -

microacopy, and mucociliary transpart assay. Subtle abnormalities in the protein composition of the ciliary

central were

with the asynch

, circular motion of cilia and reduced ciliary beat fre-

guency in the proband; importandy, the mosdlity of proband’s sperm cells wao within the normal range. To
independently confirm the role of GPAP221, the impact of BNA interference (RNAi}-mediated knochdown of
CFAP22] homolog on motile cilia function in a ciliated flatworm, Schmidtes mediterranen, was analyzed

fd of CFAP22I b

impaired motile cilia function and led to a wizible change in the opeed of

womms' locometion.

Taken together, our study provided an independent confirmation of the involvement of GFAP221 in the PCD
pathogenesia. The subtle effect of Smed-cfap221 kmockdovn in worms was congistent with the mild course of PCD

in the proband.

1. Introduction

Primary ciliary dyskinesia (PCD, OMIM244400) iz a rare genetic
dizeaze cauzed by hereditary dysfunction of motile cilia, evolutionarily
conzerved organellez prezent on the surface of eukaryotic cells. PCD iz
typically inherited as autozomal receszsive or, less frequently, X-linked
recessive  dizorder. The most cited prevalence of PCD  is
1:10,000-1:-20,000 [1], but values vary depending on the population
and diagnostic [2—4].

Clinical manifestation of PCD reflects dysfunction of motile eilia in
different tizzues and includes lower and upper respiratory tract distress,
hearing impairment, infertility in men or lower fertility in women, and
randomization of the body plan symmetry in 50 % of patients [5].
Diagnosiz of PCD iz aften delayed, due to largely non-specific symptoms

* Corresponding authors.

and insufficient accesz to specialized diagnostic proceduresz, zuch az
measurement of nazal nitric oxide level and analysis of ciliary beating
and,/or ultrastructure defects [5,6]. Identification of underlying genetic
pathogenic variantz iz therefore a crucial element of modern PCD di-
agnostics [5-9].

Genetically heterogeneous, PCD is caused by pathogenic variants in
genes encoding ciliary proteins or eytoplasmic proteins involved in eilia
biogenesiz and assembly [7,9.10]. Among hundreds of cilia-related
genes [11], ower 50 have been found to harbor pathogenic variants;
their involvement in PCD pathogenesis iz either proven or under
investigation [7,9]. Despite the improved efficiency of the human
genome analysis, the genetic basis of PCD remains unexplained in
2530 % of tested families [7-9].

A number of candidate genes hawve been reported in the last few
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vears, mastly owing to the development of high-throughput sequencing
technologies. According to the rules set by the National Institutes of
Health (NIH) ClinGen eollaborative effort aiming to define the clinical
relevance of genez and variants in variouz dizeazes [12], repeated re-
ports of the gene-dizease aszociation are required for the gene to achieve
the statuz of “definitively involved™ [hetpe://clinicalgenome. org/curat
ion-activities,/gene-dizeaze-validity]. CFAP221 (Cilia and TFlagella
Assoriated Protein 221; aliaz PCDP1), first reported as a candidate PCD
gene in 2020 [13], iz among the genes, which lack independent studies
demonstrating its association with PCD in human patients.

Here we describe a Polizh PCD family, in which the whole exome
sequencing of the affected subject revealed a novel homozygous path-
ogenic variant in CFAP22]. The family zegregation and effect of the
wvariant on motile cilia in the patient’s nasal airway epithelium were
analyzed; furthermore, the impact of the CFAP22] deficiency on motile
cilia function was examined using a model organizm, Schmidrea
mediferanea.

2. Materlals and methods
2. 1. Human subjects

Peripheral blood zamples were collected from the proband and hiz
family; in addition, samples of nasal epithelium (NE) brushing and
sperm cells were collected from the proband. NE brushings from contral
healthy individualz were collected from consenting wolunteers. None of
the donors had acute airway inflammation for at least & weeks before
material collection.

2.2, Nasal NO measurements

Mazal NO (nNO) level in the proband (at the age of 18 years old, yo)
‘was measured uzing tidal breathing protocol and caleulated as the mean
of five measurements (flow rate 250 mL/min; FeNO+PFS Medisoft).

