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ALl

ASCs

ATP

CBF

cDNA

dsRNA

eGFP

FGF

HAE

HSVM

IDA

IFT

N-DRC

NGS

NIH

NMD

MRNA

ODA

PCD

PCR

granica faz ciecz-powietrze (air-liquid interface)
doroste komorki macierzyste (adult stem cells)
adenozyno-5'-trifosforan (adenozyno-5'-trifosforan)
czestotliwosc bicia rzgsek (ciliary beat frequency)
komplementarny RNA (complementary RNA)
dwuniciowy RNA (double-stranded RNA)

biatko wzmocnionej zielonej fluorescencji (enhanced green fluorescent

protein)

czynnik wzrostu fibroblastow (fibroblast growth factor)
ludzki nabtonek oddechowy (human airway epithelium)
mikroskopia szybkoklatkowa (high-speed videomicroscopy)
wewngetrzne ramiona dyneinowe (inner dynein arm)
immunofluorescencja (immunofluorescence)

transport wewnatrzrzeskowy (intraflagellar transport)

regulatorowe  kompleksy  neksynowo-dyneinowe  (nexin-dynein

regulatory complexes)
sekwencjonowanie nowej generacji (next-generation sequencing)
Narodowe Instytuty Zdrowia (National Institutes of Health)

rozpad mMRNA wywotany obecnoscia przedwczesnego kodonu

nonsensownego (nonsense mediated mRNA decay)
matrycowy RNA (messenger RNA)

zewngtrzne ramiona dyneinowe (outer dynein arm)
pierwotna dyskineza rzesek (primary ciliary dyskinesia)

tancuchowa reakcja polimerazy (polymerase chain reaction)
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gRT-PCR

RNAI
RS

RT-PCR

SiRNA

SSCP

TEM
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WHO

czynnik wzrostu alfa uwalniany z ptytek krwi (platelet-derived growth

factor receptor-alpha)

ilosciowa tancuchowa reakcja polimerazy z odwrotng transkrypcija

(quantitative reverse transcription polymerase chain reaction)
interferencja RNA (RNA interference)
szprychy promieniste (radial spokes)

tancuchowa reakcja polimerazy z odwrotng transkrypcja (reverse

transcription polymerase chain reaction)
maty interferujagcy RNA (small interfering RNA)

polimorfizm konformacji jednoniciowych fragmentow (single-strand

conformation polymorphism)
transmisyjny mikroskop elektronowy (transmission electron microscope)
sekwencjonowanie catloeksomowe (whole-exome sequencing)

Swiatowa Organizacja Zdrowia (World Health Organization)
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DNAAF11

DNAHS

DNAI1

DNAI2
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DYX1C1

FOXJ1

GAPDH

GAS8

LRRC6

PCDP1

chromosome 11 open reading frame 70
coiled-coil domain containing 39
coiled-coil domain containing 40
coiled-coil domain containing 151

cilia and flagella associated protein 45
cilia and flagella associated protein 52
cilia and flagella associated protein 221
cilia and flagella associated protein 298
cilia and flagella associated protein 300
cilia and flagella associated protein 45
cilia and flagella associated protein 52
dynein assembly factor with WD repeats 1
dynein axonemal assembly factor 11
dynein axonemal heavy chain 5

dynein axonemal intermediate chain 1
dynein axonemal intermediate chain 1
dynein axonemal light intermediate chain 1
dyslexia susceptibility 1 candidate gene 1

forkhead box protein J1

glyceraldehyde-3-phosphate dehydrogenase

growth arrest specific 8
leucine rich repeat containing 6

primary ciliary dyskinesia protein 1



POLR2K

RSPH4A

SPAG1

SPEF2

STK36

TTC25

RNA polymerase 11, I and I11 subunit K
radial spoke head component 4A
sperm-associated antigen 1

sperm flagellar 2
serine/threonine-protein kinase 36

tetratricopeptide repeat protein 25
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Wstep

Rzeski sg ewolucyjnie zakonserwowanymi organellami, ktére tworzg wypustki na
powierzchni wielu komoérek eukariotycznych. Glownym elementem tych organelli jest
wystajaca ponad powierzchni¢ komorki aksonema, zakotwiczona w blonie komoérkowej za
posrednictwem ciatka podstawnegol. Ze wzgledu na réznice w budowie i funkcji, rzeski
mozna tradycyjnie podzieli¢ na dwa rodzaje: rzeski ruchowe (i dtuzsze od nich wici) oraz
pozbawione zdolno$ci ruchu rzgski pierwotne (czuciowe); doktadna klasyfikacja rzesek jest

bardziej skomplikowana?>,

Rzeski ruchowe moga wystepowaé na komoérce w liczbie od jednej do kilkuset®. Na
wczesnym etapie ewolucji, obecno$¢ tych organelli komoérkowych zapewniata mozliwos¢
przemieszczania si¢ organizmow jednokomérkowych w  $rodowisku  wodnym.
U organizmoéw bardziej zaawansowanych ewolucyjnie (zwierzat wielokomorkowych) rzgski
zostaty zaadaptowane do pelienia szeregu funkcji wymagajacych przemieszczania ptynéw
zewnatrzkomoérkowych®. Skoordynowany ruch licznych rzesek obecnych na apikalne;
powierzchni komorek nabtonka odpowiada za oczyszczanie gornych droég oddechowych
poprzez transport Sluzowo-rzeskowy, a takze za przeptyw ptynu moézgowo-rdzeniowego
oraz transport oocytdow w jajowodach®. Pojedyncze rzeski ruchowe komorek wezta
zarodkowego ssakéw (i podobnych struktur niektoérych kregowcow) reguluja kierunkowy
przeptyw morfogenéw wymaganych do ustanowienia w zarodku wzorca symetrii osi ciata
,lewo-prawo”; pojedyncza wi¢ plemnika (witka) odpowiada za ruchliwo$¢ meskiej
gamety®’. Chociaz funkcja rzesek ruchowych i wici jest gtéwnie zwigzana z ich zdolnoscia

do ruchu, moga tez one petni¢ funkcje sensoryczne?®*,

Drugi rodzaj rzesek to rzeski pierwotne, wystepujace pojedynczo na powierzchni
wigkszosci komorek eukariotycznych. Ich gtowng rola jest odbieranie i przekazywanie
sygnatow bioracych udziat w regulacji procesow komorkowych w trakcie rozwoju oraz
utrzymaniu homeostazy tkanek®. Rzeski pierwotne s zaangazowane w koordynacje wielu
ciezek sygnalizacyjnych, np. regulowanych przez Hedgehog (Hh), wingless (WNT),
czynnik wzrostu fibroblastow (fibroblast growth factor, FGF), czy czynnik wzrostu alfa
uwalniany z ptytek krwi (platelet-derived growth factor receptor-alpha, PDGFRa); ponadto

odgrywaja istotna role w regulacji wewnatrzkomorkowego poziomu wapnia®l.

Istotna rola rzgsek w wielu procesach biologicznych sprawia, ze genetycznie

uwarunkowane zmiany w ich strukturze lub funkcji prowadza do rozwoju szeregu chordb
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genetycznych zwanych ciliopatiami. Wigkszos¢ tych chordb wynika z dysfunkcji rzgsek
pierwotnych’2. Sg to zwykle choroby syndromiczne, do ktorych mozna zaliczy¢: zespot
Bardet-Biedla, zespot policystycznych nerek, zesp6t Jouberta i inne'®. Zaburzenia dotyczace
rzgsek ruchowych sg podlozem heterogennej genetycznie choroby znanej jako pierwotna
dyskineza rzesek (primary ciliary dyskinesia, PCD)’. Nalezy podkreslié, ze slowo
»pierwotna” w nazwie choroby nie odnosi si¢ do rzgsek pierwotnych. Okreslenie to
podkresla mechanizm patogenezy wynikajacy z genetycznie uwarunkowanej dysfunkcji
rzgsek ruchowych, w odréznieniu od przyczyn wtornej dyskinezy rzesek, ktoéra jest chorobg

niedziedziczng i wynika z dziatania czynnikow §rodowiskowych.

Ze wzgledu na tematyke rozprawy doktorskiej w dalszej czesci opisu skupiono si¢

na rzgskach ruchowych oraz pierwotnej dyskinezie rzesek.

Rze¢ski ruchowe

Aksoneme typowych rzgsek ruchowych charakteryzuje wysoce uporzadkowana
podstawowa struktura sktadajaca si¢ z dziewigciu peryferyjnie utozonych dubletow
mikrotubul typu A i B, ktdre otaczajg jedng pare centralng mikrotubul (wzér na przekroju
rzeski 9x2 +2)1° [Rycina 1]. W pracy przegladowej (Artykut 1) stanowiacej element
niniejszej rozprawy doktorskiej przedstawiono odstgpstwa w budowie rzg¢sek ruchowych
roznych typow. Wielobiatkowe kompleksy, do ktorych naleza zewngtrzne 1 wewnetrzne
ramiona dyneinowe (odpowiednio: outer dynein arm, ODA; inner dynein arms, IDA),
kompleksy dokujace ODA, szprychy promieniste (radial spokes, RS) i regulatorowe
kompleksy neksynowo-dyneinowe (nexin-dynein regulatory complexes, N-DRC), zwigzane
sg z peryferyjnie utozonymi mikrotubulami typu A i rozmieszczone na catej ich dlugoéci®®.
Ruch rzgsek mozliwy jest dzigki aktywacji bialek dyneinowych wchodzacych w sktad
komplekséw ODA i IDA, ktore wykazuja aktywnos¢ adenozynotrifosfatazy (ATPazy)*1°,
Hydroliza adenozynotrifosforanu (adenozyno-5'-trifosforan, ATP) uwalnia energie¢
niezbedng do wzajemnego ruchu mikrotubul wzgledem siebie'®. ODA i IDA poruszajg sie
W sposoOb synchroniczny wzdluz mikrotubuli B sgsiedniego dubletu, a powstale w ten sposdb
wzajemne przesuwanie si¢ dubletow jest ograniczone przez N-DRC 13czace sasiadujace
dublety, co ostatecznie prowadzi do zgiecia rzeskil’. Ponadto ruch rzesek jest regulowany
przez RSy, ktére tworza strukturalne potgczenie migdzy centralng parg mikrotubul

a mikrotubulami peryferyjnymil418,
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/\ kompleks dokujacy ODA

zewnetrzne ramiona dyneinowe (ODA)

zewnetrzne ramiona dyneinowe (IDA)

aksonema
Y Y szprychy promieniste (RS)
1 1] \
regulatorowy kompleks
neksynowo-dyneinowy (N-DRC)
mikrotubulaB
strefa

przejsciowa mikrotubula A

kompleks pary centralnej

ciatko
podstawne

Rycina 1. Schemat przedstawiajacy przekroj podtuzny przez typowa rzgske ruchowa. Po

prawej stronie: przekrdj poprzeczny rzeski.

Sktadanie 1 wzrost rzesek s3 mozliwe dzigki obecnos$ci specjalnego
dwukierunkowego systemu transportujgcego elementy sktadowe struktury rzgsek wzdtuz
mikrotubul, zwanego transportem wewnatrzrzeskowym (intraflagellar transport, IFT). IFT
jest niezbedny do wzrostu rzgsek poprzez transport biatek strukturalnych lub ich
kompleksow, z wnetrza komorki do apikalnej czgséci rzgski; odpowiada rowniez za transport
w przeciwnym kierunku®®. Transport do i z rzeski jest kontrolowany poprzez zlokalizowang
u podstawy aksonemy rzeski strefe przejSciowa, ktora tworzy selektywna bariere dla

transportowanych elementow?’.

Badania proteomiczne z wykorzystaniem dwuwiciowego organizmu modelowego
Chlamydomonas reinhardtii, wykazaly, ze istnieje okoto 360-650 biatek strukturalnych
rzesek i wici?l. PoZniejsze badania z wykorzystaniem innych organizméw modelowych oraz
komorek ludzkiego nabtonka oddechowego dowiodly, Zze gendéw kodujacych biatka
strukturalne oraz biatka cytoplazmatyczne zaangazowane w biogeneze rzesek moze byc
prawie tysigc®>%3, Patogenne warianty w czesci tych gendw stanowig molekularne podtoze

pierwotnej dyskinezy rzesek.
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Pierwotna dyskineza rzesek (primary ciliary dyskinesia, PCD)

Pierwotna dyskineza rzesek (OMIM244400) jest rzadka, genetycznie heterogenng
chorobg nalezaca do grupy ciliopatii zwigzanych z dysfunkcjg rzgsek ruchowych. PCD jest
chorobg dziedziczong najczeSciej autosomalnie w sposob recesywny, ale w rzadkich
przypadkach moze by¢ przekazywana wraz z chromosomem X lub autosomalnie w sposob
dominujacy?*. Czgstosé wystgpowania PCD w populacji oceniana jest najczesciej jako
1:10 000-1:20 000 zywych urodzen, jednak ze wzgledu na heterogenno$¢ objawow
Klinicznych, zlozono$¢ diagnostyki oraz w =zaleznosci od analizowanej populacji,

rzeczywista czesto$¢ wystepowania PCD moze byé wyzsza'?°.

Objawy PCD odzwierciedlaja funkcje rzgsek ruchowych w organizmie cztowieka.
Dysfunkcja rz¢sek komoérek nablonka oddechowego prowadzi do uposledzenia transportu
Sluzowo-rzeskowego, co zazwyczaj wigze si¢ z niewydolnoscig oddechowa u noworodkow,
a nastepnie objawia si¢ nawracajacymi infekcjami dolnych i géornych drég oddechowych,
zapaleniem zatok przynosowych oraz wysiekowym zapaleniem ucha $rodkowego?.
Konsekwencjg czgstych infekcji mogg by¢ rozstrzenia oskrzeli oraz uposledzenie funkcji
phluc, w najciezszych przypadkach wymagajace wdrozenia tlenoterapii lub przeszczepu
ptuc?’. Dysfunkcja rzesek ruchowych w jajowodach moze wptywaé niekorzystnie na
transport komorek jajowych, a defekty witek plemnikow na ich ruch, co moze skutkowac
obnizeniem ptodnosci u kobiet i mezczyzn. Dysfunkcja pojedynczych rzesek w wezle
zarodkowym na wczesnym etapie embriogenezy zaburza gradient morfogenow, co moze
powodowac odwrocenie osi symetrii ciala, obserwowane u okoto 50% pacjentow z PCD
(tzw. syndrom Kartagenera)”?8, Niezwykle rzadko obserwuje sie tez wodoglowie
spowodowane dysfunkcja rzesek ruchowych nabtonka wyscietajacego komory mozgu, ktoére

odpowiadaja za transport ptynu mézgowo-rdzeniowego’.

Ze wzgledu na niespecyficzne objawy, trudno$ci w rozpoznaniu choroby oraz brak
specjalistycznych osrodkéw w niektérych krajach, PCD jest czesto diagnozowana
p6zno” 23, Wieloosrodkowa analiza dotyczaca diagnostyki PCD w 18 krajach wykazata,
ze tylko u 17% sposrod 3013 analizowanych pacjentéw, PCD zostata zdiagnozowana
w pierwszych latach zycia (0-9 lat); najwigcej pacjentow (38%) otrzymato diagnoze w wieku
10-19 lat®!. Intensywne badania naukowe oraz wspolpraca migdzynarodowa w ciagu
ostatnich lat pozwolity na lepsze zrozumienie zaréwno klasycznych, jak i nietypowych

objawow PCD, zaobserwowanie korelacji migdzy obserwowanym fenotypem a genotypem
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oraz okreSlenie regionalnych réznic W czestosci wystepowania choroby*>*, Mimo
opracowania nowych standardow diagnostycznych, PCD pozostaje trudna do
zdiagnozowania ze wzgledu na heterogenny obraz kliniczny choroby oraz ztozonos$¢
podstaw molekularnych i genetycznych. PCD nie mozna potwierdzi¢ ani wykluczy¢ za
pomoca jednego testu diagnostycznego. Przyktadowo, chociaz analiza struktury rzesek przy
uzyciu transmisyjnego mikroskopu elektronowego (transmission electron microscope,
TEM) od lat stanowi jeden ze standardow diagnostycznych PCD, nie zawsze pozwala ona
na jednoznaczne potwierdzenie lub wykluczenie PCD; u okoto 30% pacjentow ultrastruktura
rzesek analizowana tg metoda jest bowiem prawidlowa, podczas gdy u zdrowych osob
narazonych na czynniki srodowiskowe lub po infekcji struktura rzgsek moze ulec wtérnym,
odwracalnym zmianom333, Doskonalenie diagnostyki wymaga dalszej wspétpracy miedzy
klinicystami, genetykami i biologami, potaczonej z analiza funkcjonalng i strukturalng

rzesek oraz skutecznym wykrywaniem patogennych wariantow genetycznych®.

Molekularne podstawy zaburzenia funkcjonowania rzesek ruchowych u pacjentow

zPCD

Ze wzgledu na znaczny wzrost wiedzy na temat molekularnego i genetycznego
podtoza PCD, coraz wigksze znaczenie w diagnostyce tej choroby zyskuja testy genetyczne.
Aktualnie znanych jest ponad 50 gendéw zaangazowanych w patogenez¢ PCD, ktorych
patogenne warianty pozwalajg na wyjasnienie podstawy zaburzen struktury lub funkcji

rzesek ruchowych obserwowanych u pacjentow2.

W wigkszosci przypadkoéw uposledzenie ruchu rzgsek jest spowodowane zmianami
w ultrastrukturze tych organelli, takimi jak: brak lub skrocenie ODA, IDA lub obu ramion
dyneinowych (ODA+IDA), czy nieprawidtowosci w liczbie oraz lokalizacji mikrotubul®’%,
Zaburzenia ultrastruktury rz¢sek moga wynika¢ z obecnosci patogennych wariantow
w genach kodujacych biatka strukturalne rzgsek, jak rowniez genach kodujacych biatka
cytoplazmatyczne zaangazowane W biogeneze rzgsek (tzw. ciliogeneze). Te drugie, mimo iz
nie sg fizycznie czegscia rzesek, odgrywaja istotng rolg w montazu oraz transporcie
elementéow budujacych aksoneme®’, a wynikajace z ich braku lub dysfunkcji wady
ultrastruktury rzgsek sg czesto nie do odroznienia od wad wywotanych przez zaburzenia lub
brak biatek strukturalnych’. Patogenne warianty innych genéw (kodujacych czynniki
transkrypcyjne istotne w procesie ciliogenezy) nie powodujg wprawdzie istotnych zmian

w strukturze, ale poprzez redukcje liczby rzgsek w komorkach wielorzeskowych zaburzaja
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ich prawidlowe funkcjonowanie®. Z drugiej strony, patogenne warianty w niektorych
genach kodujacych bialka strukturalne, nie prowadza do latwo obserwowalnych zmian
liczby czy struktury rzesek komorek nabtonka oddechowego, ale moga powodowaé

subtelne, a przez to trudno zauwazalne zmiany we wzorze ich ruchu3%4°,

Mimo, iz zastosowanie technik sekwencjonowania nowej generacji (next-generation
sequencing, NGS) pozwolito na identyfikacje wielu patogennych wariantow w genach PCD,
u okolo 1/3 pacjentéow genetyczne podloze PCD pozostaje niewyjasnione®**l. W celu
lepszego zrozumienia tej heterogennej genetycznie choroby i zwigkszenia efektywnos$ci
diagnostyki PCD, konieczne jest poszukiwanie nowych patogennych wariantow w znanych
genach PCD lub identyfikacja kolejnych genow potencjalnie zaangazowanych w patogeneze
tej choroby (tzw. gendéw kandydatow). Udowodnienie wptywu nowo zidentyfikowanych
genow kandydatéw na funkcjonowanie rzgsek ruchowych wymaga przeprowadzenia analizy
funkcjonalnej tych gendéw przy uzyciu organizméw modelowych lub hodowli komérkowych

in vitro.

Analiza funkcjonalna genow kandydatow potencjalnie zaangazowanych w patogeneze

PCD

Duzym ograniczeniem badan majacych na celu wyjasnienie roli gendéw potencjalnie
zaangazowanych w ciliopatie zwigzane z dysfunkcjg rzgsek ruchowych jest brak
komercyjnie dostgpnych linii komoérkowych, ktore reprezentowatyby zréznicowane
komorki ludzkiego nabtonka oddechowego (human airway epithelium, HAE)*,
Alternatywnym rozwigzaniem jest zastosowanie pierwotnych komorek nabtonka
oddechowego dostepnych komercyjnie lub uzyskanych od pacjentow lub zdrowych
dawcow**44, Hodowle komérek HAE sg jednak stosunkowo drogie, czasochtonne, wykazuja
ograniczone zdolno$ci proliferacyjne, a modyfikacje genetyczne tych komorek stanowia
wyzwanie badawcze*?. Dopiero stosunkowo niedawno opisano uzycie zmodyfikowanych

komorek HAE w celu wyjasnienia roli nowo zidentyfikowanego genu w patogenezie PCD*.