2.3, Genetic analysiz

Identification of pathogenic variants in DNA from peripheral blood
waz performed as a part of the long-term PCD genes screening in a large
echort of over 630 PCD individuals. The screening was performed using
single-strand conformation polymorphizm (S5CP) analysis, multiplex
ligation-dependent probe amplification (MLPA) analysiz and targeted
exon sequencing, or by whole exome sequencing (WES), as previously
described [14]. The variants identified in the proband and hiz family
were confirmed by Sanger zequencing (using primers listed in Supple-
mentary Table 1). The variantz were dezcribed uzing VariantValidator
tool [15], and claszsified az pathogenic according to the recommendation
of the American College of Medical Geneticz and Genomies (ACMG) and
the Aszsociation for Molecular Pathology (AMP) [15]. The frequencies in
the general population were taken from the Genome Aggregation
Database (gnomAD) v4.1.0 [gnomad broadinstimute org] [17].

2 4. Ciliary beat frequency (GBF) and pattern analysis

Ciliated MNE cells from the proband and a non-PCD donor were either
analyzed directly after brushing or cultured at the air-liquid interphase
(ALI) a= previously described [14,15]. Briefly, NE cells were expanded in
adherent submerged culture using Pneumacult Ex-Plus medium (Stem-
eell) supplied with pen-strep and nystatin. At passage 2, cells were
seeded into 12-well Tranzwell filters at the density of 2.2 = 'l(l!'l:e].laz,-r
flter, with Pneumacult Ex-Plus medium added both to the apical and
basclateral fAlter compariments. Upon reaching flter confluence (typi-
cally within 48 h), medium in the bazolateral filter compartment waz
exchanged to Pneumacult ALl Medium, the apical filter compartment
was exposed to atmospheric air, and the cells were differentiated for at
least 28 days.

BBA - Moleculor Basis of Disence [B7] (3025) 167855

To evaluate the ciliary beat frequency and pattern, high resolution
videos of the ciliated ecells were analyzed asz previously described
[14,19]. Briefly, the NE cellz suspenzion (from NE brushingz or from
AlLl-cultured cells) was transferrad to a microscopic slide and observed
uzing Zeizs Zen Axio Observer Al, with 40: objective. Ciliary beating in
epithelial cell aggregates was recorded using a Basler seAG640-120 fm
high-speed camera (120fps) and SAVA zoftware (Ammons Enginearing);
‘the beat partern was analyzed in the slow-motion. For CBF analysis, the
mean CBF for each recorded fleld of view (movie) was automatically
caleulated in SAVA; CBF for at least 25 movier was averaged.

2.5 Mucociliary transport azzay

Mucociliary transport azzay was performed as previously described
[20]. A suspension of beads (Thermo Fisher Scientific, diluted 1:2000 in
RPMI medium with 20 mM HEPES; bead diameter 0.5 pm) was added to
the apical zide of the insert with fully differentiated ALI cultures. Bead
‘transport was observed uszing Zeisz Axio Observer Z1 microzcope, 10:x
objective, GFP filter and a monochromatic AxioCam mRm camera.
Transport of beads was recorded in 1 = intervals, for at least 30s, in at
least 6 randomly chozen flter localizations. Recorded movies ware
processed uzing Image) software with rolling dize background correc-
tion (100pix, no smoothening) and the Phansalkar automatie local
threshold plugin. Beads were manually tracked in ImageJ using MTrack)
plugin; per each mowvie recorded, minimum 13 beads were racked for at
least 3 framez.

2.6, Immunaftuorescence (IF) analysis

Ciliary ultraztructure elements in ME cells were analyzed by high
rezolution IF az previouzly described [14]. Several cilia-specific anti-
‘bodies were uzed, targeting: axonemes (anti-acetylated o-tubulin); outer
dynein arms (anti-DNAI2); nexin-dynein regulatory complex (anti-
‘GASE); radial spokes (anti-REPHY); central apparatus (anti-5PEF2; anti-
STE36); highly crozz-adsorbed zecondary antibodies were uzed (goat
anti-rabbit IgG-594 and goat anti-mouze IgG-488). For details zee Sup-
plementary Table 2.

2.7. Reverse ranscription polymerase chain reaction (RT-PGR)

Total RNA was izolated from NE brushing: uszing TRl Reagent
(Invitrogen), and purified from DMA contaminants with TURBO DMA-
free Kit (Ambion) according to the manufacturers’ protocols. 500 ng
of RMA was reverse transcribed according to the manufacturer’s pro-
tocols, using the RevertAid H Minus First Strand cDNA Synthesiz Kit
(ThermoScientific) and oliga(dT) primer. The resulting cDNA was used
as a template in semi-quantitative RT-PCR, with primers designed to
amplify tranz-exonic sequences (listed in Supplementary Table 3).

2.8. Protein analysis

ALl-cultured ME cells were lysed uzing RIPA buffer with protease
inhibitor cocktail and EDTA (ThermoScientific). Protein concentration
was determined using Pierce BCA Protein Aszay Kit (ThermoSecientific).
Proteing were denatured, separated on 4-20 % Mini-PROTEAN TGX
Stain-free Gel (Bio Rad), and transferred onto 0.45 pm PVDF Low
Fluorescence membrane (Bio Rad). Membranes were blocked with 5 %
non-fat milk and incubated with anti-CFAP221 or anti-GAPDH antibody.
After washing, membraner were incubated with anti-rabbit secondary
antibody. For the anribodies details, zee Supplementary Table 2.
Immunareactive protein bands were detected with Clarity Western ECL
Substrate on ChemiDoc Imaging System (Bio Rad). The abundance of
‘CFAP221 was assezzed in reference to GAPDH or to the total protein ona
blot in Stain-Free technology using Image Lab 6.0.1 software (Bio Rad).
‘Western Blot was conducted in three technical replicates. Whole un-
cropped membranes are thown in Supplementary Fig. 1.
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2.9 Semen analysis

Semen zample was collected by masturbation after 4 days of saxual
abstinence. After liquefaction at room temperature, semen was evalu-
ated within one hour of collection using a bright-light mieroscopy (DM
2000, Leica). Standard semen parameters (e.g. sperm count, motilicy,
wviability, morphology) was assessed according to the guidelines of the
Warld Health Organization (WHOD [21].

210 RNAi-mediated knockdown in Schmidtea mediterranea

Gene knockdown in an asexual strain of 5. mediterranea planarian
was performed uzing double-stranded RNA (dsRNA)-feeding method as
previously deseribed [22]. Briefly, dsRNA waz designed based on the
tranzcriptomic and genomic data depozited in Planmine database [23],
using the e-EMNAi webservice [24], which providez information on the
poszible off-target effect at the dsRMNA design stage. DsRNA of Smed-
cfgp22] (dd_Smed_v6_12752_0_1) was synthetized using MEGAscript™
T7 Transcription Kit (Invitrogen). Transcript for dsRNA synthesis was
amplified from 5. mediterranea cDNA, uzing primers tagged with T7 RMNA
polymeraze promotor [zee Supplementary Table 3]. DsRNA uszed in the
eontrol group was prepared from the pEGFP-C1 plasmid containing
eGFP green fluo in). Before experiments, pla-
narians 3-5 mm in length were starved for at least 7 days. DsRMNA was
mixed with a homogenized chicken liver and administered to the worms
by repetitive feeding (two times per week for 2 weeks); 10 pug d=RMNA
mixed with 50 pL of liver paste per 10 worms were used.

The phenotypic effects of the knockdown were examined 2 days after
the last administration of dsRMNA. The speed of the worms locomotion
was recorded using a stereoscope (Opta-Tech, SK zeries) with camera
and measured using Imagel [25] (ten worms for each group). Worms’
locomotion speed was calenlated by dividing the actual distance trav-
eled by the worm (distance traveled minus the length of a worm) by the
duration of the mowvie. Ciliary beating of epithelial cellz in the worms’
head region was recorded uzing a Basler scAG640-120 fm high-speed
camera (120fps) and SAVA sofrware; bear pattern was analyzed in
slow-motion (three worms for each group); mean CBF for each analyzed
movie was antomatically caleulated using the SAVA software (nine
movies for each group).

2.11. Real-time guantitative reverse ranscription PCR, gRT-PCR

The efficiency of the knockdown in 5. mediterranea was confirmed
using gRT-PCR. One day after the last feeding, RNA isclation and cDMNA
synthesiz were performed as described above. The rezulting cDMNA waz
uszed as a template in qRT-PCR, with HOT FIREPol® EvaGreen® qPCR
Mix Pluz (Soliz BioDyne) and primers dezigned to target specific mRNAz
[zee Supplementary Table 3]. The level of houze-keeping transeript
(Smed-gapdh) was used as an endogenous control. The relative quanti-
fication of the studied gene expression level was performed using a
comparative CT (AA CT) method. All gRT-PCR reactionz weare per-
formed in three technical replicates for each biological replicates (five

2.12. Sratistical analysis

In the analyses, where two independent means were compared (the
relative gene expression level, the mean bead welocity, CBF in ALl cul-
tures and planarians, or the worms" locomotion speed), data were frst
analyzed for the normality with Shapiro-Wilk test, and statistical sig-
nificance of the difference was calculated using two-tailed unpaired ¢
test. The statistical zignificance of the results waz evaloated and wisu-
alized using the GraphPad Prizm werzion 9 (GraphPad Software).