Znaczny wzrost wiedzy na temat biologii rzgsek oraz roli gendw zwigzanych
z rz¢skami w patogenezie chorob cztowieka jest wynikiem badan z uzyciem organizmow
modelowych, mozliwych dzieki wysokiemu poziomowi ewolucyjnego zakonserwowania
tych organelli?**®47_ Identyfikacja pierwszego genu zaangazowanego w patogeneze PCD —
DNAI1 (Dynein Axonemal Intermediate Chain 1) — byta poparta badaniami

z wykorzystaniem jednokomoérkowej dwuwiciowej zielonej algi, Chlamydomonas

19



reinhardtii*®. Do badania rzesek ruchowych wykorzystywane sa rowniez inne organizmy:
jednokomérkowe np. Paramecium tetraurelia®, Trypanosoma brucei®®; bezkregowe jak
muszka owocowa (Drosophila melanogaster)®®, czy ptaziniec z gatunku Schmidtea
mediterranea®?; oraz zaawansowane modele kregowcow, np. zaba (Xenopus laevis)®3, ryba
— danio pregowane (Danio rerio)®, mysz (Mus musculus)®, czy pies (Canis lupus

familiaris)®®.

S. mediterranea jest wolnozyjacym, stodkowodnym plazincem, ktory stynie
z ogromnych zdolnos$ci regeneracyjnych zwigzanych z obecnos$cig licznej grupy dorostych
komorek macierzystych (adult stem cells, ASCs) zwanych neoblastami®’®8, Pociecie
robakow na kilka fragmentow skutkuje odtworzeniem brakujacych czgsci ciata, co jest
mozliwe dzigki proliferacji neoblastow i wytworzeniu tzw. blastemy, w ktorej moga
roznicowaé si¢ brakujace tkanki®®®®. Cecha ta sprawila, ze S. mediterranea jest chetnie
wykorzystywana jako organizm modelowy do badania procesu regeneracji i komorek
macierzystych. Znajomo$¢ sekwencji genomu i transkryptomu®?, dane z sekwencjonowania
pojedynczych komérek®?, protokoty opisujace mozliwosci uzycia réznych technik biologii
molekularnej do badan z uzyciem robakéw®, stosunkowo tatwa i niedroga hodowla®,
stwarzajag warunki do wykorzystania planarii jako organizmu modelowego w wielu

obszarach badawczych.

Pod katem wykorzystania planarii do badania rzgsek ruchowych istotne jest, ze ruch
robakoéw zalezy od pokrywajacego brzuszng strong ich ciata nabtonka sktadajgcego sie
z wielorzgskowych komorek, ktory w znacznym stopniu odzwierciedla ztozonos$¢ nabtonka
oddechowego u ludzi. Dodatkowo, wptyw wyciszenia genow rzgskowych na
funkcjonowanie rzesek ruchowych moze by¢ fatwo monitorowany poprzez analiz¢ ruchu

robakow®

. Mimo to, dotychczas stosunkowo mato uwagi poswiecono mozliwosci
wykorzystania S. mediterranea jako organizmu modelowego do badania genow zwigzanych
z patogeneza pierwotne] dyskinezy rzgsek. Aktualny stan wiedzy na temat mozliwosci
wykorzystania S. mediterranea do badania rze¢sek ruchowych i ciliopatii przedstawiono
w pracy przegladowej (Artykul 1) stanowigcej element niniejszej rozprawy doktorskiej. Jak
podkreslono w tej pracy, mimo wielu danych literaturowych na temat wykorzystania
ptazinca z gatunku S. mediterranea jako organizmu modelowego do badania niektorych
aspektow zwigzanych z rzeskami (np. ewolucji rzgsek, sktadania elementow rzesek),

niewiele jest doniesien naukowych opisujgcych uzycie tego gatunku jako modelu in vivo do

potwierdzenia roli badanych genéw w patogenezie PCD.
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Cel rozprawy doktorskiej

Uzyskanie pelnego obrazu genetycznego i molekularnego podloza pierwotnej
dyskinezy rzesek wymaga poszukiwania nowych patogennych wariantow i identyfikacji

kolejnych genéw zwigzanych z patogeneza PCD.

Pierwsza hipoteza badawczg bylo zatozenie, ze potencjalnie patogenne warianty
genow CFAP300 i CFAP221, wykryte w badaniach przesiewowych u chorych na PCD, leza
u podloza patogenezy PCD, natomiast delecja czesci genu POLR2K wystepujaca razem
z delecja czeéci znanego genu PCD, SPAGI, nie jest bezposrednig przyczyna choroby.
Druga hipoteza postawiona w niniejszej rozprawie doktorskiej zaktadata, ze wykorzystanie
prostego, taniego i tatwo dost¢gpnego modelu planarii z gatunku S. mediterranea pozwala na
efektywne potwierdzenie zaangazowania badanych genéw w dysfunkcje rzesek ruchowych

lezaca u podtoza patogenezy PCD.

W  zwigzku z powyzszym, celem niniejszej rozprawy doktorskiej byto
zoptymalizowanie i praktyczne zastosowanie S. mediterranea jako organizmu modelowego
do potwierdzenia zwigzku wybranych genow z zaburzeniami funkcji rzgsek ruchowych

1 patogeneza PCD.

Cel ten zostat zrealizowany poprzez realizacj¢ poszczegolnych zadan badawczych:

1. Analiza danych literaturowych pod katem wykorzystania S. mediterranea do badania
gendw lezacych u podtoza ciliopatii zwiazanych z dysfunkcja rzgsek ruchowych

2. Analiza in silico ewolucyjnego zakonserwowania wybranych genow
z wykorzystaniem baz danych dedykowanych S. mediterranea

3. Optymalizacja uzycia planarii jako organizmu modelowego do badania genow
zwigzanych z funkcjonowaniem rzg¢sek ruchowych

4. Analiza funkcjonalna wybranych gendw zaangazowanych lub potencjalnie
zaangazowanych w patogenez¢ PCD oraz ocena zwigzku miedzy wpltywem ich
wyciszenia na fenotyp planarii a wplywem patogennych wariantéw na funkcje

nabtonka oddechowego u pacjentow.
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Omowienie publikacji wchodzacych w sklad cyklu prac stanowiacych
rozprawe doktorska

Artykutl 1

Schmidtea mediterranea as a Model Organism to Study the Molecular Background

of Human Motile Ciliopathies
Alicja Rabiasz, Ewa Zigtkiewicz

Int J Mol Sci. 2023 Feb 24;24(5):4472.

Wykorzystanie organizméw modelowych do badania homologéw gendéw
rzeskowych przyczynito si¢ do lepszego zrozumienia molekularnych podstaw choréb
zwigzanych z dysfunkcja rzesek ruchowych, a w szczegolnosci pierwotnej dyskinezy rzesek.
Wyrézni¢ mozna dwa podejscia stosowane w badaniach z uZyciem organizméw
modelowych: (1) wykorzystanie opublikowanych juz informacji na temat homologow
genow rzgskowych zidentyfikowanych u organizméw modelowych w celu lepszego
zrozumienia molekularnych i genetycznych podstaw chordb cztowieka lub (2)
wykorzystanie organizméw modelowych do przeprowadzenia analizy funkcjonalnej genow
o nieznanej lub niepewnej roli w funkcjonowaniu rzgsek ruchowych oraz patogenezie
ciliopatii zwigzane] z dysfunkcja rzgsek ruchowych. Dzigki rozwojowi technik
wysokoprzepustowych liczba patogennych wariantow znanych genow PCD oraz genow
potencjalnie zaangazowanych w ciliopatie stale rosnie, a potwierdzenie ich statusu jako

genoé6w PCD stanowi wcigz aktualne wyzwanie badawcze.

W niniejszej publikacji przedstawiono aktualny stan wiedzy na temat genetycznych
podstaw PCD, roli organizméw modelowych w zrozumieniu funkcji genow
zaangazowanych w patogenez¢ tej choroby oraz skupiono si¢ na mozliwos$ci wykorzystania
S. mediterranea jako organizmu modelowego do badania gendéw zaangazowanych w te
chorobe. Ponadto w pracy uwzgledniono przyktady gendw o niepewnej roli w patogenezie
PCD Iub gendéw powodujacych choroby ze spektrum PCD. W ramach omawianej pracy
dokonano przegladu 245 pozycji literaturowych, na podstawie ktérych wyodrebniono trzy
gléwne rozdziaty. W rozdziale pierwszym, ktory stanowi wstep do dalszej czesci pracy,

opisano rz¢ski oraz ciliopatie, skupiajac si¢ gtdwnie na rzeskach ruchowych, ktorych
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dotyczy omawiana praca. Nastgpnie omdéwiono pierwotng dyskineze rzesek; w formie
dwach tabeli przedstawiono aktualny stan wiedzy na temat genéw PCD, przykladow genow
o niepewnej roli w patogenezie PCD oraz gendw zaangazowanych w rozwoj chordb ze
spektrum PCD. Ze wzgledu na tematyke rozprawy doktorskiej, w przedstawionych tabelach
uwzgledniono zar6wno organizmy modelowe, ktore zostaly uzyte do potwierdzenia roli
badanych genéw w patogenezie PCD i innych ciliopatii zwigzanych z dysfunkcja rzgsek
ruchowych, jak i organizmy, ktore nie zostaly uzyte lub zacytowane w tych pracach, ale
przyczynity si¢ do lepszego zrozumienia roli wymienionych gendéw w strukturze lub funkcji
rzgsek ruchowych. Podkreslono takze koniecznos¢ potwierdzenia udzialu genow
kandydatow w patogenezie PCD i chorob ze spektrum PCD przy uzyciu organizmow

modelowych.

Rozdziat drugi zostal poswigcony opisowi ptazinca z gatunku Schmidtea
mediterranea — jego klasyfikacji systematycznej, ogromnym zdolno$ciom regeneracyjnym
oraz budowie anatomicznej. Przedstawiono zalety planarii jako organizmu modelowego,
m.in. poprzez zwrocenie uwagi na obecno$¢ wielu homologéow gendéw ludzkich, tatwosé
hodowli tego organizmu oraz dostgpnos¢ roznych protokotdéw opisujacych techniki biologii
molekularnej, ktore mozna wykorzysta¢ do badan z uzyciem tego organizmu. Zaleta planarii
jest mozliwos¢ wykonania wyciszenia badanych genow poprzez zastosowane metody
interferencji RNA (RNA interference, RNAIi) z wykorzystaniem dwuniciowych RNA
(double-stranded RNA, dsRNA). Istniejg rézne strategic wprowadzania dsRNA do
organizmu planarii: poprzez mikroiniekcj¢, z pokarmem (w postaci bakterii zdolnych do
ekspresji zaprojektowanego dsRNA lub jako wczesniej przygotowane dsRNA). Nastgpnie
omoéwiono model S. mediterranea w kontekscie badania rzesek (np. ewolucji rzgsek, roli
rzgsek w Sciezkach sygnalizacyjnych), uwzgledniajac aktualny stan wiedzy na temat rzesek
ruchowych obecnych u planarii. Ruch planarii (tzw. gliding movement) zalezy od
synchronicznego ruchu rzesek (wystepujacych w liczbie okoto 80 rzgsek na komorke)
zlokalizowanych w nabtonku po brzusznej stronie ich ciata; w zwiazku z tym, wyciszenie
genow rzgskowych skutkuje zaburzeniem ruchu planarii, ktére objawia si¢ jako
spowolnienie i zmiana wzorca przemieszczania si¢ robakow (tzw. inchworming movement).
Ponadto w pracy omowiono metody badawcze, ktéra mozna zastosowa¢ w celu analizy
wpltywu wyciszenia badanych gendéw na ruch robakéw oraz rzeski ruchowe planarii.
Uzywajac stereoskopu z kamerag mozna w tatwy sposob dokumentowac zmiany ruchu

robakow, a nastgpnie stosujagc darmowy, ogdlnodostepny program Image] mozna
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poréwnywac dystans jaki w okreslonej jednostce czasu pokonaty robaki kontrolne i robaki
z wyciszonym genem. Ponadto, podobnie jak przypadku ludzkich komorek nabtonka
oddechowego, mozna dokona¢ analizy funkcji lub struktury rzgsek poprzez uzycie:
mikroskopii szybkoklatkowej (high-speed videomicroscopy, HSVM), immunofluorescencji

(immunofluorescence, IF) lub transmisyjnego mikroskopu elektronowego.

Na koncu rozdzialu drugiego przedstawiono opis modelu ptazinca w kontekscie
badania PCD oraz innych ciliopatii przypominajgcych PCD. Przeglad danych literaturowych
wykazal, ze chociaz plaziniec z gatunku S. mediterranea bywa wykorzystywany do
wyjasnienia roli réznych genéw w funkcjonowaniu rzgsek ruchowych, to niewiele jest prac
opisujacych bezposrednie zastosowanie tego organizmu w badaniach patogenezy ciliopatii.
W przypadku prac opisujacych patogenne warianty réznych genéw, plaziniec ten byt
wykorzystany do badania roli dwoch gendéw zwigzanych z patogeneza ciliopatii jak dotad
niezaklasyfikowanej jako PCD (CFAP45 i CFAP52) oraz trzech genow o potwierdzonym
zwigzku z patogenezg PCD (CFAP298, CCDC151 i CFAP300); badanie genu CFAP300
opisano w Artykule 2 wchodzacym w sktad niniejszej rozprawy doktorskiej. W pracy
przegladowej zwrdcono roéwniez uwag¢ na geny, ktore w momencie badania
z wykorzystaniem S. mediterranea nie byly opisywane jako geny PCD (np. FOXJ1, DAW1),
ale po znalezieniu patogennych wariantow tych genéw u ludzi, w oparciu o dane kliniczne
pacjentow oraz inne wyniki badan, zostaty zaklasyfikowane jako geny zaangazowane

w patogeneze tej choroby.

W  rozdziale trzecim przedstawiono perspektywy dotyczace wykorzystania
S. mediterranea jako organizmu modelowego. Ze wzgledu na rosnacg liczbg naukowcoOw
zajmujacych si¢ badaniem planarii, wiedza na temat robakow, liczba danych genomowych,
transkryptomicznych, fenotypowych, filogenetycznych, a w konsekwencji liczba narzedzi
oraz baz danych dedykowanych S. mediterranea nieustannie rosnie, czynigc ten organizm

bardziej dostgpnym i atrakcyjnym dla srodowiska naukowego.

Podsumowanie:

Przedstawione w pracy przegladowej dane dotyczace S. mediterranea jako modelu
do badania genow zwigzanych z funkcjonowaniem rzesek ruchowych oraz gendéw
zaangazowanych w PCD 1 inne ciliopatie rzgsek ruchowych, pozwolily na wysunigcie
whniosku, ze organizm ten moze by¢ efektywnym i niedrogim modelem do przeprowadzenia

wstepnej analizy funkcjonalnej gendw zwigzanych z rzgskami ruchowymi, w tym genow
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potencjalnie zaangazowanych w PCD. Pokrywajacy brzuszng cz¢$¢ ciala planarii nablonek,
ktorego komorki na swej apikalnej czgsci posiadajg liczne rzeski ruchowe, w zadowalajacym
stopniu odzwierciedla ztozono$¢ ludzkiego nablonka oddechowego, czynigc ten organizm
bardziej atrakcyjnym od popularnych modeli jednokomorowych (np. C. reinhardtii,
P. tetraureli). Rownoczesnie, ze wzglgdu na prostote, niskie koszty, planarie s3 modelem

fatwiej dostepnym niz bardziej zaawansowane modele kregowcdw (np. ryby, myszy).

Moj wklad w powstanie publikacji:

ustalenie koncepcji i planu pracy

przeglad 1 wybor prac omowionych w publikacji

pisanie oryginalnej wersji publikacji

opracowanie rycin i tabel.
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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
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Axonems
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__ 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
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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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Table 1. Caont.
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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Artykul 2

CFAP300: Mutations in Slavic Patients with Primary Ciliary Dyskinesia and a Role in
Ciliary Dynein Arms Trafficking

Ewa Zigtkiewicz, Zuzanna Bukowy-Bierylto, Alicja Rabiasz, Patrycja Daca-Roszak, Alina
Wojda, Katarzyna Voelkel, Ewa Rutkiewicz, Andrzej Pogorzelski, Margarida Rasteiro,
Michat Witt

Am J Respir Cell Mol Biol. 2019 Oct;61(4):440-449.

Wieloletnie badania prowadzone w Zaktadzie Genetyki Molekularnej i Klinicznej
IGC pozwolity na wyjasnienie genetycznego podtoza PCD u okoto 50% rodzin pochodzenia
stowianskiego (grupa badawcza: 398 Polakow i 16 Stowakow). W celu lepszego
zrozumienia podtoza PCD, przeprowadzono sekwencjonowanie catoecksomowe (whole-
exome sequencing, WES) u 120 polskich pacjentow z PCD o niezidentyfikowanym dotad
podlozu tej choroby. Analiza WES pozwolita na identyfikacj¢ nowych patogennych
wariantow w znanych genach PCD, jak rowniez gendéw kandydatéw, potencjalnie
zaangazowanych w patogenez¢ tej ciliopatii. Jednym z takich gendéw byl zlokalizowany
w chromosomie 11 CFAP300 (cilia and flagella associated protein 300; alias C110rf70),
w ktorym u siedmiu niespokrewnionych pacjentdéw (homozygot) zidentyfikowano
potencjalnie patogenny wariant ¢.[198 200 delTTTinsCC] (p.Phe67ProfsTer10) w eksonie
3.

W momencie projektowania, jak i realizacji badan do publikacji nie byto danych na
temat zwigzku genu CFAP300 z patogeneza PCD, w zwiazku z czym zostal on
zaklasyfikowany jako gen kandydat potencjalnie zaangazowany w PCD. Celem omawianej
pracy byto potwierdzenie roli CFAP300 w patogenezie PCD i okres$lenie wptywu badanego

genu na strukture i1 funkcje rzesek ruchowych.

Przy uzyciu sekwencjonowania Sangera w rodzinach pacjentéw potwierdzono
recesywny sposob dziedziczenia wariantu ¢.[198 200 delTTTinsCC]. Dodatkowa analiza
materiatu od pozostatych (okoto 80) pacjentéw, oparta o metode polimorfizmu konformacji
jednoniciowych fragmentow  (single-strand conformation polymorphism, SSCP)
1 sekwencjonowanie Sangera, pozwolita na identyfikacje tego wariantu u kolejnych

dziesieciu niespokrewnionych chorych: siedmiu homozygot, dwoch ztozonych heterozygot
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(u jednego pacjenta drugi patogenny wariant w eksonie 4 ¢.353A>G (p.Aspl88Gly);
u drugiego w intronie 6: ¢.675+3 delAAGT) i jednego nosiciela, u ktorego w toku dalszych
badan zidentyfikowano homozygotyczny patogenny wariant w innym genie PCD, TTC25.
Analiza in silico wykazata potencjalnie patogenny charakter wariantu c.[198 200
delTTTinsCC], ktérego obecnos¢ moze prowadzi¢ do wprowadzenia przedwczesnego
kodonu STOP i tym samym powstania skréconego biatka CFAP300. Dostepnos$¢ materiatu
(cDNA uzyskanego z RNA wyizolowanego z komorek nablonka oddechowego pacjenta)
umozliwita sprawdzenie wptywu obecno$ci homozygotycznego wariantu ¢.[198 200
delTTTinsCC] na poziom ekspresji mRNA CFAP300 ponizej (3°) i powyzej (5°)
patogennego wariantu w odniesieniu do kontroli (zdrowego dawcy). Analiza RT-PCR
wykazata brak fragmentu transkryptu CFAP300 ponizej (3’) eksonu 3 u pacjenta, przy
jednoczes$nie niezmienionym poziomie ekspresji rOwnolegle analizowanych genéw (genow
kodujacych biatka strukturalne rzgsek: DNAHS5, RSPH4A oraz genu referencyjnego:
GAPDH). Poziom ekspresji fragmentu transkryptu powyzej (5°) eksonu 3 byl znacznie
obnizony (do okoto 10% w odniesieniu do kontroli). Obserwacje te sugeruja degradacje
nieprawidtowego mRNA CFAP300 na drodze NMD (nonsense mediated mRNA decay),
ktory polega na wykryciu i eliminacji czasteczek mRNA zawierajacych przedwczesny
kodon STOP. Analiza in silico pozostatych wariantow CFAP300 (c.353A>G oraz
€.675+3_6delAAGT) wskazata na ich potencjalny udziat w sktadaniu (splicingu)
transkryptu kodowanego przez CFAP300, co rowniez moze mie¢ charakter patogenny. Ze

wzgledu na brak materiatu od pacjentow, nie zostato to potwierdzone eksperymentalnie.

Analiza danych klinicznych pacjentdw z patogennymi wariantami w genie CFAP300
wykazata, ze wszyscy pacjenci mieli typowe objawy PCD; odwrdcenie narzadow (situs
inversus totalis) bylo obserwowane u dziewigciu (na 19) pacjentow, za$ dane dostepne dla
pieciu pacjentow wykazaly, ze zmiany w badanym genie prowadza do znacznego obnizenia
poziomu tlenku azotu w odniesieniu do warto$ci referencyjnej. Dostepne dla pigciu
pacjentow filmy z HSVM wykazaty catkowity brak ruchu rzgsek komoérek nabtonka
oddechowego, za$ analiza archiwalnych zdje¢ przekroju rzesek komorek nabtonka
oddechowego (dla dwdch pacjentow) wskazata na zaburzenia w strukturze rzesek: brak
ODA i IDA, przy jednoczesnym zachowaniu wzorca uktadu mikrotubul aksonemy (9x2 +
2). W celu lepszego zrozumienia wptywu c.[198 200 delTTTinsCC] na ultrastrukture
rzgsek, przeprowadzono analiz¢ immunofluorescencyjng komorek nabtonka oddechowego

pacjenta w odniesieniu do kontroli z uzyciem przeciwciat skierowanych na rézne elementy
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strukturalne rzesek. Podczas gdy GASS, CCDC39 i RSPH4A wykazywaly prawidlowa
lokalizacje w aksonemie (wskazanej przez markerowe przeciwciato, acetylowang alfa-
tubuling), stwierdzono brak obecnych w kontroli markerow ODA (DNAHS5 i DNAI2) oraz
IDA (DNALII), co potwierdzito obserwacje z TEM. Chociaz bialka te nie wystgpowaly
w aksonemie rzgsek, w wigkszosci komorek zaobserwowano ich obecno$¢ w apikalnej
czescei cytoplazmy. Co ciekawe, sygnat DNALIIL zlokalizowany byl bardziej dystalnie niz
marker ciatek podstawnych (centryna), podczas gdy sygnat DNAHS nie przechodzit

z cytoplazmy poza ciatko podstawne.

W celu lepszego zrozumienia profilu ekspresji CFAP300 wzglgdem wybranych
genow reprezentujacych rozne elementy rzesek ruchowych (FOXJ1, DNAH5, DNAIL,
CCDCA40, RSPH4A, DYX1C1), przeprowadzono kompleksowa analize wzglgdnej ekspresji
badanych genéw w trakcie roznicowania hodowli komorek nabtonka oddechowego
pochodzacych z polipéw zdrowych dawcow. Profil ekspresji CFAP300 (wzrost ekspresji
migdzy dniem 3 a 11 ciliogenezy, nastepnie stopniowe efekt plateau lub delikatny spadek
ekspresji) byt podobny do profilu ekspresji innych genéw rzeskowych: DYX1C1, ktory jest
zaangazowany w skladanie ramion dyneinowych, gendéw kodujacych biatka strukturalne
ramion dyneinowych (DNAHS5, DNAI1) oraz genu kodujacego biatko kompleksu N-DRC
(CCDCA40).

Kolejnym etapem byta analiza ewolucyjnego zakonserwowania CFAP300 migdzy
czlowiekiem a organizmami modelowymi, Danio rerio oraz S. mediterranea. Analiza in
silico struktury genu wykazata, ze gen ryby, podobnie jak cztowieka, sktada si¢ z siedmiu
eksonow, podczas gdy gen S. mediterranea z pigciu. Porownanie sekwencji biatkowej
CFAP300 pozwolito na stwierdzenie, ze najwyzszy stopien zakonserwowania (>43%
identycznosci) we wszystkich trzech organizmach dotyczy sekwencji biatkowej

opowiadajacej eksonowi drugiemu oraz pigtemu genu cztowieka.

Ostatnim etapem badan bylo potwierdzenie ewolucyjnego zakonserwowania roli
genu CFAP300 w funkcjonowaniu rz¢sek ruchowych przy uzyciu metody interferencji RNA
(RNA interference, RNAI) z wykorzystaniem dwuniciowych RNA (double-stranded RNA,
dsRNA) podawanych w pozywieniu organizmowi modelowemu, S. mediterranea.
Efektywnos¢ wyciszenia potwierdzono na poziomie mRNA S. mediterranea. Dzien po
ostatnim karmieniu robaki cigto w celu stymulacji procesu regeneracji, w tym tworzenia

nowych komorek nabtonka i procesu ciliogenezy. Po uptywie 6-7 dni od cigcia robakow
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obserwowano wpltyw wyciszenia homologa CFAP300 (Smed-cfap300) na lokomocje
robakow (wzor i predkos¢ ruchu). Robaki z wyciszonym Smed-cfap300 poruszaty si¢
w charakterystyczny sposoéb spowodowany zaburzeniem funkcji rzesek ruchowych,
wykazujac ruch typowy dla funkcji aparatu mig$niowego (tzw. inchworming movement).
Przemieszczanie si¢ robakéw bylo okoto 5 razy wolniejsze w poréwnaniu do robakéw
kontrolnych karmionych watrobka z dsRNA skierowanym przeciwko biatku zielonej
fluorescencji (enhanced Green Fluorescent Protein, eGFP) (robaki z wyciszonym Smed-
cfap300: 0.29 + 0.04 mm/s; robaki kontrolne: 1.47 + 0.21 mm/s). Analiza ruchu rzg¢sek
planarii przy uzyciu HSVM potwierdzita wplyw wyciszenia na funkcje rzesek ruchowych
robakoéw; w odroznieniu od robakoéw kontrolnych, rzeski robakow z wyciszonym Smed-

cfap300 poruszaty si¢ bez zachowania koordynacji ruchowe;.

Omowiona praca pozwolila na potwierdzenie roli CFAP300 w patogenezie PCD. Ze
wzgledu na stosunkowo duzg czesto$¢  obecnosci  patogennego — wariantu
CFAP300:c.[198 200 delTTTinsCC] w analizowanej grupie pacjentow pochodzenia
stowianskiego, stwierdzono, ze testy diagnostyczne w polskiej populacji powinny zostaé
rozszerzone o analize tego genu. Analiza materiatu od pacjentow wykazata, ze patogenne
warianty genu CFAP300 maja zwiagzek z zaburzeniem ruchu rzgsek (catkowity brak ruchu)
oraz zaburzeniami ultrastruktury rzesek (brak zewnetrznych i1 wewngtrznych ramion
dyneinowych). Uzyskane wyniki z IF i analiza profilu ekspresji mRNA CFAP300 oraz
innych gendéw rzgskowych, wraz z analizg dostepnych danych literaturowych (Dyskusja
pracy) wskazuja na role¢ CFAP300 w cytoplazmatycznym sktadaniu ramion dyneinowych
oraz ich transporcie. Ponadto potwierdzono ewolucyjnie zakonserwowang rolg CFAP300
w funkcjonowaniu rzesek ruchowych; wyciszenie Smed-cfap300 spowodowato zaburzenie

funkgcji rzesek ruchowych w organizmie modelowym, S. mediterranea.

Wykorzystanie S. mediterranea jako organizmu modelowego w omawianej pracy
bylo poprzedzone optymalizacja uzycia tego organizmu do badania genéw zwigzanych
z funkcjonowaniem rz¢sek ruchowych. Organizm ten nie byl wczesniej wykorzystywany
w Zakladzie, ani Instytucie, w ktorym realizowana byta rozprawa doktorska; jego
wprowadzenie i optymalizacja uzycia stanowily istotny element przedlozonej rozprawy

doktorskiej.
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Moj wklad w powstanie publikacji:

udziat w ustaleniu koncepcji i metodologii badan

analiza wplywu obecnosci patogennego wariantu na poziom ekspresji wybranych
gendow (RT-PCR na archiwalnym materiale pacjenta)

udziat w hodowli komorek nabtonka oddechowego

analiza in silico ewolucyjnego zakonserwowania CFAP300 migdzy organizmami
zaprojektowanie, wykonanie 1 interpretacja doswiadczen z wykorzystaniem
S. mediterranea: wyciszenie homologa genu CFAP300 (w tym zaprojektowanie
i synteza dsRNA przy uzyciu transkrypcji in vitro), potwierdzenie efektywnosci
wyciszenia na poziomie mMRNA (izolacja RNA, synteza cDNA, qRT-PCR), analiza
wpltywu wyciszenia na funkcjonowanie rzgsek ruchowych planarii (analiza
lokomocji robakéw i ruchu rzesek)

udziat w przygotowaniu rycin i tabel

udzial w pisaniu oryginalnej wersji manuskryptu i krytyczny przeglad ostatecznej

wersji manuskryptu.

Publikacja oraz informacje dodatkowe (zataczniki) sa dostepne pod nastepujacym adresem

internetowym:

https://doi.org/10.1165/rcmb.2018-02600C
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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

441

56



ORIGINAL RESEARCH

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
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Centrin
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DNAI2
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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.

60



ORIGINAL RESEARCH

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

] ] N 5]
= = = =

Fold expression comparad to day (0)
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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
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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
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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

1 traina
1 1mns t 2homozt

21540:T
pOs2

2.261CaT
p.Riz1*

ed IE-!M'HT’U:

11 hamez '
2 homaz + i 1imns
2irans :

1 monoz

1 homoz

0.4334T
pR1ds"

T

k pDHﬁ o
- oryplio splios sis?

{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}
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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

72



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

75



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
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Figure E3
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Artykul 3

A novel pathogenic variant of CFAP221 is a cause of a mild form of primary ciliary

dyskinesia

Alicja Rabiasz, Zuzanna Bukowy-Bieryho, Patrycja Kazmierczak, Hanna Przystatlowska-
Maciota, Marcin Miko$, Irena Wojsyk-Banaszak, Ewa Zigtkiewicz

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

W odpowiedzi na stale rosngca liczbe gendw raportowanych jako nowe geny
zaangazowane w rozne jednostki chorobowe powstala baza danych ClinGen (Clinical
Genome Resourse) dziatajaca przy Narodowych Instytutach Zdrowia (National Institutes
of Health, NIH), ktora stuzy jako narzedzie do zdefiniowania znaczenia raportowanych
patogennych wariantéw 1 gendw w réznych chorobach cztowieka. Zgodnie z zasadami tej
bazy, aby gen otrzymal status genu definitywnie zaangazowanego w patogenez¢ danej
choroby, jego zwigzek z okreslong chorobg powinien zosta¢ zgloszony kilka razy. CFAP221
(cilia and flagella associated protein 221; alias PCDP1) zlokalizowany w chromosomie 2,
jest jednym z gendéw PCD, ktory zdaniem grupy ekspertow ClinGen wymaga pilnego
potwierdzenia poprzez opublikowanie dodatkowych przypadkow pacjentow z patogennymi
w wariantami w tym genie, co pozwoli na okreslenie spektrum wariantéw powodujacych
chorobg oraz cech klinicznych zwigzanych z tym genem a chorobg. Celem omawianej pracy

byto potwierdzenie roli genu CFAP221 w patogenezie pierwotnej dyskinezy rzesek.

Analiza genetyczna DNA pacjenta o 1zejszym przebiegu PCD z dominujgcymi
objawami laryngologicznymi, brakiem rozstrzeni oskrzeli, prawidtowa funkcja ptuc
w wieku 18 lat, brakiem odwrocenia narzadéw, wada serca w wywiadzie oraz obnizonym
poziomem tlenku azotu, wykazata obecnosé patogennego wariantu
(NM_012472.6:c.436G>C (p.Aspl46His)) w znanym genie PCD, LRRC6 (leucine rich
repeat containing 6; alias DNAAF11). Ze wzgledu na niezidentyfikowanie patogennego
wariantu na drugim allelu, przeprowadzono analiz¢ WES. Analiza ta rowniez nie wykazala
zmian na drugim allelu genu LRRC6 u pacjenta, natomiast pozwolita na identyfikacje
nowego patogennego wariantu, NM_001271049.2_c.1641dup (p.Asn548GInfsTer6)
w eksonie 16 genu CFAP221 na obu allelach. Sekwencjonowanie Sangera u pacjenta
1 rodzicow potwierdzito recesywny sposob dziedziczenia tego wariantu. Podczas gdy

patogenny wariant LRRC6:¢.436G>C byt obecny tylko u pacjenta oraz jego matki,
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nosicielstwo CFAP221:c.1641dup stwierdzono u obojga rodzicow oraz u zdrowego brata
pacjenta. Analiza in silico wskazala na potencjalnie silny patogenny wptyw
zidentyfikowanego wariantu, ktérego pojawienie si¢ moze prowadzi¢ do wprowadzenia
przedwczesnego kodonu STOP. W celu okreslenia wptywu patogennego wariantu na
poziom ekspresji CFAP221 przeprowadzono analiz¢ poziomu transkryptu oraz biatka
w odniesieniu do genu referencyjnego, GAPDH. Analiza RT-PCR dla eksonow
zlokalizowanych powyzej (5°), pomig¢dzy oraz ponizej (3°) miejsca wystepowania wariantu
(odpowiednio, eksony 3-4, 8-9, 14-15, eksony 15-17 oraz eksony 18-19, 23-24),
w odniesieniu do genu referencyjnego, wykazata catkowity brak produktu PCR
w porownaniu do kontroli (zdrowego dawcy); obserwacja ta zostatla potwierdzona na
poziomie biatkowym. Uzyskane wyniki sugeruja degradacj¢ nieprawidtowego mRNA
CFAP221 na skutek szlaku NMD.

W celu scharakteryzowania wptywu patogennego wariantu CFAP221:c.1641dup
(powodujacego brak biatka CFAP221) na funkcjonowanie rzesek ruchowych
przeprowadzono analiz¢ struktury 1 funkcji rzgsek komorek nabtonka oddechowego
u pacjenta w porownaniu do kontroli. Analiza IF z uzyciem przeciwciat skierowanych
przeciwko biatkom DNAI1, RSPH4A, GASS, acetylowanej alfa-tubulinie wskazata na brak
wplywu patogennego wariantu CFAP221 na glowne elementy ultrastruktury aksonemy
(ODA, RS, N-DRC); sygnat IF z uzyciem przeciwciat dla biatek pary centralnej (STK36
1 SPEF2) byl natomiast nieznacznie zmieniony. U kontroli oba przeciwciata specyficznie
barwity rzgski; u pacjenta sygnat anti-SPEF2, chociaz obecny w rzegskach, dominowat
w cytoplazmie, natomiast sygnal anti-STK36 w czesci komorek (31%) wystgpowat
w rzgskach, a w pozostatych (69%) zar6wno w rzgskach jak i w cytoplazmie. Kolejna
analiza, badanie ruchu rzgsek przy uzyciu HSVM, wykazala, Ze rzg¢ski pacjenta poruszaty
si¢ niesynchronicznie, w sposob okrezny. Aby wykluczy¢é wplyw czynnikéw
srodowiskowych na ruch rzgsek, wyprowadzono hodowlg komorek pierwotnych nabtonka
oddechowego pacjenta oraz kontroli, ktére nastgpnie byly réznicowane w hodowli na
granicy faz ciecz-powietrze (air-liquid interface, ALI) w kierunku ciliogenezy. Ruch rzgsek
pacjenta po ciliogenezie pozostatl niesynchroniczny i okrezny; $rednia czestotliwosé bicia
rzesek (ciliary beat frequency, CBF) komorek pacjenta wynosita 6.91 = 0.91, a u kontroli
8.14 £ 1.36 Hz (p<0.001). W celu okreslenia wplywu okreznego ruchu rzesek na transport
Sluzowo-rzeskowy przeprowadzono eksperyment z uzyciem kulek fluorescencyjnych

(sferyczne/kuliste czastki o $rednicy 0.5 pm). Predkos$¢ transportu kuleczek przez w petni
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zrdznicowane komorki nabtonka oddechowego byta ponad 5 razy nizsza u pacjenta
w porownaniu do zdrowej kontroli (13.63 £5.95169.95 +5.74 pm/s, odpowiednio; p<0.001).
Uzyskanie materiatu (probka nasienia) od pacjenta umozliwito analiz¢ wptywu badanego
wariantu na funkcje witek plemnikéw. Znaczna wigkszos¢ plemnikéw miata normalng
witke, a analiza ruchu oraz morfologii plemnikéw nie odbiegata od norm przyjetych przez

Swiatowa Organizacje Zdrowia (World Health Organization, WHO).

Ostatnim etapem badan byto potwierdzenie roli CFAP221 w funkcjonowaniu rzegsek
ruchowych przy uzyciu organizmu modelowego S. mediterranea. W celu wyciszenia
badanego genu robakom podawano dsRNA skierowane przeciwko homologowi ludzkiego
CFAP221 — Smed-cfap221 (jako kontrolg uzyto robaki traktowane dsRNA przeciwko
eGFP); efektywno$¢ wyciszenia potwierdzono przy uzyciu qRT-PCR. Wplyw wyciszenia
badanego genu na fenotyp S. mediterranea obserwowano na catych, niecigtych robakach.
RNAI Smed-cfap221 nie wptyneto na zmiang wzoru ruchu, ale spowodowato istotne
statystycznie spowolnienie lokomocji planarii o 34% w poréwnaniu do kontroli (0.954 +
0.303 1 1.451 + 0.355 mm/s, odpowiednio; p<0.001). Analiza ruchu rzesek zlokalizowanych
w okolicy glowy robakéw wykazata wplyw wyciszenia na ruch rzesek: rzgski poruszaty sie
wolniej i w sposob niesynchroniczny. Srednia czestotliwosé bicia rzesek u robakow
z wyciszonym Smed-cfap221 byta o okoto 15% wolniejsza w poréwnaniu do robakoéw
kontrolnych (17.44 = 0.95 and 20.35 + 0.58 Hz, odpowiednio; p<0.001).

Podsumowujac, omoéwiona praca pozwolita na potwierdzenie roli wariantu
CFAP221:c.1641dup w patogenezie pierwotnej dyskinezy rzesek o 1zejszym przebiegu
klinicznym. Analiza rzgsek nablonka oddechowego pacjenta wykazata wptyw braku biatka
CFAP221 na zaburzenie elementow pary centralnej, przy jednoczesnym braku wplywu na
inne struktury aksonemy rzesek. Ruch rzgsek byl niesynchroniczny i okrezny, co
w konsekwencji prowadzilo do istotnego spowolnienia transportu $luzowo-rzeskowego.
Badanie nasienia pacjenta nie wykazato wptywu braku CFAP221 na standardowe parametry
nasienia, w tym na morfologi¢ plemnikéw czy ich ruchliwos¢. Ponadto stwierdzono
ewolucyjnie zakonserwowang role badanego genu w funkcjonowaniu rzgsek ruchowych
w organizmie modelowym, S. mediterranea. Co istotne, 1zejszy przebieg choroby u pacjenta
byt spojny z fenotypem obserwowanym u planarii po wyciszeniu homologa genu CFAP221
(Smed-cfap221).
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Eeywords:
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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).
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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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(A} At the mRMA level. Lower bands represent studied exons in CFAP221, higher bands correspond to housekeeping gene, GAFDH. M - DNA Molecular Weight Marker
(50 bp Ladder, ThermoFisher Beientific), G - non-PGD control, P - proband, N - negative contral (water). (B) At the protein level.

the mucociliary transport, we analyzed the ALl culturez from the pro-
band using fluorescent beads. Analyziz of the bead welocity (Fiz. 4)
revealed that mueeciliary transport in the differentiated epithelial cells
of the proband was almeost 5 times slower than in non-PCD contrel
(13.63 + 5.95 pm,/z and 69.95 + 5.74 um/s, respectively; p < 0.001).

The zperm rample collected from the CFAP22] patient was examined
to shed light on the importance of CFAP22] for the sperm flagella
morphology and function. Motile flagella were prezent in the majority of
spermatozoa, and the percentage of sperm cells with owerall normal
morphology (of tail and head) was in the normal range [Supplementary
Table 5, Supplementary Fig. 4, Suppl tary Movie 3]

3.4. Effect of silencing of CFAP22] homolog in 5. mediterranea

In order to confirm the impact of GFAP22] deficiency on the ciliary
function in a medel organizm, CFAP22] homolog was silenced by RMAi
in 5. mediterranea. Administration of Smed-cfap22] dsRNA led to the
decrease in Smed-¢fap22] mBRNA level (12 % compared to control
worms fed with eGFP dsBNA) [Fig. SA] and causzed a statistically zig-
nificant decreaze of the worms' locomotion speed (~34 W zlower
compared to control; 0.954 + 0.303 mm,s 1451 + 0.3556 mm‘s in
Smed-cfap221-silenced and control worms, respectively) [Fig. 5B, Sup-
plementary Moviez 4 and 5]. Analyziz of cilia motility in the epithalial
cellz in the worms® head region (videos at 1/5 speed) indicated asyn-
chronous and slower ciliary beating in Smed-cfap221-silenced worms
ecompared to control (the mean CBF was 17.44 £ 0.95 and 20.35 £+ 0.58
Hz for Smed-cfap221-silenced and control worms, respectively; p <
0.001) [Supplementary Movies 6 and 7].