BBA - Moleculor Basis of Disence [B7] (3025) 167855

3. Results

3.1. Climical deseription of the proband

The proband (DNA id:1174,/1195), a Polish male, had a elinical
diagnosiz of PCD (since the age of 7 yo) confirmed by standard diag-
nostic eriteria. Clinical evaluation using PICADAR prediction toal [26]
returned the zcore of 10 points (neonatal respiratory distress, admiszion
‘to neonatal unit, congenital heart defect, chronic cough, otitiz media,
and zinusitiz, glue ear, conduective hearing lozs; no situs abnormality],
indicating PCD probability of 93 %. Follow up studies at 18 years of age
ruled out bronchiectasiz on chest CT-zcan and showed prezerved, normal
lung function, which suggests clinically mild manifestation of PCD, with
predominant ENT (Ear-Mose-Throat) symptoms: and non-zevere
congenital heart defect: interatrial septum (IA5S) aneurysm and two
micro trial septal defects (ASD II) (see Supplementary Data for more
detailz). Nazal NO (nNO) concentration (tidal breathing maneuver, TB)
at the age of 18 years was 174 ppb (43.5 nl/min), with the value in a
control non-PCD male (40 yo) of 957 ppb (239 nl/min).

3.2 Charocterisation of a novel pathogenic CFAP22T variant

In the first round of genetic analyzes, a single, presumably patho-
genic variant NM_012472 6:c 436G > C (p.Aspl46His), waz found in
exon 5 of the known PCD gene, LRRGS (Leucine Rich Repeat Gontaining
G; alias DNAAFII). Since the follow-up analysiz of the LRRCS coding
zequence and cancnical zplice sites did not reveal the complementary
variant on the second allele, the whole exome zequencing was per-
formed. WES revealed a homozygous frameshift variant in exon 16 of
CFAPZZ1 (PCDPI) [Supplementary Fig. 2]: NM_001271049.2
c.1641dup, expected to result in the premature sztop codon (p.
Azn548GInkTerl). Both variantz are pathogenic using ACMG/AMP
criteria (with the evidence for LRRC6:c 436G > C strong and for
CFAP221:c.1641dup very strong); for more details see Supplementary
Table 4.

Segregation analyziz in the proband's family [Fig. 1] revealed that
‘the LRRC6:e. 436G > C variant was inherited from the carrier father, and
was absent in the unaffected brother. On the other hand, both parents
and the unaffected brother were carrierz of the CFAP2271:c.1641dup
wvariant. According to the information from the proband's mother, the
parents were not related (families originating from different regions of
Poland). Mo carriers of the CFAP221:c.1641dup variant were found
among over 630 Polish individuals examined in our laboratory. The
variant has been reported in the gnomAD database (v4.1.0) at the fre-
quency of 0.0001441 in the European non-Finizh population; zo far, no
homozygotes have been reported.

RT-PCR analysiz of several fragments distributed along the whole
CFAP22]1 mRNA (primers spanning exons 3—4, &9, 14-15, 15-17,
18-19, 23-24) revealed the lack of products in the proband's cDNA, in
contrast to the healthy control cDNA (Fig. 2A). The lack of products
indicated that the whole CFAPZ21 mRNA was missing, presumably due
to the nonsense-mediated deeay (NMD) of the aberrant transeript.
‘Wesztern blot (WEB) analyziz of the protein extract from fully differenti-
ated NE cells from ALI culture showed complete abzence of CFAP221
protein in the proband, in contrast to the healthy control [Fig. ZB].

3.3. Effect of pathogenic CFAP22] variant on motile cilia structure and
function

To examine the impact of the lack of CFAP22]1 on the ciliary strue-
‘ture, IF staining of the proband’s AE cellz was performed with antibodies
targeting various elements of the motile cilium {commercial anti-
‘CFAP211 antibody waz not specific in IF). The IF staining pattern for
the antibodies targeting dynein arms, radial spokez and N-DRC wasz
similar to that in the control cells (Supplementary Fig. 3). In contrase,
the disturbed staining pattern was observed for anti-STE36 and anti-
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