4. Discusslon

Our study provides an independent confirmation of CFAP221 being
the gene directly involved in PCD pathogenesiz. Unlike in the French
Canadian PCD family reported earlier [13], where affected ziblingz were
ecompound heterozygotes of two pathogenic variants (in exon 22 and
intron 22), the Polish proband was a homozygote for another pathogenic
wvariant (2. 16412 13insC in exon 16). With the gnomAD frequency of
CFAP221-c. 1641dup, the probability of two, allegedly non-related, in-
dividuals (proband's parents) carrying thiz variant iz very low. The
poszibility of a recurrent pathogenic variant versus common origin will
require further analysiz of the variant's haplotype background.

The clinical presentation of the Polish proband was largely concor-
dant with the spectrum obzerved in the previously reported patienmts.
The only noteworthy difference was level of the nNO, which in the
Polish proband wasz just below the threshold conzidered az indicative of
PCD for patients 2 years old (44 nl/min for TB maneuver) [27]. Thiz
contradicted the earlier observations [13], where the levelz of nND in
the patients were far above the cut-off of 77 nl/min for the velum
closure maneuver [22]. Thiz discrepancy may reflect the differential

impact of the variouz CFAF22] variants. The homozygous frameshift
variant in our proband caused NMD and the complete absence of
CFAP2Z2] mRMA and protein. In the French Canadian patients, a
frameshift deletion in exon 22, resulting in NMD, was accompanied by
the in-frame deletion of exon 22; the possibility that the shorter isoform
expressed the shortened protein haz not been experimentally excluded
[13]. Another poszible, albeit unproven explanation for the clinical
differences, could be that the mizzense variant LRRC6:c.436G > C, of
which the Polizsh proband was a carrier, exerted additional effect on the
phenatype. On the other hand, the frequency of LRRGS:c 436G = G in
Eurcpean population (0.0001863; gnomAD) doez not exclude a fortu-
itous presence of this allele not related to the PCD status of its carrier.

A 15 % reduction in the CBF in our proband compared to the non-
PCD control was statistically significant, in contrast to the previously
reported slight reduction in the beat frequency, which haz not been
statiztically significant (p = 0.16) [13]. On the other hand, rotational
pattern of cilia movement in the NE cells from our proband confirmed
the earlier observation [13], where highly significant maximum devia-
tion from a linear beat was reported {p < 0.0015) [13]. The aberrant CBF
in our study was confirmed by the significantly lower speed of the bead
‘transport (p < 0.001).

Three affected siblings reported earlier have had normal ciliary
structure in TEM analyziz. While TEM results were not available for our
proband, IF analysez confirmed the abzence of defectz in the major
ciliary structure compenents (dynein arms, radial spokesz and N-DRC).
On the other hand, IF with antibodies against the elements of central
pair or contacting central pair revealed subtle abnormalities. The
localization of CFAP221 in the central apparatus of cilia is consiztent
with both the circular pattern of the ciliary beat, and the lack of situs
abnormalities in CFAP221 patients (reported before and observed in cur
proband). Based on the mouse and Chlamydomeonas models, the ortho-
logue of CFAP221 (FAP221) is a component of the central pair (CP)
projection Cld, while SPEF2 together with CFAPS4 form the Clb pro-
jection [29,30]; see Fig. 6. Purthermore, the abzence of the Cld complex
in Chlamydomonas flagella results in a significant impairment of
mobility, including a reduced beat frequency and altered waveform.
Bazed on thiz information and observations in our study, we hypothesize
‘that the complete abzence of CFAP221 in human motile cilia may affect
assembly/function of both the Cld and C1b projections. Thiz may in turn
dizturb regular recruitment of STEK36, which normally localizes between
radial spokes and central apparatus [31]; however, STE36 interaction
with other CP projectionz should not be affected. In any case, thess
defects are subtle and may not be vizsible in TEM, consziztent with the
earlier study [13].

Our experiments with RMAi knockdown of the CFAP22] homolog in
& mediterrones confirmed the ewvolutionary conservation of the
involvement of this gene in motile eilia function. While the statistically
significant slow-down waz observed in Smed-cfapZ2] zilenced worms,
the effect was not as spectacular as for example in Smed-cfap300 [14],
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where characteristic inch-worming haz been obzerved, typical for
worms with a severe dysfunction of motile cilia. Nevertheless, CBF
analysis confirmed the role of Smed-cfop221 in the functioning of motile
cilia

In a mouse model, the nmI054 mutant with a long deletion encom-
passing CFAP22] ortholog has also been reported to cause symptoms of
PCD with the normal ciliary ultrastructure and 25 % reduction of CBF in
tracheal cilia [32]. Interestingly, the symptoms in nm 1054 mutant mice
(on certain genetic background) included male infertility with the
absence of flagellated sperm. Supported by rescue experiments, the
authors suggested that loss of cfap22] could cauze flagella instability

during late spermiogenesiz, resulting in the absence of mature zperm
tailz [32]. Of note, due to the young age of the male patients, no sperm
examination haz been performed in the original CFAP22T study [13].

In an effort to shed light on whether the lack of CFAP221 would
similarly affect human sperm flagella, we zucceeded to obtain a zrample
of sperm from the proband. We found that the sperm cellz were within
the normal range, they had flagella, and they were motile. Qur results
zuggest that the miszing flagella previouzly reported in the mouse
mutant [32] have reflected other abnormalities in the genetic compo-
zition of the mice strain or that different mechanizms underlie the role of
CFAPZZI] in human and mouse spermiogenesis.
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STK36
CFAP221

Fig. 6. Schematie localization of OFAP221 in relation to STK36 and SPEF2.
G1, G2 — central pair of microtubules; C1d and C1b - two of seven cenmal pair
projections; RS — radial spokes; the localization of CRAP221, SPEF2 and STH26
iz indicated by arrows. Modified from the mouse model [30].

While thiz paper wasz under revizsion, two other papers have been
publizshed concerning pathogenic variants in CFAP22]. One of them haz
reported an adult Japanese male with obstructive azoospermia, respi-
ratory symptoms with a persistent cough zince the age of 37 years, and a
history of lower airway symptoms exacerbations; no sitz inversus was
preszent [33]. Az opposed to our proband, the level of nMNO was normal,
resembling the observation reported in the original CFAP22] paper
[13]. The patient was originally diagnozed to have Young's syndrome
(OMIM phenotype %279,000 of unknown genetic background, charae-
terized by infertility due to obstructive azoospermia aszociated with
chronic sinobronchial infections). Upon finding a frameshift deletion in

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

central apparatus. Consistent with our findings, the in-vitro ciliary
transport asgays in the German patient indicated insufficient ciliary
clearance. However, HSVM analyziz of the ciliary beating were reported
as zubtle and not different from healthy controls, unlike in our proband
where the significant decrease in the ciliary beat frequency and pattern
was found. The effect of the pathogenic CFAP22] variant of sperm
maotility could not be aszeszed (a female parient).

In zummary, our study provides evidence that CFAP22T iz a cansative
PCD gene in human patients. The mild eourse of PCD in the proband,
congistent with the subtle effect of Smed-cfap22] gene zilencing on
worms' movement, confirms that CFAP22] belongs to the subgroup of
PCD genes, which do not exhibit unequivoral clinical symptoms nor
easy-to-detect effects on the ciliary composition and function. Az a
rezult, PCD patient: with pathogenic variants in CFAP2Z]1 can largely
‘benefit from early implementation of the genetic diagnostics.

Supplementary data to this article can be found online at htrps://doi.
org/10.1016,j.bbadis. 2025. 167855,
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1. Additional clinical deseription of the proband

Proband’s neonatal and early childhood history: pregnancy II vaginal delivery at 38 weeks of
pregnancy, Apgars 9/6/8, mass 4150g. History of neonatal respiratory distress, respiratory support
(nCPAP), hospitalized for 19 days in the necnatal umit, infection was ruled out, 2nd degree
intraventricular hemorrhage, heart arthythmia and congenital heart defect (IAS aneurysm, ASD II) were
confirmed. Suspected laryngomalacia was ruled out in directoscopy (normal larynx and epiglottis).
Since infancy, history of recurrent respiratory tract infections, frequent antibiotic treatment. hospitalized
4 times for pneumonia. The patient presented chronic, productive cough, intermittent abnormal breath
sound on auscultation (coarse rales), chronic nasal congestion, recurrent otitis media and sinusitis.
Chronic nasosinusitis (CT scan), history of glue ear and chronic, conductive hearing loss. Immune
deficiency and cystic fibrosis were ruled out (IgA/M/G, IgG subclasses, flow cytometry normal, sweat
chloride non-elevated). The patient receive salbutamol, nebulized hypertonic saline. nasal topical
steroid, and performs regular chest physiotherapy. Follow up studies at 18 years ruled out bronchiectasis
on chest CT-scan and showed preserved, normal lung function, which suggests clinically mild
manifestation of PCD, with predominant ENT symptoms, presence of non-severe congenital heart
defect and no laterality defect. Nasal NO (nNO) concentration (tidal breathing; FeNO-+PFS; sample
flow rate 250 ml/min): patient 18 yo: 174 ppb (44 nl'min); control male 40 years old: 957 ppb (239
ol/min}.
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Chest imaging: chest X-ray at 14 years of age revealed lung fields with no focal lesions in the
parenchyma. Pleural cavities were free. Heart silhouette was within normal limits. Chest CT at 17 years
of age revealed irregular outline of the intermediate and lower right bronchus, no evidence of thickening
of the bronchial wall, with the structure of both lungs appearing normal. No bronchiectasis was
observed. Residual thymus measuring 18mm in width and 16mm in midline thickness had normal
structure. No enlarged mediastinal or hilar Ilvmph nodes were seen. Pleural cavities appeared normal. A
slight right-sided scoliosis was noted.

Microbiology: sputum cultures - at 3 years of age a massive growth of Strepfococcus pneumoniaeg; at
16 years of age: Streptococcus pyogenes. Multiple other studies identified normal airway microbiota,
with no pathogenic bacterial growth. Bronchoscopy: at 12 years of age - Storz bronchoscope was
introduced into the trachea. A large amount of mucous secretions was aspirated. The mucous membrane
of the trachea and bronchi was inflamed. Pulmonary function tests; last follow up at 17 years old: LCT
MBW (Multiple breath washout): LCI 2.5% -1,71 Z-Score (decreased. non-elevated - no signs of
inhomogeneous ventilation). Spirometry: FEV1I/FVC 79% = -1.05 Z-Score (normal), FEV1 104%
predicted = +0.31 Z-Score (normal), FVC 112% predicted = +1.05 Z-Score (normal). Normal
spirometry, no signs of obstructive disease. Body Plethysmography: TLC 108% predicted = +1.4 Z-
Score (normal), RV%TLC 137% predicted = +1.01 Z-Score (normal) - no signs of reduced TLC, no
signs of hypeninflation.

Ear-Nose-Throat history: chronic nasosinusitis (CT scan), history of glue ear and chronic, conductive
hearing loss. ENT surgery: 9 years of age: bilateral tube tympanostomy, signs of bilateral glue ear.
Drainage. Implantation of tympanostomy tubes; 10 years of age: glue ear drainage, tube tympanostomy.
Adenctomy; 12 years of age: Endoscopic sinus surgery, maxillary antrostomy; 13 years of age:
Endoscopic sinus surgery, maxillary antrostomy. Fe-adenotomy; 16 years of age: Endoscopic sinus
surgery, bilateral nasalization; 17 year of age: Septoplasty.

Echocardiography: interatrial septum / IAS aneurysm (0.6cm) with two micro ASD IT (atrial septal
defects), 0.1 and 0.2 cm with L-E. flow. Slightly flaccid mitral valve flaps and widened aortic bulbus
(3.6 cm).
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2. Supplementary Tables

Supplementary Table 1. List of primers used for patients samples analysis.

Primer name

| Primer sequence

Primers for PCR and Sanger sequencing

LERC6 5A F

atcaacctgggectgatic

LERC6 5B R

tocaaacaactiggaaagagaa

CFAP221 16 F

acacacccacccactaatig

CFAP221 16 R

atgatcatgtccactooocg

Primers for cDNA analysis

CFAP221 e3F

tggcataatacattttggagect

CFAP22] edR

gggptaaaatatgaacacgigts

CFAP22]1 e8F

cgcagttcaactctcaacca

CFAP22]1 e9R

ctggeggtegatoaaaattt

CFAP221 eldF

taacacttggctcagcaget

CFAP221 el5R

tcgattgttttgctizacea

CFAP221 el5F

tggccaageaaaacaatcga

CFAP221 elTR

accagtccaaggccatcag

CFAP22] elSF

gocatictetgiccacaagtc

CFAP221 el9R

aaggcctcagotostitcat

CFAP22]1 e23F

gactccagaaatgatcaaagtegg

CFAP221 e24R

atctectcgagcagcticte

GAPDH e4 F

acggraagcitgicatcaat

GAPDH e8 R

gegccatccacagtotict

Supplementary Table 2. List of antibodies used in IF and WB analyses

Antibody Manufacturer | Host and clonality | Concentration | Catalog and lot number
Immunofluorescence
GASSE Atlas rabbit, pelyclonal | 1:600 HPAO041311 (000034380)
Antibodies
DNAT2 Abnova mouse, 1:330 HO0064446-MO1 (J4291-
monoclonal 1C8§)
RSPH9 Atlas rabbit, pelyclonal | 1:400 HPA031703 (000004506)
Antibodies
SPEF2 Atlas rabbit, polyclonal | 1:300 HPA039606 (000027916)
Antibodies
STK36 Atlas rabbit, pelyclonal | 1:200 HPAO027453 (A117096)
Antibodies
Ac-g-tubulin | Sigma Aldrich | mouse, 1:10 000 T6793 (042M4761)
monoclonal
IgG-594 Molecular goat anti-rabbit, 1:2 500 AT11037 (2005936)
secondary Probes, Alexa Fluor™
Thermo Fisher | 394, polyclonal,
Scientific highly cross-
adsorbed
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IgG-488 Molecular goat anti-mouse, 1:2 500 A11029 (1942237)
secondary Probes, Alexa Fluor™
Thermo Fisher | 488, polyclonal,
Scientific highly cross-
adsorbed
‘Western blot
CFAP221 Invitrogen rabbit, pelyclonal | 1:300 PA5-23823 (ZF4370654)
GAPDH Abcam rabbit, polyclonal | 1:20 000 ab9485 (1064471-1)
IgG-HRP Abcam goat anti-rabbit, 1:40 000 ab97051 (GR3231028-8)
secondary polyclonal, HRP-
conjugated.

Lot numbers are marked in brackets

Supplementary Table 3. List of primers used for dsRINA synthesis and RT-gPCR in planarians

Primers name

I Primer sequence

Primers for dsRNA synthesis

dsRNA_ Smed cfap22]l F

TAATACGACTCACTATAGGGagaagtecatittzctzgct

dsRNA Smed cfap22]l R

TAATACGACTCACTATAGGGtcagttggea

gctcaa

dsRNA eGFP_F

TAATACGACTCACTATAGGGceacatgaageageacgactt

dsRNA eGFP R

TAATACGACTCACTATAGGGagttcaccttgatgecgttc

Primers for gRT-PCR

RTPCF. Smed gapdh F atcaaggccgetattaagea
RTPCER Smed gapdh R cagatcpattacacgocaac
RTPCE._Smed sfap22l F attactgccgattcaaccge
RETPCR_Smed cfap22] R acttccgtotetetepaaga

Upper case letters indicate the sequence recognized by T7 RINA polymerase

Supplementary Table 4. Variants identified in the proband

Gene (alias); | Pathogenic variant description: | gnomAD Evidence of | ACMG/AMP

affected HGVS; gnomAD v4.1.0; dbSNP | v4.1.0 pathogenicity| category

exon frequency*

LRRCé NM_012472.6:c436G=C 0.0001863 Strong P54

(DNAAFIIY); | (p.Aspl46His); 170/1179741 prevalence in

exon 3 §-132632957-C-G (GRCh38); alleles affected
15200321595 exceeds that

in controls

CFEAP22] NM_001271049.2:c.1641dup 0.0001441 Very strong | PV51 null

(PCDFIY; (p-Asn548GInfsTers); 170/1179741 variant -

exon 16 2-119627775-T-TC (GRCh38); alleles frameshift
15779457532

* In non-Finnish Europeans; in European Finnish 0.0003125 (20/64004 alleles)
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Supplementary Table 5 Semen analysis results

Semen parameters Proband’s semen Lower reference limit (WHO)
Volume 5ml 1.5ml
pH 8 12

Sperm concentration 4.5 min/ml 15 min/ml
(spermatozoa’ml)

Sperm concentration (total per | 22.5ml 39 min
ejaculate)

Progressive motility 35% 32%
Total motility 43% 40%
Viability 63% 58%
Normal morphology 4% 4%

3. Supplementary Figures

(a1 1B}
Stain-Free _
Chemi biot tatal protein blot Chemi biot
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Supplementary Figure 1. Analysis of the expression of CFAP22] at protein level in NE cells (ALL
culture) (A) Chemiluminescent blot for Western Blot of CFAP221 in reference to GAPDH . (B) Lefi:
Whole total protein membrane (in Bio-Ead Stain-free technology. before incubation with primary
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antibody, anti-CFAP221): Right: Chemiluminescent blot for Western Blot of CFAP221 in reference to
the total protein. M- Protein Molecular Weight Marker C - non-PCD control, P - proband,

S -{h -|um|mm L R 1 ET-N =N Tl

o
T e B T e e

Supplementary Figure 2. A snapshot of CF4AP22] exon 16 with the single nucleotide insertion
detected by WES.
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Non-PCD Control

MERGE

Proband

Non-PCD Control

Proband

Supplementary Figure 3. IF staining of NE cells using antibodies targeting elements of motile cilia:

dynein arms, N-DRC, radial spokes. Scale bar 10 pm; BF- Bright Field; ACAT- Acetylated-a-tubulin

Supplementary Figure 4. Representative picture of sperm cells from proband (10x magnification).
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Artykul 4

The lack of homozygotes with a large deletion encompassing SPAG1 and POLR2K
in primary ciliary dyskinesia patients suggests the lethal effect of the loss of POLR2K

protein

Alicja Rabiasz, Monika Drobna-Sledzinska, Patrycja Kazmierczak, Michal Witt, Ewa

Zietkiewicz

Genes & Diseases, https://doi.org/10.1016/j.gendis.2025.101535

SPAG1 (sperm-associated antigen 1) zlokalizowany w chromosomie 8, jest jednym
z gendw, ktorego patogenne warianty prowadzg do wystgpienia PCD na skutek uszkodzenia
sktadania ramion dyneinowych, ktére stanowig istotny element strukturalny i funkcjonalny
rzesek ruchowych. Pacjenci z patogennymi wariantami SPAG1 maja typowe
pulmonologiczne objawy PCD, u wigkszosci obserwowane jest zaburzenia osi symetrii ciata
(odwrocenia narzadow), a rzeski komorek nabtonka oddechowego pacjentéw sa nieruchome
w zwigzku z brakiem ramion dyneinowych. W grupie prawie 300 pacjentdéw, u ktérych
w toku dlugoletnich badan prowadzonych w Zaktadzie zidentyfikowano genetyczne podtoze
PCD, patogenne warianty w SPAG1 wystepowaly u 60 niespokrewnionych pacjentow,
czynigc ten gen najczesciej zaangazowanym w patogeneze PCD u polskich pacjentéw. Dwa
najczesciej wystepujace 1 wczesniej opublikowane warianty to: nonsensowny wariant
w eksonie 16 (NM_003114.5:c.2014C>T; p.GIn672Ter) oraz duza delecja 11 973 bp,
[NM_005034.4:c.61+201___NM_003114.5:c.140+1169]del), obejmujagca dwa pierwsze
eksony SPAGL1 oraz eksony 3-4 genu POLR2K (RNA Polymerase 11, I and 11l Subunit K),
ktéry znajduje si¢ 5° w stosunku do SPAG1. Wariant ¢.2014C>T byt obserwowany u 27
homozygot oraz 31 ztozonych heterozygot, z czego u 28 pacjentdéw drugim patogennym
wariantem byta duza delecja; delecja 11 973 bp zostata rowniez zidentyfikowana u 2 innych
ztozonych heterozygot. Podobnie jak w dwoch wczesniejszych pracach opisujacych SPAG1,
nie zaobserwowano homozygot z delecja obejmujaca czgsci gendéw SPAGL i POLR2K.
Celem pracy bylo wyjasnienie przyczyny braku homozygotycznych pacjentow z delecja

obejmujgcg eksony 1-2 genu SPAG1 oraz eksony 3-4 genu powyzej SPAG1, POLR2K.

Zgodnie z prawem Hardy’ego-Weinberga, w grupie 60 pacjentéw z patogennymi
wariatami w genie SPAG1 powinny wystepowac 4 homozygoty z delecjg 11 973 bp. Aby
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zwigkszy¢ istotnos¢ prowadzonej analizy, do grupy 60 analizowanych pacjentdéw, dotaczono
dane dla wczesniej raportowanych 16 pacjentow (w tym 8 zlozonych heterozygot z delecja)
oraz 25 niemieckich pacjentow prof. Heymuta Omrana (6 homozygot ¢.2014C>T i 19
heterozygot zawierajacych ¢.2014C>T 1 duza delecj¢; tam rowniez nie zaobserwowano
zadnej homozygoty z duza delecja). Wedtug prawa Hardy’ego-Weinberga w rozszerzonej
grupie 103 pacjentéw PCD liczba oczekiwanych homozygot powinna wzrosna¢ do o$miu.
Na podstawie obserwowanego rozktadu genotypéw sformutowano hipoteze, ze brak
homozygot z delecja obejmujacg 1-2 eksony SPAG1 i 3-4 POLR2K wynika ze szkodliwego,
potencjalnie letalnego wptywu braku funkcjonalnej formy POLR2K. POLR2K jest
najmniejszg podjednostka polimerazy II RNA, dzielong z polimerazag RNA 1 oraz III; jest
zaangazowana w powstawanie kazdego rodzaju czasteczek RNA oraz wptywa na sktadanie

kompleksu preinicjacyjnego polimerazy 111 RNA.

W celu weryfikacji hipotezy poréwnano wptyw wyciszenia homologow SPAG1
i POLR2K na poziomie catego organizmu. W tym celu przeprowadzono RNAi dla kazdego
z genow w modelu S. mediterranea; organizm ten jest nie tylko wykorzystywany do badania
genoéw rzeskowych, ale jest rowniez opisywany jako alternatywny model do badania
embrionalnie letalnych gené6w w dorostym organizmie. Wyciszenie badanych genow
przeprowadzono poprzez podawanie dsRNA skierowanych przeciwko Smed-spagl lub
Smed-polr2k (jako kontrole uzyto robaki karmione dsRNA przeciwko eGFP), efektywnos¢
wyciszenia potwierdzono na poziomie mRNA. RNAIi Smed-spagl nie wptynela na
morfologi¢ S. mediterranea, ale spowodowata zaburzenie wzoru i pr¢dkosci ruchu robakow;
planarie przemieszczaly si¢ w sposob charakterystyczny dla defektu rzgsek ruchowych, przy
pomocy miegsni (inchworming movement), a predko$¢ ich poruszania byta okoto 3 razy
mniegjsza niz w kontroli (0.354 + 0.065 mm/s i 1.189 + 0.371, odpowiednio; p <0.001).
W przeciwienstwie do Smed-spagl, wyciszenie Smed-polr2k nie wptyneto na lokomocje
robakow, ale spowodowato liczne defekty ciata robakoéw (np. lize tkanki, regresje gtowy),
finalnie prowadzac do ich $mierci. Ze wzgledu na ogromne zdolno$ci regeneracyjne
S. mediterranea zbadano wptyw RNAi Smed-polr2k na regeneracj¢ robakow (dzien po
ostatnim podaniu dsRNA robaki pocieto w celu stymulacji procesu regeneracji). Wyciszenie
badanego genu spowodowato zaburzenie regeneracji robakoéw, co finalnie, podobnie jak
w przypadku niecigtych robakéw, doprowadzito do ich $mierci. W celu lepszego
zrozumienia wptywu wyciszenia Smed-polr2k na fenotyp planarii i odniesienia uzyskanych

wynikow do ludzi, dokonano analizy wyciszenia POL2RK na funkcje zyciowe komorek linii
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HEK293T. Komorki transfekowano oddzielnie przy uzyciu dwéch komercyjnie dostgpnych
SIRNA (POLR2K siRNA_11siRNA_2) celujacych w rézne miejsca eksonu 3 POLR2K (jako
kontrole uzyto rekomendowane siRNA niecelujace w sekwencje kodujace); efektywnos¢
wyciszenia potwierdzono na poziomie mRNA oraz biatka. 48h po transfekcji z uzyciem
POLR2K siRNA_1 i siRNA_2 zaobserwowano wzrost liczby komorek apoptotycznych
w porownaniu do kontroli negatywnej. Ponadto wyciszenie POLR2K z uzyciem obu SiRNA
doprowadzitlo do znacznego obnizenia proliferacji komérek w poréwnaniu do komorek

transfekowanych kontrolnym siRNA.

Uzyskane wyniki pozwolily na potwierdzenie hipotezy, ze brak homozygotycznych
pacjentow z duza delecja wynika z braku funkcjonalnego biatka POLR2K, nie za§ SPAG1
(homozygoty patogennego wariantu w eksonie 16 SPAG1 wystepowaly w badanej grupie
z czestoscig zgodng z oczekiwang na podstawie czestosci allelu w populacji chorych).
Badania z uzyciem S. mediterranea potwierdzity ewolucyjnie zakonserwowang role Smed-
spagl w funkcjonowaniu rz¢sek ruchowych. Wyciszenie Smed-polr2k wykazato, ze gen ten
jest niezbedny do utrzymania homeostazy organizmu, prawdopodobnie poprzez regulacje
obiegu komorek, np. poprzez wplyw na proliferacj¢ dorostych komoérek macierzystych
robaka. Wyciszenie POLR2K w ludzkiej linii komoérkowej (HEK293T) pozwolito na
potwierdzenie wptywu POLR2K na funkcje zyciowe komorek, proliferacje i apoptoze.
Analiza rozktadu genotypdéw u pacjentdw z patogennymi wariantami w genie SPAG1 oraz
uzyskane wyniki sugeruja, ze w przypadku opracowywania terapii, np. w oparciu 0o mRNA,
leczenie pacjentow PCD, u ktorych jednym z patogennych wariantow jest duza delecja
obejmujaca czgs¢ SPAG1 oraz POLR2K, powinno opiera¢ si¢ na przywrdceniu funkcji
SPAGL.

Méj wklad w powstanie publikacji:

e ustalenie koncepcji i1 planu badan

e zabezpieczenie srodkow finansowych

e zaprojektowanie, wykonanie 1 interpretacja doswiadczen z wykorzystaniem
S. mediterranea: analiza in silico, wyciszenie homologa genu SPAG1 i POLR2K
(w tym zaprojektowanie i synteza dsRNA przy uzyciu transkrypcji in vitro),
potwierdzenie efektywnosci wyciszenia na poziomie mRNA (izolacja RNA, synteza

cDNA, gRT-PCR), analiza wptywu wyciszenia obu genéw na fenotyp planarii
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(w tym na lokomocj¢ robakéw), analiza wptywu wyciszenia POLR2K na zdolnosci
regeneracyjne S. mediterranea

e zaprojektowanie, wykonanie i interpretacja doswiadczen z wykorzystaniem ludzkie;j
linii komorkowej: wyciszenie POLR2K w komorkach HEK293T, potwierdzenie
efektywnosci wyciszenia na poziomie mRNA i biatka (izolacja RNA, synteza cDNA,
gRT-PCR, izolacja biatka, Western-Blot), przeprowadzenie testow funkcjonalnych

e pisanie oryginalnej wersji manuskryptu, przygotowanie tabel i rycin

e przygotowanie ostatecznej wersji manuskryptu

e obowigzki autora korespondencyjnego.

Publikacja oraz informacje dodatkowe (zalgczniki) sa dostgpne pod nastepujgcym adresem
internetowym:
https://doi.org/10.1016/j.gendis.2025.101535
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The lack of homozygotes with a large deletion encompassing SPAGI and
POLRZ2K in primary ciliary dyskinesia patients suggests the lethal effect of

the loss of POLR2K protein

SPAGI (sperm-associated antigen 1) is one of over 50 genes whose pathogenic variants
underlie primary ciliary dyskinesia (PCD; OMIMZ244400), an inherited disorder affecting the
function of motile cilia’, highly conserved organelles protruding from the surface of
eukaryotic cells. Pathogenic SPAGJ vanants impair the assembly of dynemn arms, essential
elements of cilia. In a cohort of almost 300 affected individuals with the genetic bases of PCD
explained during our long-term studies, pathogemic variants in SPAGI were found in 60
unrelated patients, making it one of the most frequently involved genes in the Polish PCD
population. Two predominant, previously reported variants'” were a nonsense mutation
¢.2014C>T 1n exon 16, found in both homozygotes and in compound heterozygotes, and a
large 11,973 bp deletion encompassing parts of SPAGI, and of the upstream POLRZK (RNA
polymerase II, I and ITI subumt K). ¢.2014C>T was found mn 27 homozygotes and 31
compound heterozygotes, of whom 28 had the large deletion as the second allele; the large
deletion was found in two more compound heterozygotes, accompanied in trans by rare
pathogenic vanants (Fig. 1A and Table S1, 2). Simular to previous reports'-2, the large deletion

was repetitively found m compound heterozygosity, but no homozygotes were identified.

In our group of 60 SPAGI-PCD patients, ~4 homozygotes with the large deletion are expected
under Hardy-Wemnberg equilibrium; however, none was observed. This difference in the
predicted and observed distribution of genotypes was not statistically significant (chi-square,
P =0.1663). To achieve the statistical power, we added data for 18 Caucasians reported

earlier’? (8 compound heterozygotes carrying the large deletion), and for 25 SPAGI-PCD
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German patients (6 ¢ 2014C=T homozygotes and 19 heterozygotes for ¢ 2014C>T and the
large deletion; Heymut Omran, personal communication). The expected number of the large
deletion homozygotes in the joint group of 103 patients raised to eight (Fig. 1B); with none
observed, the unbalanced distribution of the genotypes was statistically sigmificant (P =
0.006).

The lack of large deletion homozygotes n the combined group of 103 patients suggested a
seniously deleterious effect (presumably lethality) of this genotype. Given that the large
deletion encompasses the C-termunal part of POLR2K i addition to exons 1 and 2 of SPAGI,
we hypothesized that this was due to the lack of functional POLR2K rather than SPAG1
protein. POLRZK represents one of the smallest subunits of RNA polymerase II, shared with
two other RNA polymerases; in consequence, POLRZK 1s mvolved in the RNA processing
machinery and improves RNA polymerase III pre-initiation complex assembly’. To confirm
our hypothesis, we exanuned the effect of RNA mterference-mediated knockdown of
POLRIK at two levels: the whole orgamsm (cihated flatworm, Schmidtea mediterranea), and

cellular (human cell line).

§. mediterranea is used as a model organism to study the functionality of embryonic-lethal
genes in the adult body and cilia-related genes (worms' locomotion depends on motile cihia
covering the ventral side of their body). To compare the phenotypes caused by the deficiency
of Smed-spagl and Smed-poir2k in S. mediterranea, we first performed a Smed-spagl
knockdown. The effectiveness of gene silencing was confirmed using quantitative reverse
transcription PCR (Fig. 1C-left). The worms upon knockdown displayed no morphological
defects, but moved three times slower than controls, using charactenstic inchworming (Fig.

1C-night; supplementary movies 1 and 2).
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In Smed-poir2k-knockdown worms, the relative expression level was also sigmificantly
reduced (Fig. 1D-left). In contrast to Smed-spagl-silencing, the knockdown of Smed-polr2k
led to severe defects of plananan bodies, mcluding tissue lysis and head regression, which
ultimately led to worms' death (Fig. 1D-night). Furthermore, despite the enormous
regenerative capacity of planarians, Smed-polr2k deficiency resulted in disruption of the
regeneration process (the lack of worms' regrowth after cutting) (Fig. S1). On the other hand,
until the point of tissue lysis, no wonms' motility impairment was observed (supplementary

movie 3), indicating the lack of Smed-polr2k nvolvement in motile cilia function.

To better understand the phenotype observed in worms and to relate the obtained results to
humans, the effect of POLR?K knockdown on the vital cell functions was assessed 1n the
human HEK293T cell line transfected in parallel with two siRNAs targeting different regions
of POLR2K exon 3. Quantitative reverse transcription PCR. and western blotting confirmed
the effectiveness of the gene knockdown at both mRINA and protem levels, respectively (Fig.
1E). POLR2K knockdown resulted in a gentle but statistically significant increase in the
number of apoptotic cells (Fig. 1F-left). The cell proliferation was significantly decreased in

the POLRZK-silenced cells compared with the control (Fig. 1F-right).

In the presented study, we examined the hypothesis that the discrepancy between the observed
and expected distribution of haplotypes in SPAGI-PCD patients (the lack of homozygotes
with the large deletion encompassing parts of SPAGI and POLR2K), reflected a haghly
deleterious, possibly lethal effect of the loss of a functional POLR2K rather than of SPAG1
protein. A similarly unbalanced distribution of genotypes has been described for PMM2 gene?

(zero observed versus eight expected p.R141H homozygotes 1 54 Caucasian patients with
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carbohydrate-deficient glycoprotein syndrome type 1A). The authors concluded that this
distribution was probably caused by selection against the homozygous R141H*. It should be
emphasized that the frequency of homozygous pathogenic vanants miroducing premature
STOP codon located 1 SPAGI exon 16 (c.2014C>T) was even higher than expected under
equilibrium, indicating the lack of selection against a homozygous deficiency of the wild-type

SPAGI.

To provide a molecular context to our observation, we analyzed the impact of POLR2K
silencing on phenotypes at the whole organism (planarians) and cellular levels. The dsRNA-
mediated knockdown of Smed-spagl i 5. mediterranea did not affect the viability of the
orgamisms, but as expected, impaired worms' movement, confirming the evolutionary
conserved role of SPAGI in the motile cilia function (previously demonstrated using a
vertebrate model, zebrafish!). In contrast, silencing of Smed-polr2k resulted in a much more
severe phenotype and suggested that Smed-polr2k played an essential role in mamtaimng
body homeostasis by regulating cell turnover, probably through the impact on plananan stem
cell proliferation. Our observations are in line with those in other studies where deleterious
effects of other essential gene knockdowns on 5. mediterranea phenotype have been reported.
For example, RNA interference-mediated knockdown of Argonaute RISC catalytic
component 2 (Smed-ago2)® led to regeneration defects or tissue regression in worms,
ultimately causing their death, demonstrating that Smed-ago? 1s crucial for tissue homeostasis

and regeneration and acts through a regulation of adult stem cell proliferation®.

Our results of siRNA-mediated POLR 2K knockdown n the human cell culture shed light on

the mechanisms of defects observed in the planarian model. They confirmed the essential role
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of POLRZK in the regulation of vital cell functions, manifested by decreased cell proliferation

and mcreased apoptosis upon 1ts knockdown.

Despite the repetitive reports suggesting POLR?K's importance m many cellular processes
(additional discussion), no direct experimental proof of phenotype changes after POLR2K
knockdown has been published. Our findings confirm that POLRZK is necessary for the
functioning of hving orgamsms and suggest that its mfluence on cell turnover 1s exerted
through the regulation of cell proliferation and apoptosis. Moreover, our study provides
evidence that the essential role of POLRZK in vital cell functions 1s evolutionarily conserved.
Finally, these results, together with the earlier studies regarding POLRZK as a hub gene
mvolved in many essential interactions, support our starting hypothesis that the lack of
homozygotes of the large deletion involving SPAGI and POLRZK genes 1s caused by the
lethal impact of the POLRZK deficiency; at the same time, 1t indicates that POLR2K 1s not
directly mnvolved in the PCD pathogenesis. Our findings suggest that potential mRNA-based
therapy for SPAGI-PCD patients with large deletion should be designed to restore SPAGI,

and not POLR?K function.
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Figure 1 The elucidation of the role of POLR2K in the pathogenesis of primary ciliary
dyskinesia (PCD). (A) Scheme of the localization of pathogenic vaniants detected in the
analyzed group of 60 SPAGI-PCD patients. Two frequent deletion are indicated above the
gene scheme: 11,973 bp del: a large 11,973 bp deletion
[NM_005034.4:c.61+201_NM 003114.5:c.140+1169]del. encompassing exons 1 and 2 of
SPAGI (sperm-associated antigen 1) and exons 3 and 4 of POLR2K (RMA polymerase I I
and IIT subunit K) located upstream of SPAG1 in chromosome 8q22 2 (indicated by a
bracket); ¢.2014C>T in exon 16 (NM_003114.5-c. 2014C>T: NP_003105.2:p.GIn672*).
SPAGI exons with pathogenic variants are indicated by numbers. (B) Distribution of SPAG/
genotypes in the combined group of 103 unrelated Caucasian SP4GI-PCD patients. Left
panel: The count of observed genotypes. Right panel: The expected number of genotypes
calculated assuming Hardy-Weinberg equilibrium. The expected number of the deletion
homozygotes i the joint group of 103 SP4GI-PCD patients raised to eight; with none
observed, the difference between observed and expected was statistically significant (P =
0.0066). (C) Analysis of the impact of Smed-spag! knockdown on S mediterranea

movement. Left: Effectiveness of the dsRNA-mediated Smed-spag] knockdown. DsRNA-

111



200

201

202

203

204

205

206

207

208

209

210

21

212

213

214

215

216

217

218

219

220

221

222

223

224

mediated knockdown reduced the relative expression level of Smed-spag! to 27% compared
with control worms treated with dsRNA targeting eGFP (measured by quantitative reverse
transcription PCR. one day after the last administration of dsRNA; #n=4:; ***P < 0.001). Right:
The speed of plananans' locomotion at day 2 after the last admmmstration of dsRINA (1.189 +
0.371 and 0.354 £ 0.065 mm/s, in controls and Smed-spag!-silenced worms, respectively).
Plots show the mean value of biological replicates (n = 10); emror bars indicate standard
deviation; “**P < 0.001. (D) Analysis of the impact of Smed-poir2k knockdown on S
mediterranea’s phenotype. Left: Effectiveness of the dsRNA-mediated Smed-polr2k
knockdown. Quantitative reverse transcription PCR (measured one day after the last
administration of dsRINA) showed a decrease in Simed-polr2k expression level to 14%
compared with control worms; plots show the mean value of biological replicates (n = 4);
error bars indicate standard deviation; **P < 0.01. Right: Examples of worm's phenotype
abnormalities (deformation of body shape, tissue lysis) after Smed-polr2k knockdown,
compared with a control (upper and lower panel: day 3 and 11 after last dsRNA feeding,
respectively); the defects finally lead to worms' death. The first changes m the worm's
phenotype were observed 3 days after the last dsRINA feeding and affected 54% of the worms;
it gradually affected all Smed-poir2k-silenced worms. Scale bar: 1 mm. (E) Efficiency of the
siRNAs-mediated POLRZK knockdown in human cells, 48 h post transfection. Left-
Quantitative reverse transcription PCR. analysis of POLR2K mRNA level POLR2K stRNA 1
and POLR2K siRNA_2 reduced the relative expression level of POLR2K to ~54% and ~78%,
respectively (non-targeting siRINA was used as a negative control). Quantitative reverse
transcription PCR. plots show the mean value of biological replicates (n = 5); error bars
indicate standard deviation; **P < 0.01, ***P < 0.001. Right: Western blot analysis of
POLRZK; at the protein level, the knockdown efficiency was comparable for both siRINAs;

normalized to GAPDH. (F) Analysis of the impact of POLR2K knockdown on vital functions
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in human cells. Left: Apoptosis assay performed using flow cytometry. Percentage of
apoptotic cells: 7.2% and 8.3% 48 h after transfection with POLR2K siRNA_1 and POLRIK
siRNA 2, respectively, compared with 3.9% m the negative control. Plots show the mean
value of biological replicates (1 = 3); error bars indicate standard deviation; "P < 0.05, ""P <
0.001. Right: Cell proliferation rate (assessed using colorimetric assay) was calculated as the
fold change in OD450 for each examined time point in reference to the starting point (0 h):

biclogical replicates, n=3; ““P < 0.001.
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1. Additional Background

Cilia and flagella are highly conserved organelles that form protrusions on the surface of many
eukaryotic cells. Mutations in genes encoding ciliary structural proteins or proteins involved in dlia
biogenesis affect a variety of tissues and organs of the human body and lead to a wide range of diseases
and syndromic disorders named ciliopathies 1. Primary ciliary dyskinesia, PCD (OMIM244400) is a key
example of a hereditary ciliopathy caused by the dysfunction of motile cilia. Multiple clinical symptoms
of PCD (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 PCD patients) reflect the
role of motile cilia in human body . The most cited population frequency of PCD is 1:10,000 to
1:20,000 [e.g. %], but due to the heterogeneity of clinical symptoms its actual prevalence may be higher;
in addition, it differs considerably depending on the population *. PCD is mainly inherited in an
autosomal recessive manner, and is characterized by a high genetic and allelic heterogeneity; until

now, more than 50 genes have been identified to underlie the molecular basis of PCD *7.

SPAG1 (sperm-associated antigen 1) is one of the genes whose recessively inherited pathogenic
variants cause PCD, through impairing assembly of dynein arms, essential elements of the ciliary
structure and function ®, Two most frequent pathogenic variants in SPAG1, originally reported in eight
of ten ® and later in eight more ® unrelated Caucasian PCD patients, are: nonsense mutation in exon 16
(NM_003114.5:c.2014C>T;, NP_003105.2:p.GIn672%), and a large 11,973 bp deletion,
[NM_005034.4:c.61+201__NM_003114.5:c.140+1169]del, encompassing exons 1 and 2 of SPAGI and
exons 3 and 4 of another gene, POLR2K (RNA. Polymerase |1, | and Ill Subunit K} located upstream of
SPAGI1 in chromosome 8q22.2. Of these two variants, c.2014C>T has been described in both

1
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homozygotes and in compound heterozygotes, most frequently with the large 11,973 bp deletion as
the second allele. However, no homozygotes of the large deletion have been reported. The same was
observed in a much larger group of 60 SPAGI-PCD patients reported in our study, and in the German
group of 25 SPAGI-PCD individuals (Heymut Omran, personal communication), prompting us to
examine the basis of this unbalanced distribution of the genotypes. We suspected that the lack of
homozygous patients with the large deletion reflected lethal effect of the loss of a functional POLR2K
rather than of SPAG1 protein. To confirm this hypothesis we examined the effect of RNA interference
(RNAi}-mediated knockdown of POLR2K at two levels: the whole model organism (ciliated flatworm,
Schmidtea mediterranea), and the human cell line. 5. mediterranea is a free-living invertebrate from
phylum Platyhelminthes (flatworms) and it is well known for its remarkable ability to regenerate after
injury or amputation thanks to the presence of numerous adult stem cells (neoblast) . Planarians are
used as an alternative model system for studying the functionality of embryonic lethal genes in the
adult body . They also provide an attractive model to study cilia-related genes, including PCD genes,
because their locomotion (so-called gliding movement) depends on motile cilia covering the ventral
site of their body. Knockdown of genes encoding ciliary proteins results in changes in the speed and

locomotion pattern of worms (the so-called inchworming movement) 12,

2. Materials and methods

Patient samples collection and genetic screening

Patients were classified as PCD in concordance with European guidelines in PCD. The general clinical
evaluation criteria followed the European Respiratory Society recommendations for PCD diagnosis .
The majority of the patients had situs inversus in addition to pulmonary symptoms [see Supplementary
Table 3). Genetic data referred to in the manuscript were collected over many years as a component
of routine hospital diagnostic procedures. DNA isolated form peripheral blood samples collected from
affected individuals was subjected to genetic testing as earlier described . Genetic testing was a
combination of single-strand conformation polymorphism (SSCP) screening, multiplex ligation-
dependent probe amplification (MLPA) analysis and/or whole exome sequencing (WES); detected
variants were confirmed by direct dideoxy sequencing [see Supplementary Table 4 and Sequence
analysis of the pathogenic variants]. All identified pathogenic variants were examined using a variant
validation tool, VariantValidator **, and were classified according to the recommendation of the
American College of Medical Genetics and Genomics (ACMG) and the Association for Malecular
Pathology (AMP) 15,

Schmidtea mediterranea
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An asexual strain of 5. mediterranea planarian, originally obtained from Kerstin Bartscherer (Osnabriick
University, Germany), was kindly provided by Patrick Perrigue [NanoBioMedical Centre, Adam
Mickiewicz University, Poland). Planarians were maintained at 20°C (Binder cooling incubator) in water
culture (1 x Montjuich salts 17). Before experiments, planarians 3-5 mm in length were starved for at

least 7 days.
Human cell line

The HEK293T cell line, a kind gift from Maciej Kurpisz (Institute of Human Genetics, Polish Academy of
Sclences, Poland), was used. Cells were maintained in standard conditions in Dulbecco's modified
Eagle’s medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA} with 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific) and 1% penicillin/streptomycin solution (Sigma Aldrich, St. Louis, MO,
USA), and incubated at 37°C and 5% CO; in a humidified atmosphere (Binder CO; incubator).

RNA interference (RNAI)-mediated knockdown in planarians

Gene knockdown was performed using double-stranded RNA (dsRMA)-feeding method, as described
earlier 1%, DsRMAs were designed based on the available transcriptomic and genomic data deposited in
Planmine database ¥, using the E-RNAI webservice * which provides information on the possible off-
target effect at the dsRNA design stage. DsRNAs of Smed-polr2k (dd_Smed_v6_2720_0_1) and Smed-
spagl (dd_Smed_w6_2532_0_1), hereafter referred to as polr2k and spagl, respectively), were
synthetized using MEGAscript™ T7 Transcription Kit (Invitrogen). OF note, dd_Smed_v6_2532 _0_1
(3145 nt) is annotated as a putative chimeric transcript in Planmine database (accessed on 06 February
2024). To prevent designing dsRMA targeting chimera, homologous transcripts of
dd_Smed_v6_2532_0_1 in other 5. mediterranea transcriptomes deposited in Planmine database
were analyzed; following comparison of the homologous transcripts and predicted gene sequences,
ka_Smed_v1_GCZZ01056363.1 (2315 nt) was used as a template to design and synthesize dsRNA
targeting spagl. Transcripts to be used as a template for dsRNAs synthesis were amplified from asexual
5. mediterranea cDNA using primers tagged with T7 RNA polymerase promotor [see Supplementary
Table 5].

DsRNAs targeting polr2k or spagl were mixed with a homogenized chicken liver and administered to
the worms by repetitive feeding (two times per week for 2 weeks); 10 pg dsRNA mixed with 50 pL of
liver paste per 10 worms were used. As a control, worms were fed with dsRNA targeting eGFP
{enhanced green fluorescence protein) prepared from the pEGFP-C1 plasmid containing eGFP insert.
The plasmid was kindly provided by Maciej Smiatek (Institute of Human Genetics, Polish Academy of
Sciences, Poland). One day after the last feeding, a subgroup of worms treated with polr2k or eGFP

dsRNA were cut to stimulate regeneration process.
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Effects of spagl or polr2k genes knockdown on the worms phenotype were analyzed and recorded
using a stereoscope (Opta-Tech, SK series) with camera. The locomotion speed of worms after spag1
knockdown and control worms (fed with eGFP dsRMA) was measured using Imagel * (ten worms were
analyzed for each condition). Measurement of the speed of planarian’ locomotion was calculated by
dividing the actual distance traveled by a worm (distance traveled minus the length of a worm) by the

duration of the movie.
Transfection of HEK293T cell line

The HEK293T cells at ~ 50% confluence were separately transfected with three siRNAs (Invitrogen,
Carlsbad, CA, USA) at the final concentration of 5 nM; two siRNAs targeting different regions of POLR2K
exon 3 (Silencer™ Select siRNA, 1D 10822 and 10824), and a non-targeting control (Silencer™ Select
Negative Control No. 1 siRNA). Cells were transfected using jetPRIME® transfection reagent (Polyplus-
transfection SA, lllkirch-Graffenstaden, France) according to the manufacturer’s protocol. Transfected

cells were used for RT-gPCR, Western blot and cellular assays (cell proliferation, apoptosis).
RMA extraction and qRT-PCR in HEK293T cell line and 5. mediterranea

Quantitative real-time reverse-transcription PCR (QRT-PCR) was carried out to confirm the
effectiveness of polr2k and spag1 knockdown in 5. mediterranea or POLR2K knockdown in the HEK293T
cell line. RMA was collected one day after the last feeding of worms or 48h after HEK293T cells
transfection. Total RNA was isolated using TRl Reagent (Invitrogen)} and purified from DNA
contaminants using TURBO DNA-free Kit (Ambion) according to the manufacturer's protocols. 500 ng
of RNA was reverse transcribed with RevertAid H Minus First Strand cDNA Synthesis Kit
(ThermoScientific), using oligo{dT} primer to process messenger RNA only. The resulting cDNA was
used as a template in gRT-PCR performed using 7900HT Fast Real-Time PCR System with 96-well block
module (Applied Biosystems), with HOT FIREPol® EvaGreen® qPCR Mix Plus (Solis BioDyne) and primers
designed to target specific mRNAs [see Supplementary Table 5]. The level of house-keeping transcripts,
Smed-gapdh (for worms) or ACTB (for HEK293T), was used as an endogenous control. The relative
guantification of the studied genes’ expression level was performed using a comparative CT (AA CT)
method. All gRT-PCR reactions were performed in three technical replicates for each biological

replicate (four replicates for worms and five replicates for the cell line).
Protein analysis

48 h after transfection, cells were collected and lysed using RIPA buffer with protease inhibitor cocktail
and EDTA (ThermoScientific). Protein concentration was determined using Pierce BCA Protein Assay
Kit (ThermoScientific). Proteins were denatured and separated on 4-20% Mini-PROTEAN TGX Stain-

118



free Gel (Bio Rad). After electrophoresis, proteins were transferred onto 0.45 pm PVDF Low
Fluorescence membrane (Bio Rad). Membranes were blocked using 5% non-fat milk and incubated
with 1:1500 anti-POLR2K (Gene-Tex, GTX132871) or 1:20000 anti-GAPDH (Abcam, ab9485). After
washing, membranes were incubated with 1:40000 anti-Rabbit (Abcam, ab97051) secondary antibody.
Immunoreactive protein bands were detected with Clarity Western ECL Substrate (Bio-Rad) on
Chemidoc Imaging System (Bio Rad). The abundance of POLR2ZK was assessed in reference to GAPDH
using Image Lab 6.0.1 software (Bio Rad). Each experiment was conducted in three biological

replicates. Whole uncropped membrane is shown in Supplementary Figure 2.
Proliferation assay

Cells were seeded on 96-well plate (40,000 cells per well) in culture medium and were transfected 24h
after seeding. The CCK8 test (Cell Counting Kit 8, Sigma Aldrich) was conducted in a time-dependent
manner from 0 to 60 h after transfection. Cells were incubated with 10 pL of CCK8 reagent for 4 h at
37-C. Absorbance was measured using GloMax-Multi+ Detection System (Promega). Each experiment

was conducted in four technical and three biological replicates.
Apoptosis assay

Cells were seeded on 12-well plate (200,000 cells per well) in culture medium and were transfected
24h after seeding. 48 h after transfection, cells were collected and stained with Annexin V-FITC (BD
Biosciences, San Jose, CA, USA). Populations of apoptotic and non-apoptotic cells were detected with
a CytoFlex S cytometer (Beckman Coulter, Brea, CA, USA). Results were analyzed using CytExpert
Software (Beckman Coulter). Each experiment was conducted in three biological replicates.

Representative plots for apoptosis assay are shown in Supplementary Figure 3.
Statistical analysis

The statistical significance of differences between the proportion of genotypes observed and expected

under Hardy-Weinberg equilibrium was calculated using chi-square test.

In the analysis of the relative gene expression level, apoptosis or planarians’ locomotion speed, where
two independent means were compared, data were first analyzed for the normality with Shapiro-Wilk

test, and statistical significance of the difference was calculated using unpaired two-tailed t-test.

In proliferation assays, the statistical significance of the differences between control and POLR2K
siRNAs-treated cells was calculated with a two-way ANOVA using the Tukey post-hoc test. The
statistical significance of the results was evaluated and visualized using the GraphPad Prism version 9

(GraphPad Software).
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3. Additional Discussion

The lack of homozygotes of the large deletion encompassing parts of SPAGI and the upstream POLR2K
has been observed in the earlier studies *°, but was not as obvious due to the smaller number of
reported unrelated Caucasian PCD patients with pathogenic SPAGI variants (n=18). In 60 unrelated
Polish-Slovakian patients with two SPAGI mutations, as well as in the German group of 25 patients,
the lack of homozygotes with the large deletion was striking. The expected number of homozygotes
under Hardy-Weinberg equilibrium in the combined group of 103 Caucasian SPAG1-PCD patients was
eight, while none was observed; this discrepancy between the observed and expected distribution of
haplotypes was highly significant (p=0.0066). A similar distribution of genotypes, with the significant
lack of homozygotes of one of the alleles, has been described in PMM2 gene. In the cohort of 54
Caucasian patients suffering with carbohydrate-deficient-glycoprotein syndrome type 1 with a PMM
deficiency, 43 were heterozygous for R141H variant, but no homozygotes were observed in contrast
to 8 expected under Hardy-Weinberg equilibrium; the authors concluded that this distribution was
probably caused by selection against the homozygous R141H .

It should be emphasized that the frequency of homozygous mutations introducing premature STOP
codon located in SPAGI exon 16 (c.2014C>T) was even higher than expected under equilibrium,
indicating the lack of selection against a homozygous deficiency of the wild-type SPAG1. The possibility
that homozygous truncation at exon 16 was less deleterious than the lack of the full-length protein can
be rejected based on the observation that the compound heterozygote, in whom the large deletion
was combined with the pathogenic variant in exon 2 [c.1A>G, expected to abrogate the start codon
and thus to prevent translation of the whole protein), had a typical PCD phenotype. We hypothesized
that the lack of homozygotes with the large deletion, encompassing exons 1-2 of SPAGI and exons 3-
4 of POLR2K, reflected a highly deleterious, possibly lethal effect of the loss of a functional POLR2K
rather than of SPAG1 protein.

To provide a molecular context to this observation, we analyzed the impact of POLR2K silencing on
phenotypes at the whole organism (planarians) and cellular {human cell line) levels. The dsRNA-
mediated knockdown of spagl in the 5. mediterranea model did not affect viability of the organisms,
but = as expected = impaired worms movement, confirming the evolutionary conserved role of SPAG1
in the motile cilia function, which was also previously demonstrated using a vertebrate model,
zebrafish % In contrast, silencing of polr2k in the same model resulted in a much more severe
phenotype, and suggested that polr2k plays an essential role in maintaining body homeostasis by
regulating cell turnover, probably through the impact on planarian stem cells proliferation. Our

ohservations in the planarian model are in line with those in other studies where the deleterious/lethal
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effects of the knockdown of other essential genes on $. mediterranea phenotype have been reported
[e.g. 1*#*%7]. For example, RNAI-mediated knockdown of the essential gene, Argonaute RISC Catalytic
Component 2 (Smed-ago2), led to regeneration defects or tissue regression in worms, ultimately
causing their death, demonstrating that Smed-ago2 is crucial for tissue homeostasis and regeneration

and acts through a regulation of adult stem cells proliferation 24,

Our results obtained in the human cell culture with siRNA-mediated knockdown of POLR2K shed light
on the mechanisms of defects observed in the planarian model, confirming essential role of POLR2K in
the regulation of vital cell functions, manifested by decreased cell proliferation and increased

apoptosis upon its knockdown.

The essential role of POLR2K is supported by many studies. POLR2K represents one of the smallest
subunits of RNA polymerase |I, shared with two other RNA polymerases; in consequence, POLRZK is
involved in the RNA processing machinery and improves RNA polymerase |l pre-initiation complex
assembly 2. There are reports about the association of this gene with cancer development 23, |ethal
prostate cancer ¥, and predicted breast cancer immunotherapy . Other studies indicate protective
role of POLR2K against liver injury * and its participation in lymphocyte innateness *. In a few reports
POLR2K has been mentioned among hub genes responsible for diverse gene interaction networks: in
chronic kidney disease *, polycystic ovary syndrome *, cancer *, high-altitude hypoxia 2. In the study,
which demonstrated that the high mortality of bovine embryos derived from somatic cell nuclear
transfer is related to the absence of three regulatory networks in the early embryonic stage, POLR2ZK

has been mentioned in the core of one of these networks *.

In spite of the repetitive reports suggesting the importance of POLR2K in many cellular processes,
which is expected given the role of POLR2K in RNA processing machinery, the direct observation of
phenotype changes after RNAi-mediated POLRZK knockdown in a model organism or a human cell line
has not been published so far. Our findings confirm that POLR2K is necessary for functioning of living
organisms and suggest that its influence on cell turnover is exerted through a regulation of cell
proliferation and protection from cell apoptosis. Moreover, our study provides evidence that the
essential role of POLR2K in vital cell functions is evolutionary conserved. Finally, these results, together
with the aforementioned studies regarding POLRZK as a hub gene involved in many essential
interactions, support our starting hypothesis that the lack of homozygotes of the large deletion
involving SPAGI and POLR2K genes is caused by the lethal impact of the POLRZK deficiency.

In view of the fundamental role of POLRZK in the normal functioning of the cell, it is tempting to
hypothesize that its absence is lethal. Similar to earlier suggestions concerning the missing variant in

the PMM2 gene®, it would be interesting to look for the association of the homozygous large deletion
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variant encompassing POLR2K and SPAGI with idiopathic miscarriages; however, the expected

frequency of families, in which both parents are carriers of the large deletion, is very low. Alternatively,

analyzing progeny of a transgenic animal model (e.g. mouse or fish) carrying the heterogenic large

deletion may be the way to confirm a possible |ethality of the homozygous deficiency of POLR2K.

4. Supplementary Tables

Supplementary Table 1. Description of pathogenic variants.

Affected
SPAG1 Evidence of ACMG/AMP
exons Pathogenic variants (genome build: GRCh38)  pathogenicity category
large (11,973bp) deletion, encompassing:
chr8(GRCh38):g.100151617_1001635839del
19 RTINS, verv stron PVS1 null variant -
= corresponding to Y € multiexonic deletion
[NM_D05034.4:¢.61+201 (POLR2K intron 2)_
NM_003114.5:¢.140+1169 [SPAG1 intron 2)]del
9 NM_003114.5:c.1A>G; very stron PV51 null variant -
NP_003105.2:p.Met1 loss of start or splice YSIONE  itiation codon
region variant ™
7 NM_003114.5:c.600_603del; very strong WS: null vt
NP_003105.2:p.T201Rfs* 28 rowet: 258068273 rames
8 NM_003114.5:¢.762_763insAAAA very strong va:r:::?::xm )
NP_003105.2:p.L255Kfs*7 nove!
11 NM_003114.5:¢.1395del; very strong WS: null ":ﬁm i
p.GAGBAfs*2] naw! rames
PS3 acceptor splice
NM_003114.5:c.1436G>A; 5;:':’ e
12 NP_003105.2:p.GA79E; acceptor splice site strong mnfln:e d damag
region novel 1817848540 et o tha gegn:g
product?
16 NM_003114.5:¢.2014C5T; verystrong | oL null variant -

NP_003105.2:p. Q672 =274

nonsense

Available rs numbers are indicated in superscript; “novel” éupersr:ript indicates pathogenic SPAG1
variants not reported before in the context of PCD; 'the disruption of acceptor splice site was

confirmed at the mRNA level [Supplementary Figure 4].

Supplementary Table 2. Distribution of patients’ genotypes in the analyzed group of 60 SPAG1-PCD

patients.
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Observed genotypes

(affected SPAG1 exons)

Number of unrelated individuals with a particular genotype

1.2/16

16/16
16/8
16/11
16/12
1.2/7
1.2/2

28 (including 1 Slovak)

27 (including 6 Slovaks)

e e

Supplementary Table 3. Number of patients with and without situs inversus.

Observed genotypes (affected SPAGI exons)

MNumber of patients with the
presence/absence of situs inversus (Sl)

1_2/16
16/16
16/8
16/11
16/12
1.2/7
1.2/2

20 with SI; 5 without 51; 3 N/A
16 with 5I; 10 without 5I; 1 N/A

1 without SI

1 without Sl

1 without SI
1 with 5l

1 without Sl

N/A- not applicable; no information about Sl in medical information.

Supplementary Table 4. List of primers used for patients samples analysis.

Primers name

Primer sequence

Expected product size [bp]

POLR2K_i2_F tagacctgggttegtecttg
SPAGL_i2_ tttttatttatecgtecttgace
SPAGL1_2_F tggttaccactatccaaatigag
SPAG1_2_R catgcatgggcaaaaaca
SPAG1_7_F cctaagcttggggaacctttt
SPAG1_7_R aaaccccaacaaacatetge
SPAG1_8 F accttaggcttgettgtige
SPAGL1_8 R tggtetttattaatggateetge
SPAG1_11B_F2 ctgaagagccagggcaac
SPAG1_11B_R2  gegectgteattcagga
SPAG1_12 F geccgtettgtaattetggt
SPAG1_12 R ggatcttggatattgeatteac
SPAG1_16_F acagatagccaatctttacctttea
SPAG1_16_R cctcaatcccatcocaagat
Primers for cDNA analysis

SPAG1_ell F CAAGTACTCGGCGGCAAT
SPAG1_el3_R CGCCTCAGAAGAGGTTTCAT
GAPDH_e4_F ACGGGAAGCTTGTCATCAAT
GAPDH_eB_R GGGCCATCCACAGTCTTCT

in sample with deletion:
311
321
281
229
201

247

277

180

382

Lower case — primers in introns; upper case — primers in exons
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Supplementary Table 5. List of primers used for dsRNA synthesis and in RT-qPCR

Primers name

Primer sequence

Primers for dsRNA synthesis
dsRNA_Smed_POLRZK_R
dsRNA_Smed_POLRZK_F
dsRNA_Smed_SPAG1_R
dsRNA_Smed_SPAG1_F
dsRNA_eGFP_R

dsRNA_eGFP_F

Primers for RT-gPCR of worms (Smed)
and human (Hs) samples

TAATACGACTCACTATAGGGEaacacttcaacgaccttcaaa
TAATACGACTCACTATAGGGtcgtctgaagraaaacaagt
TAATACGACTCACTATAGGGttctttttctaacacggeage
TAATACGACTCACTATAGGGaattgecgacgaacttgaga
TAATACGACTCACTATAGGGagttcaccttgatgecgttc
TAATACGACTCACTATAGGGeacatgaageageacgactt

RTPCR_Smed_POLR2K_R ataatgtctttaggettcattteg
RTPCR_Smed_POLR2K _F tgaataattcgtctgaagceaaaac
RTPCR_Smed_SPAG1_R tececattteccgatageat
RTPCR_Smed_SPAG1_F cgattgeaaaagttgtegee
RTPCR_Smed_GAPDH_R cagatcgattacacggeaac
RTPCR_Smed_GAPDH_F atcaaggecgetattaagea
RTPCR_Hs_POLR2K_R cccageattcategageate
RTPCR_Hs_POLR2K_F cctccaaageageaaccaat
RTPCR_Hs_ACTB_R atcttgatctteattgtgetg
RTPCR_Hs ACTB_F cttectgggeatggagtee

The uppercase letters describe the sequence recognized by the T7 RNA polymerase.

5. Supplementary Figures

Contral polrZk{ AMAT)

Supplementary Figure 1. Analysis of the effect of dsRNA-mediated polr2k knockdown on the
regeneration capacity of 5. mediterranea; an example of polr2k(RNAiI) worms regenerated from the
middle part of worm in comparison to a control group at the same time point (7 days post amputation,
dpa); the presented defects of the regeneration process ultimately lead to the death of polr2k-silenced

WOIrms.
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Supplementary Figure 2. Chemiluminescent blot for Western Blot of POLR2K and GAPDH proteins in
HEK293T cell line after POLR2K gene silencing.
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Supplementary Figure 3 Representative plots for apoptosis assay of HEK293T cells after POLR2K siRNA-
mediated knockdown.
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G first position in exon 12

-
38 bp Whp Aup'|

L ol NC

+— GAPDH ex. 4.8 (382 bp)
< SPAGI ex, 13-13 {180 by}

Supplementary Figure 4. Analysis of the effect of a substitution at the first position of exon 12 of
SPAG1. The G>A substitution at the first position of exon 12 (theoretically causing a missense mutation,
p.G479E) from patient’s cDNA disrupted acceptor splicing site, resulting in the lack of a product
amplified with primers located in exons 11 and 13. Legend: M- marker DNA Molecular Weight Marker,
100bp Ladder (Thermofisher], P- patient, Ctrl- healthy control (non-PCD individual), MNC- negative
control (water).

6. Sequence analysis of the pathogenic variants

POLR2K exons 3_4 - SPAG1 exons 1_2
Only sequence of the allele with the large deletion was analyzable using Sanger sequencing

chr8(GRCh38):g.100151617_100163589del; breakpoint: in POLR2K intron 2 (c.614201)} and S5PAG1
intron 2 [l:.140+1159] H

J|,nﬁ1mn1 J,fh il ’~.n nien |’|h| )

large deletion
POLR2K intron 2...5PAGI intron2
AACAGAAAAAAACAAAGCTcgttgagatttcattctetctoctgga.. cacttgtggageatgaactgetttget TTCCAGGACATCTAGAATT

Uppercase: the sequence in the individual with the large deletion.
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SPAGI exon 2

v

LH “ﬁ‘f{lﬁiﬂ W\’T‘ m('lw“ﬂ : W) h

NM_003114.5:c.1A>G

Mﬂu' eV A,

ARRCRARRARGCARTTT

Mw MMMW LS

heterozygote

SPAGI exon 8
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SPAGI exon 11

SPAGI exon 12
+ GARARTIGCAGA
o Vg o A E’\M{\ﬂ[mm
I i
L NM_003114.5:c.1436G>A
heterozygote
SPAG1 exon 16
T§E+|::.G
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NM_003114.5:¢.2014C>T

homozygote
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Whioski

Poszukiwanie nowych wariantow 1 gendw potencjalnie zaangazowanych
w patogeneze PCD, w potaczeniu z potwierdzeniem ich roli w funkcjonowaniu rzesek
ruchowych, stanowi wcigz aktualne wyzwanie badawcze. W niniejszej pracy do
przeprowadzenia analizy funkcjonalnej wybranych gendéw 0 nieznanej, niedostatecznie
poznanej i znanej roli w PCD, opracowano i zastosowano organizm modelowy Schmidtea

mediterranea.

W wyniku przeprowadzonych analiz opisanych w niniejszej rozprawie

sformutowano nastepujace wnioski:

e Schmidtea mediterranea stanowi obiecujacy, ale dotychczas malo wykorzystany
model do przeprowadzenia przesiewowej analizy funkcjonalnej zakonserwowanych
ewolucyjnie gené6w potencjalnie zwigzanych z patogeneza PCD.

e Badanie wplywu wyciszenia gendw na funkcjonowanie rzesek ruchowych jest
bardziej skuteczne przy wykorzystaniu catych, niecietych robakéw niz robakow
pocietych.

e Rola genéw Smed-cfap300, Smed-cfap221 oraz Smed-spagl w funkcjonowaniu
rzgsek ruchowych jest ewolucyjnie zakonserwowana.

e Wyciszenie homologéw genéw CFAP300 i CFAP221 w modelu S. mediterranea
wskazato na ich istotng role w funkcjonowaniu rzesek ruchowych, tym samym
potwierdzono udziat badanych genow w patogenezie PCD.

e Badania z uzyciem S. mediterranea (uzupetnione o badania na ludzkiej linii
komorkowej) potwierdzity hipoteze, ze brak homozygotycznych pacjentow z duza
delecja obejmujaca eksony 1-2 genu SPAG1 oraz eksony 3-4 genu POLR2K wynika
z braku funkcjonalnej formy POLR2K; tym samym wykluczono role¢ POLR2K
w patogenezie PCD.

e Obserwowany wptyw wyciszenia badanych genow na funkcjonowanie rzgsek
ruchowych planarii byt podobny do wptywu patogennych wariantow na funkcje
nabtonka oddechowego u chorych na PCD (silny wplyw wyciszenia Smed-cfap300
I Smed-spagl na lokomocj¢ robakéw byt spdjny ze znacznymi zmianami funkcji
rz¢sek nablonka oddechowego u pacjentow; subtelne zmiany w lokomocji i ruchu
rzesek robakoéw z wyciszonym Smed-cfap221 byly spojne z tagodnym fenotypem

obserwowanym u pacjenta).
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Streszczenie

Rzgski ruchowe sg ewolucyjnie zakonserwowanymi organellami komoérkowymi,
ktore tworzg wypustki na powierzchni wielu komoérek eukariotycznych. Patogenne warianty
w genach kodujacych biatka strukturalne rzgsek lub biatka zaangazowane w ich biogeneze,
prowadzag do rozwoju choréb genetycznych zwanych ciliopatiami. Sztandarowym
przyktadem ciliopatii zwigzanej z dysfunkcja rzesek ruchowych jest pierwotna dyskineza
rzesek (primary ciliary dyskinesia, PCD; OMIM244400). PCD jest rzadkg chorobg
dziedziczong gléwnie autosomalnie w sposdb recesywny, ktorg charakteryzuje duza
heterogennos$¢ genetyczna i kliniczna. Objawy PCD obejmuja m.in. na nawracajace infekcje
drég oddechowych, ucha i zatok oraz ograniczong ptodnos¢ lub bezptodnos¢; ponadto
u okoto 50% pacjentéw z PCD obserwuje si¢ odwrdcenie narzadow ciata.

Chociaz znanych jest aktualnie ponad 50 gendw zaangazowanych w patogeneze tej
choroby, u okoto 30% pacjentow genetyczne podtoze PCD pozostaje nieznane.
Poszukiwanie nowych wariantow i genow odpowiadajacych za wystapienie tej choroby,
w polaczeniu z potwierdzeniem ich roli w funkcjonowaniu rzesek ruchowych, stanowi wcigz
aktualne wyzwanie badawcze. Celem niniejszej rozprawy doktorskiej byto
zoptymalizowanie i praktyczne zastosowanie Schmidtea mediterranea jako organizmu
modelowego do potwierdzenia zwigzku wybranych gendéw z zaburzeniami funkcji rzesek
ruchowych i patogeneza PCD. Ruch S. mediterranea zalezy od komorek wielorzeskowych
nabtonka pokrywajacego brzuszng stron¢ ich ciata; wyciszenie gendéw zwigzanych
z rzgskami objawia si¢ zaburzeniem ruchu robakéw. Chociaz S. mediterranea jest opisywana
jako model do badania rzg¢sek ruchowych, niewiele jest doniesien naukowych opisujacych
uzycie tego organizmu jako modelu in vivo do potwierdzenia roli badanych genow

w patogenezie PCD.

Niniejsza rozprawa doktorska stanowi zbior czterech prac, w ktorych zweryfikowano
mozliwo$¢ uzycia ptazinca (planarii), S. mediterranea, do badania genéw zaangazowanych
w patogenez¢ PCD. Pierwsza publikacja (praca przegladowa) opisuje aktualny stan wiedzy
na temat mozliwo$ci wykorzystania planarii do badania rzgsek ruchowych oraz ciliopatii
zwigzanych z dysfunkcja tych organelli. Pozostate publikacje to prace oryginalne, ktorych
celem bylo potwierdzenie roli zidentyfikowanych patogennych wariantow w genach
CFAP221 i CFAP300 oraz genu POLR2K (ktorego fragment ulega delecji razem z czg¢Scia
znanego genu PCD, SPAG1), w patogenezie PCD.
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W celu potwierdzenia roli badanych genéw w funkcjonowaniu rzesek ruchowych
1 patogenezie PCD, przeprowadzono ich wyciszenie przy uzyciu metody interferencji RNA
(RNA interference, RNAi) w modelu ptazinca. Uzyskane wyniki pozwolity na potwierdzenie
roli CFAP221 i CFAP300 w patogenezie badanej choroby oraz wskazaty na brak
zaangazowania genu POLR2K w PCD. Badania z wykorzystaniem S. mediterranea
udowodnilty ewolucyjne zakonserwowanie roli CFAP300, CFAP221 i SPAG1
w funkcjonowaniu rz¢sek ruchowych. Planarie z wyciszonym CFAP300, SPAG1 poruszaty
si¢ kilka razy wolniej od kontroli, czemu towarzyszyla zmiana wzorca ruchu; efekt
wyciszenia byl podobny do silnego wptywu obecnosci patogennych wariantow na funkcje
komoérek nabtonka oddechowego pacjentow. Wpltyw wyciszenia CFAP221 na
funkcjonowanie rzgsek ruchowych u robakow byl subtelniejszy, zgodny z fenotypem
obserwowanym u pacjenta. Uzyskane wyniki pozwolity na potwierdzenie, ze Schmidtea
mediterranea stanowi prosty, tani i tatwo dost¢pny model do badania genéw potencjalnie

zaangazowanych w patogeneze PCD.
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Abstract

Motile cilia are evolutionary conserved organelles that form protrusions on the
surface of many eukaryotic cells. Pathogenic variants in genes encoding structural proteins
or proteins involved in the biogenesis of cilia lead to a range of genetic disorders collectively
called ciliopathies. A key example of ciliopathy caused by dysfunction of motile cilia is
primary ciliary dyskinesia (PCD; OMIM244400). PCD is a rare disease inherited mainly in
an autosomal recessive manner and is characterized by a great genetic and clinical
heterogeneity. Symptoms of PCD include recurrent respiratory, ear and sinus infections and
reduced fertility or infertility; in addition, in about 50% of PCD patients, situs inversus is
observed.

Although more than 50 genes are known to be involved in the pathogenesis of PCD,
in about 30% of patients the genetic basis of PCD remains unknown. Therefore, the search
for new pathogenic variants and genes responsible for the occurrence of this disease,
combined with confirmation of their role in the functioning of motile cilia, is still a current
research challenge. The aim of this doctoral dissertation was to optimize and practically
apply Schmidtea mediterranea as a model organism to confirm the role of genes associated
with dysfunction of motile cilia and the PCD pathogenesis. S. mediterranea’ movement
depends on multiciliated cells covering the ventral site of the planarian body; knockdown of
cilia-related genes is manifested by changes in worm locomotion. Although planarians are
described as an animal model for studying motile cilia, there is insufficient information in
the literature on the use S. mediterranea as an in vivo model to confirm the role of studied
genes in the pathogenesis of PCD.

This dissertation is a collection of four publications that verify the possibility of using
S. mediterranea to study genes involved in the pathogenesis of PCD. The first publication
(a review article) describes the current state of knowledge on the possibility of using
planarians to study motile cilia and ciliopathies associated with dysfunction of these
organelles. The remaining publications are original papers, the aim of which was to confirm
the role of identified pathogenic variants in the CFAP221 and CFAP300 genes, and the
POLR2K gene (a part of which is deleted, together with part of the known PCD gene,
SPAGL1). In order to confirm the role of selected genes in the functioning of motile cilia and
the PCD pathogenesis, their silencing was carried out using the RNA interference (RNAI)
method in the planarian model. The obtained results allowed to confirm the role of CFAP221

and CFAP300 in the pathogenesis of studied disorder and indicated the lack on involvement
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of POLR2K in PCD. Studies using S. mediterranea have demonstrated the evolutionary
conserved role of CFAP221, CFAP300 and SPAGL in the functioning of motile cilia.
S. mediterranea after SPAG1 and CFAP300 silencing moved several times slower than
controls, which was accompanied by a change in the movement pattern; the effect of
silencing was similar to the significant impact of the presence of pathogenic variants on the
function of respiratory epithelial cells of the PCD patients. The influence of CFAP221
silencing on the function of motile cilia in worms was more subtle, consistent with mild
phenotype observed in patient. The obtained results confirmed that Schmidtea mediterranea
is a simple, cheap and easily accessible model for studying genes potentially involved in the
pathogenesis of PCD.
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Oswiadczenia wspolautorow publikacji

Oswiadczenia wspélautorow Artykulu 1

v 50 LAT
INSTYTUT Poznan, 24.02.2025
GENETYKI CZLOWIEKA

POLSKIE ) AKADEMII NAUK

ul. Strzeszynska 32 mgr Alicja Rabiasz
60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wkiad w powstanie manuskryptu pt. ,,Schmidtea mediterranea
as a Model Organism to Study the Molecular Background of Human Motile Ciliopathies”
Int J Mol Sci. 2023 Feb 24;24(5):4472
Alicja Rabiasz, Ewa Zigtkiewicz

byl nastepujacy:

e ustalenie koncepcji i planu pracy
e przeglad i wybor prac oméwionych w publikacji
e pisanie oryginalnej wersji publikacji

e opracowanie rycin i tabel

Z wyrazami szacunku

i fhe
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v/ S50 LaT
INSTYTUT Poznan, 24.02.2025

GENETYKI CZLOWIEKA

POLSKIE J AKADEMI NAUK

prof. dr hab. Ewa Zigtkiewicz

ul. Strzeszynska 32
60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wklad w powstanie manuskryptu pt. ,,Schmidtea mediterranea
as a Model Organism to Study the Molecular Background of Human Motile Ciliopathies”
Int J Mol Sci. 2023 Feb 24;24(5):4472
Alicja Rabiasz, Ewa Zietkiewicz

byl nastepujacy:

e ustalenie koncepcji pracy
e udzial w pisaniu oryginalnej wersji publikacji i zaplanowaniu rycin
e korekta ostatecznej wersji manuskryptu

e obowigzki autora korespondencyjnego

Z wyrazami szacunku

—
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Oswiadczenia wspolautorow Artykulu 2

> 50 LAT
INSTYTUT Poznan, 24.02.2025

GENETYKI CZLOWIEKA

POLSKIE J AKADEMII NAUK

ul. Strzeszyfiska 32 prof. dr hab. Ewa Zigtkiewicz

60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz.poznan,pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze méj wktad w powstanie manuskryptu pt. ,,CFA4P300: Mutations in
Slavic Patients with Primary Ciliary Dyskinesia and a Role in Ciliary Dynein Arms Trafficking”
Am J Respir Cell Mol Biol. 2019 Oct;61(4):440-449
Ewa Zigtkiewicz, Zuzanna Bukowy-Bierylto, Alicja Rabiasz, Patrycja Daca-Roszak, Alina Wojda,
Katarzyna Voelkel, Ewa Rutkiewicz, Andrzej Pogorzelski, Margarida Rasteiro, Michal Witt

byl nastepujacy:

ustalenie koncepcji i planu pracy
e zabezpieczenie srodkéw finansowych i opieka nad wlasciwa realizacja projektu

e wytypowanie probek DNA pacjentéw o nieznanym podtozu PCD oraz analiza danych z SSCP

i WES; analiza archiwalnych zdje¢ przekroju rzgsek z transmisyjnego mikroskopu
elektronowego “

e analiza haplotypu tta patogennego wariantu genu CFAP300

e interpretacja wynikéw analizy profilu ekspresji wybranych genéw rzgskowych w trakcie
réznicowania komorek nabtonka oddechowego

e pisanie oryginalnej wersji manuskryptu i korekta ostatecznej wersji manuskryptu

e obowigzki autora korespondencyjnego

Z wyrazami szacunku

o e
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v/ S50 LaT
INSTYTUT Poznafi, 24.02.2025

GENETYKI CZLOWIEKA

POLSKIE J AKADEMII NAUK

dr hab. Zuzanna Bukowy-BieryHo, prof. IGC PAN

ul. Strzeszynska 32
60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze mdj wkitad w powstanie manuskryptu pt. ,,CFAP300: Mutations in
Slavic Patients with Primary Ciliary Dyskinesia and a Role in Ciliary Dynein Arms Trafficking”
Am J Respir Cell Mol Biol. 2019 Oct;61(4):440-449
Ewa Zigtkiewicz, Zuzanna Bukowy-Bieryllo, Alicja Rabiasz, Patrycja Daca-Roszak, Alina Wojda,
Katarzyna Voelkel, Ewa Rutkiewicz, Andrzej Pogorzelski, Margarida Rasteiro, Michal Witt

byl nastepujacy:

e udzial w koncepcji i planowaniu badan

e zabezpieczenie Srodkow finansowych

e analiza ruchu rz¢sek komorek nabtonka oddechowego

e hodowla i réznicowanie komoérek nablonka oddechowego w kierunku ciliogenezy, izolacja
RNA z komérek w wybranych punktach czasowych, synteza cDNA

e interpretacja wynikow analizy profilu ekspresji wybranych gendw rzgskowych w trakcie
réznicowania komorek nablonka oddechowego

e udzial w przygotowaniu tabel i figur

e udzial w pisaniu oryginalnej wersji manuskryptu i krytyczny przeglad ostatecznej wersji

manuskryptu

Z wyrazami szacunku
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v 50 LAT
INSTYTUT Poznan, 24.02.2025

GENETYKI CZLOWIEKA

POLSKIE ) AKADEMII NAUK

ul. Strzeszynska 32

mgr Alicja Rabiasz

60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze mdj wkiad w powstanie manuskryptu pt. ,,CFAP300: Mutations in

Slavic Patients with Primary Ciliary Dyskinesia and a Role in Ciliary Dynein Arms Trafficking”
Am J Respir Cell Mol Biol. 2019 Oct;61(4):440-449
Ewa Zigtkiewicz, Zuzanna Bukowy-Bierylo, Alicja Rabiasz, Patrycja Daca-Roszak, Alina Wojda,

Katarzyna Voelkel, Ewa Rutkiewicz, Andrzej Pogorzelski, Margarida Rasteiro, Michal Witt

byt nastepujacy:

udziat w koncepcji i ustaleniu metodologii badan

analiza wplywu obecnosci patogennego wariantu na poziom ekspresji wybranych genéw (RT-
PCR na archiwalnym materiale pacjenta)

udziat w hodowli komérek nabtonka oddechowego

analiza in silico ewolucyjnego zakonserwowania CFAP300 migdzy organizmami
zaprojektowanie, wykonanie i interpretacja do§wiadczen z wykorzystaniem S. mediterranea:
wyciszenie homologa genu CFAP300 (w tym zaprojektowanie i synteza dsRNA przy uzyciu
transkrypcji in vitro), potwierdzenie efektywnosci wyciszenia na poziomie mRNA (izolacja
RNA, synteza ¢cDNA, qRT-PCR), analiza wplywu wyciszenia na funkcjonowanie rzgsek
ruchowych planarii (analiza lokomocji robakéw i ruchu rzgsek)

udziat w przygotowaniu figur i tabel

udziat w pisaniu oryginalnej wersji manuskryptu i krytyczny przeglad ostatecznej wersji

manuskryptu

Z wyrazami szacunku
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GENETYKI CZLOWIEKA

POLSKIF | AKADEMIENALIK

2) S50 Lar
INSTYTUT Poznah, 24.02.2025

ul. Strzeszyriska 32 dr Patrycja Daca-Roszak

60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wkiad w powstanie manuskryptu pt. L, CFAP300: Mutations in

Slavic Patients with Primary Ciliary Dyskinesia and a Role in Ciliary Dynein Arms Trafficking”
Am J Respir Cell Mol Biol. 2019 Oct;61(4):440-449

Ewa Zigtkiewicz, Zuzanna Bukowy-Bieryto, Alicja Rabiasz, P
Andrzej Pogorzelski, Margarida Rasteiro, Michat Witt

atrycja Daca-Roszak, Alina Wojda,

Katarzyna Voelkel, Ewa Rutkiewicz,

byl nastgpujacy:

e zaprojektowanie i wykonanie analizy profilu ekspresji wybranych gendw rzgskowych w trakcie

ciliogenezy (metoda TLDA)

e udzial w pisaniu oryginalnej wersji manuskryptu i krytyczny przeglad ostatecznej wersji

manuskryptu

Z wyrazami szacunku

e - Rorel—
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Poznaf, 24.02.2025

mgr Katarzyna Voelkel

OSWIADCZENIE

Ninigjszym ofwiadczam, ze mébj wkiad w powslanic manuskryptu pt. ,CFAP300: Mutations
in Slavic Patients with Primary Ciliary Dyskinesia and a Role in Ciliary Dynein Arms Trafficking”
Am J Respir Cell Mol Biol. 2019 Oct;61(4):440-449
Ewa Zigtkiewicz, Zuzanna Bukowy-Bieryllo, Alicja Rabiasz, Patrycja Daca-Roszak, Alina Wojda,
Katarzyna Voelkel, Ewa Rutkiewicz, Andrzej Pogorzelski, Margarida Rasteiro, Michal Witt
by nastepujacy:

s przygotowanie probek DNA do analizy WES

analiza DNA pacjentow i wybranych rodzin metoda SSCP i sekwencjonowania Sangera

Z wyrazami szacunku
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INSTYTUT Poznan, 24.02.2025

GENETYKI CZLOWIEKA

POLSKIE ) AKADEMII NAUK
Ewa Rutkiewicz

ul. Strzeszyriska 32
60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wkiad w powstanie manuskryptu pt. ,,CFAP300: Mutations in
Slavic Patients with Primary Ciliary Dyskinesia and a Role in Ciliary Dynein Arms Trafficking”

Am J Respir Cell Mol Biol. 2019 Oct;61(4):440-449
Ewa Zietkiewicz, Zuzanna Bukowy-Bierytlo, Alicja Rabiasz, Patrycja Daca-Roszak, Alina Wojda,
Katarzyna Voelkel, Ewa Rutkiewicz, Andrzej Pogorzelski, Margarida Rasteiro, Michat Witt

byl nastgpujacy:

e przygotowaniu materiatu do badan (izolacja DNA z krwi obwodowej)

7 wyrazami szacunku
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Poznan, 24.02.2025

dr n. med. Andrzej Pogorzelski

Instytut Gruzlicy i Chordb Pluc
Oddzial Terenowy im. Jana i Ireny Rudnikow
w Rabce-Zdroj

OSWIADCZENIE

Niniejszym oéwiadczam, ze moj wktad w powstanie manuskryptu pt. ,,CFAP300: Mutations in
Slavic Patients with Primary Ciliary Dyskinesia and a Role in Ciliary Dynein Arms Trafficking”
Am J Respir Cell Mol Biol. 2019 Oct;61(4):440-449
Ewa Zigtkiewicz, Zuzanna Bukowy-BieryHo, Alicja Rabiasz, Patrycja Daca-Roszak, Alina Wojda,
Katarzyna Voelkel, Ewa Rutkiewicz, Andrzej Pogorzelski, Margarida Rasteiro, Michat Witt

byl nastgpujacy:

e zbieranie i opracowanie danych klinicznych pacjentow
e zabezpieczenie materiatu do badan

e krytyczny przeglad ostatecznej wersji manuskryptu

Z wyrazami szacunku
Elektroniczns podpisany przez:
Andrzej Kazimierz Pogorzelski

Dala:
2025-2-24 141832
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Poznan, 24.02.2025

prof. dr hab. Michal Witt

OSWIADCZENIE

Niniejszym oswiadczam, ze moj wklad w powstanie manuskryptu pt. ( ‘#A/300: Mutations in
Slavic Patients with Primary Ciliary Dyskinesia and a Role in Ciliary Dynein Arms Trafficking”
Am I Respir Cell Mol Biol. 2019 Oct;61(4):440-449
Ewa Zigtkiewicz, Zuzanna Bukowy-Bieryllo. Alicja Rabiasz, Patrycja Daca-Roszak, Alina Wojda,
Katarzyna Voelkel, Ewa Rutkiewicz, Andrzej Pogorzelski, Margarida Rasteiro, Michal Witt
byl nastgpujacy:

e zatwierdzenie koncepcji pracy

e krytyczny przeglad ostateczne) wersji manuskryptu

7. wyrazami szacunku
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Oswiadczenia wspolautorow Artykulu 3

v/ 50 La7
INSTYTUT Poznan, 24.02.2025

GENETYKI CZLOWIEKA

POLSKIE J AKADEMII NAUK

ul. Strzeszyriska 32 mgr Alicja Rabiasz
60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wkiad w powstanie manuskryptu pt. ,,A novel pathogenic
variant of CFAP221 is a cause of a mild form of primary ciliary dyskinesia”
Alicja Rabiasz, Zuzanna Bukowy-BieryHo, Patrycja Kazmierczak®, Hanna Przystalowska-Maciofa®,
Marcin Mikos, Irena Wojsyk-Banaszak, Ewa Zigtkiewicz
“rownorzedny wklad

byl nast¢pujacy:

e udzial w ustaleniu koncepcji; przygotowanie planu badan

e zabezpieczenie Srodkéw finansowych

e analiza wplywu obecnosci patogennego wariantu na poziom ekspresji mRNA i biatka u pacjenta
(w tym izolacja biatka i RNA, synteza cDNA, qRT-PCR, Western-Blot)

e udziat w analizie nasienia pacjenta

e zaprojektowanie, wykonanie i interpretacja do$wiadczen z wykorzystaniem S. mediterranea:
analiza in silico, wyciszenie homologa genu CFAP221 (w tym zaprojektowanie i synteza
dsRNA przy uzyciu transkrypcji in vitro), potwierdzenie efektywnosci wyciszenia na poziomie
mRNA (izolacja RNA, synteza cDNA, ¢RT-PCR), analiza wplywu wyciszenia na
funkcjonowanie rzgsek ruchowych planarii (analiza lokomocji robakéw i ruchu rzgsek)

e pisanie oryginalnej wersji manuskryptu, przygotowanie tabel i wigkszosci figur

e przygotowanie ostatecznej wersji manuskryptu

e obowigzki autora korespondencyjnego

7 wyrazami szacunku
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v/ S50 LaT
INSTYTUT Poznan, 24.02.2025
GENETYKI CZLOWIEKA

POLSKIE J AKADEMIT NAUK

ul. Strzeszyfiska 32 dr hab. Zuzanna Bukowy-Bieryto, prof. IGC PAN

60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igczdman.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wktad w powstanie manuskryptu pt. ,,A novel pathogenic

variant of CFAP221 is a cause of a mild form of primary ciliary dyskinesia”

Alicja Rabiasz, Zuzanna Bukowy-Bierylo, Patrycja Kazmierczak®, Hanna Przystalowska-Maciola’,
Marcin Mikos$, Irena Wojsyk-Banaszak, Ewa Zigtkiewicz

‘réwnorzedny wkiad

byt nastgpujacy:

e analiza ruchu rzgsek komorek nabfonka oddechowego z wymazu oraz hodowli komoérkowe;j

e hodowla i réznicowanie komoérek nabtonka oddechowego w kierunku ciliogenezy

e zaprojektowanie, wykonanie i interpretacja analizy transportu §luzowo-rzgskowego dla hodowli
komorek nabtonka oddechowego

e udzial w pisaniu oryginalnej wersji manuskryptu, krytyczny przeglad i edycja manuskryptu

Z wyrazami szacunku
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o/ S50 LaT
INSTYTUT Poznan, 24.02.2025

GENETYKI CZLOWIEKA

POLSKIE ) AKADEMII NAUK
mgr Patrycja Kazmierczak

ul. Strzeszynska 32
60-479 Poznanh

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igczdman.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wktad w powstanie manuskryptu pt. ,,A novel pathogenic

variant of CFAP221 is a cause of a mild form of primary ciliary dyskinesia”
Alicja Rabiasz, Zuzanna Bukowy-Bieryto, Patrycja Kazmierczak', Hanna Przystatowska-Maciota’,

Marcin Miko$, Irena Wojsyk-Banaszak, Ewa Zigtkiewicz
“réwnorzedny wkiad

byt nastgpujacy:

e przygotowania materiatu do badan (izolacja DNA pacjenta i rodziny z krwi obwodowej)
e analiza DNA metodg PCR i sekwencjonowania Sangera

e udzial w przygotowaniu figur, krytyczny przeglad i edycja manuskryptu

7 wyrazami szacunku
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GENETYKI CZLOWIEKA

POLSKIE ) AKADEMII NAUK

o/ S50 LaT
INSTYTUT Poznan, 25.02.2025

ul. Strzeszyriska 32 dr Hanna Przystatowska-Maciota

60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igcz@man.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wklad w powstanie manuskryptu pt. ,,A novel pathogenic

variant of CFAP221 is a cause of a mild form of primary ciliary dyskinesia”
Alicja Rabiasz, Zuzanna Bukowy-Bierytlo, Patrycja Kazmierczak®, Hanna Przystalowska-Maciola’,

Marcin Mikos, Irena Wojsyk-Banaszak, Ewa Zigtkiewicz
“réwnorzedny wkiad

byt nastgpujacy:
e wykonanie i analiza barwieri immunofluorescencyjnych komérek nabtonka oddechowego

e udzial w przygotowaniu figur, krytyczny przeglad i edycja manuskryptu

7 wyrazami szacunku
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Poznan, 24.02.2025

dr n. med. Marcin Miko§

Klinika Pneumonologii, Alergologii Dzieci¢cej

i Immunologii Klinicznej

Uniwersytet Medyczny im. K. Marcinkowskiego
w Poznaniu

Poradnia Pulmonologiczna dla Dzieci, Vilda Clinic, Poznan

OSWIADCZENIE

Niniejszym o$wiadczam, ze méj wkiad w powstanie manuskryptu pt. ,,A novel pathogenic
variant of CFAP221 is a cause of a mild form of primary ciliary dyskinesia”
Alicja Rabiasz, Zuzanna Bukowy-BieryHo, Patrycja Kazmierczak', Hanna Przystatowska-Maciota’,
Marcin Miko$, Irena Wojsyk-Banaszak, Ewa Zigtkiewicz
’r()wnorzc;dny whktad

byt nastgpujacy:

e zbieranie i opracowanie danych klinicznych pacjenta
e zabezpieczenie materialu do badan

e krytyczny przeglad ostatecznej wersji manuskryptu

Z wyrazami szacunku

dr n. med. Marcin Miko$

lekarz specjalista pediatrii
chorgb ptuc dzieci
50 Zfi 7
( U0,
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Pozna, 24.02.2025

dr hab. med. Irena Wojsyk-Banaszak

Klinika Pneumonologii, Alergologii Dziecigeej

i Immunologii Klinicznej

Uniwersytet Medyczny im. K. Marcinkowskiego
w Poznaniu

OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wkiad w powstanie manuskryptu pt. LA novel pathogenic
variant of CFAP221 is a cause of a mild form of primary ciliary dyskinesia”
Alicja Rabiasz, Zuzanna Bukowy-BieryHo, Patrycja Kazmierczak', Hanna Przysta’towska—Macio%a‘,
Marcin Mikos, Irena Wojsyk-Banaszak, Ewa Zietkiewicz
*réwnorzedny wkiad

byl nastgpujacy:

o udziat w zbicraniu i opracowaniu danych klinicznych pacjenta

o krytyczny przeglad ostatecznej wersji manuskryptu

7 wyrazami szacunku

r hab. n. med. lrena p]sykfﬁar,:m!
BN, 'peci’mkla‘ﬂedialrh@em

chordb puc dzieci | alergologh
6390183
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OSWIADCZENIE

Niniejszym o$wiadczam, ze moj wklad w powstanie manuskryptu pt. ,,A novel pathogenic
variant of CFAP221 is a cause of a mild form of primary ciliary dyskinesia”
Alicja Rabiasz, Zuzanna Bukowy-BieryHo, Patrycja Kazmierczak®, Hanna Przystatowska-Maciota”",
Marcin Miko$, Irena Wojsyk-Banaszak, Ewa Zigtkiewicz
“rownorzedny wklad

byt nastgpujacy:

e ustalenie koncepcji badaf

e zabezpieczenie srodkéw finansowych i opieka nad wlasciwg realizacja projektu

e udzial w interpretacji wynikow badan

e udzial w pisaniu oryginalnej wersji manuskryptu, redagowanie i korekta ostatecznej wersji
manuskryptu

e obowigzki autora korespondencyjnego

Z wyrazami szacunku

158



Oswiadczenia wspolautorow Artykulu 4

2 B0 Lax
INSTYTUT Poznan, 24.02.2025

GENETYKI CZLOWIEKA

POLSKIEJ AKADEMII NAUK

ul. Strzeszyriska 32 mgr Alicja Rabiasz
60-479 Poznan

tel. +48/61/657 91 00
fax +48/61/823 32 35
e-mail: igczl@man.poznan.pl

www.igcz.poznan.pl

OSWIADCZENIE

Niniejszym o$wiadczam, ze méj udziat w powstaniu manuskryptu pt. ,, The lack of homozygotes
with a large deletion encompassing SPAG 1 and POLR2K in primary ciliary dyskinesia patients suggests
the lethal effect of the loss of POLR2K protein”

Genes & Diseases, https://doi.org/10.1016/j.gendis.2025.101535
Alicja Rabiasz, Monika Drobna-$ledzinska, Patrycja Kazmierczak, Michal Witt, Ewa Zietkiewicz
byt nastepujacy:

e ustalenie koncepcji i planu badan

e zabezpieczenie srodkéw finansowych

e zaprojektowanie, wykonanie i interpretacja doswiadczen z wykorzystaniem S. mediterranea:
analiza in silico, wyciszenie homologa genu SPAGI i POLR2K (w tym zaprojektowanie i
synteza dsSRNA przy uzyciu transkrypcji in vitro), potwierdzenie efektywnoéci wyciszenia na
poziomie mRNA (izolacja RNA, synteza cDNA, qRT-PCR), analiza wptywu wyciszenia obu
gendéw na fenotyp planarii (w tym na lokomocj¢ robakéw), analiza wplywu wyciszenia
POLR2K na zdolnoéci regeneracyjne S. mediterranea

e zaprojektowanie, wykonanie i interpretacja doswiadczen z wykorzystaniem ludzkiej linii
komérkowej: wyciszenie POLR2K w komoérkach HEK293T, potwierdzenie efektywnosci
wyciszenia na poziomie mRNA i biatka (izolacja RNA, synteza cDNA, qRT-PCR, izolacja
biatka, Western-Blot), przeprowadzenie testow funkcjonalnych

e pisanie oryginalnej wersji manuskryptu, przygotowanie tabel i figur

e przygotowanie ostatecznej wersji manuskryptu

e obowigzki autora korespondencyjnego

7 wyrazami szacunku

s g
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OSWIADCZENIE

Niniejszym o$wiadczam, ze mdj udziat w powstaniu manuskryptu pt. ., The lack of homozygotes
with a large deletion encompassing SPAG1 and POLR2K in primary ciliary dyskinesia patients suggests
the lethal effect of the loss of POLR2K protein”

Genes & Diseases, https://doi.org/10.1016/j.gendis.2025.101535
Alicja Rabiasz, Monika Drobna-Sledzinska, Patrycja Kazmierczak, Michat Witt, Ewa Zigtkiewicz

byt nastgpujacy:

e udzial w przeprowadzeniu i analizie wynikow funkcjonalnych testow komérkowych, udziat w
potwierdzeniu efektywnosci wyciszenia na poziomie biatka (Western Blot)

e krytyczny przeglad i edycja manuskryptu

Z wyrazami szacunku
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OSWIADCZENIE

Niniejszym o$wiadczam, ze moj udziat w powstaniu manuskryptu pt. ,,The lack of homozygotes
with a large deletion encompassing SPAG I and POLR2K in primary ciliary dyskinesia patients suggests

the lethal effect of the loss of POLR2K protein™

Genes & Diseases, https://doi.org/10.1016/j.gendis.2025.101535
Alicja Rabiasz, Monika Drobna-Sledzinska, Patrycja Kazmierczak, Michal Witt, Ewa Zigtkiewicz

byt nastepujacy:

e udzial w przygotowaniu materiatu do badan (izolacja DNA) i w genotypowaniu pacjentow
e analiza wplywu obecnosci patogennego wariantu na poziom ekspresji mRNA (RT-PCR na

archiwalnym materiale pacjenta)

e  krytyczny przeglad ostatecznej wersji manuskryptu

Z, wyrazami szacunku
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prof. dr hab. Michal Witt

OSWIADCZENIE

Niniejszym oswiadczam, ze moj udzial w powstaniu manuskryptu pt. , The lack of homozygotes
with a large deletion encompassing SPAG 1 and POLR2K in primary ciliary dyskinesia patients suggests
the lethal effect of the loss of POLR2K protein”

Genes & Diseases, https://doi.org/10.1016/j.gendis.2025.101535
Alicja Rabiasz, Monika Drobna-Sledzinska, Patrycja Kazmierczak, Michal Witt, Ewa Zigtkiewicz
byt nastgpujacy:

e udzial w nadzorowaniu realizacji projektu

o krytyczny przeglad ostatecznej wersji manuskryptu

7 wyrazami szacunku
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OSWIADCZENIE

Niniejszym o$wiadczam, ze moj udziat w powstaniu manuskryptu pt. ,, The lack of homozygotes
with a large deletion encompassing SPAGI and POLR2K in primary ciliary dyskinesia patients suggests
the lethal effect of the loss of POLR2K protein”

Genes & Diseases, https://doi.org/10.1016/j.gendis.2025.101535
Alicja Rabiasz, Monika Drobna-Sledzifiska, Patrycja Kazmierczak, Michat Witt, Ewa Zigtkiewicz

byt nastgpujacy:

e ustalenie koncepcji i planu badan

e zabezpieczenie srodkow finansowych i opieka nad whasciwa realizacjq projektu
o analiza rozkladu genotypdw u pacjentow

e udzial w interpretacji wynikow badan

e udzial w pisaniu oryginalnej wersji manuskryptu, korekta ostatecznej wersji manuskryptu

e obowigzki autora korespondencyjnego

7 wyrazami szacunku
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