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The distal tip of the cilium/flagellum, also known as the ciliary tip domain (CTD), is critical
for the structure and function of the eukaryotic ciliuffihe limitedknowledge of its protein
constituents hinders a better understanding of the domaim this thesis, we set out to
verify the localization of a subset of knowrammalian CTPBonstituentsand to assesthe
localization of candidate CTD proteins, ortholog&/hbich localize to the tip of the flagellum

of evolutionary distanprotozoanTrypanosoma brucei

Using our localization pipeline, we identified two protethat robustly localize to the CTD

of the primary cilium. One of these proteif€C2HC1C)n additon, also localizes to
stationary foci along the axoneme, positions of which coincide with sites of intraflagellar
train pausing and turning. We hypothesize that these may be ends ofdistdlly

terminating axonemal microtubules.

We furthershowthat the protein ULK4 localizes to the CTD of motile ependymal cilia but
not to the CTD oprimary cilia consistent with previously published phenotypes in ULK4
depleted mice and exemplifying differencegliie composition of CTDs of the two types of
cilia.

Finaly, we demonstratethat Expansion microscopy, a rapid and robust susolution
technique, is well suited for ultrastructural and localization studies of CTDs of both

mammalian cilia and. bruceflagella.
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The eukaryotic cilium/flagellum (interchangeable terms) represents an evolutionarily
conserved organelleThe dium, once considered a vestigial organellss now in the
spotlight. Over the lagivo decades, the research field of ciliary biology boomdthcigh

a large body of knowledge of cilium biology was obtainedising protists and later
Caenorhabditis eleganas models nowadays, mammalian experimental systems have
been receiving more and moegtention. Thisismainly because of agver-growing number

of newly discoverectilium functionsin human physiology and pathophysiologgilia,
however, fulfill essential sensingsignaling,and motility functiors from singlecelled

eukaryotego complex metazoans.

Although cilia of individual cell typesare structurally adapted to fulfi their distinct
functions, the overaltytoskeletaktructure is evolutionary well conservedonsistent with
the notion that cilium was already present in the last eukaryotic common ancestor

(CarvalheSantos et al., 2011)

In the following chaptes, | will summarize thecurrent knowledgeof the structure and

function of the mammaan cilig with a particular focus on the ciliary tip.

Mammalian cilia

Mammalian ciliacan bedivided based on their structure and function into two main
groups: primary cilig usually a single, nemotile cilium per cell, and motile cil@atens to
hundreds of beating cilia per cell. Ciliary length usually ranges betwe&f um andheir
diameter between 200300 nm. However, cilia of specific cell types, such as human sperm
or murine olfactory sensory neurons are much longer, reaching up to 50148dum,

respectively(Mossnan et al., 2013; Williams et al., 2014)

Primary cilium function

Theterm primarycilium (PC) wasoinedby SergeBSorokinin 1968. He observed that fetal
cells of developing rat airway epithelium generate the PC before the motilg8oi@kin,

1968) The PC can bermedby many cell types of the human bodjhePC sensesignals
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from the extracellular miliewand transduces them to a cellular response. The PC is
capable of hemosensation mechanosensationand ight perception (for review, see

Anvarian et al., 2019)

i/  Chemosensation. Thantraciliary space confined within the ciliary membrane
concentraes intracellular domains of transmembrane receptors, secondary messengers

(for example, cCAMP, €%, and other signaling components. The signaling pathway best

known for its direct link totie cilia is the Sonidedgehog (Shipathway(Huangfuet al.,

2003) However, in recent years, an association of cilia with many other signaling pathways

have emergedsuch asanonical and noncanonic#nt, Notch mTOR, Hippo, -@rotein

coupled receptor (GPCR) signalifigr review, see Anvarian et al., 2019)The PC was

recently also associated witlihe regulationof 3t dzO2 &S K2 Y-8ell dighalidagh a QDA |
(Hughes et al., 202@y with lymphatic vessel developme®aulson et al., 2021)

il Mechanosensation. The R@n sensehe extracellular fluid flowinducedshear stress in
multiple organs. Examples are the sensation of blood flow by cilia ofvéiseular
endothelium urine flow by cilia of the renal epithelium or sensation of fluid flow during

embryonic development of feright determination (for review, seBauli et al., 2013)

iii/ Light perception.Mammalian rod and cone cells possess a highdglified sensory
cilium. lItis called the connecting cilium asitS LI NI} § Sa GKS LIK2 G2 NBOS LI ¢
segments andulfills the high demand for material trafficking between the two segments

(for review, sedVensel et al., 2021)

Primary cilium structure
The cytoskeletal scaffold dhe PC isthe axoneme Figure }, the microtubulebased
structure that stems from the membrar@nchored basal bodyB8).The BB (modified
mother centriole of thecentrosome) is a barrdike structure of nine radially arranged MT
triplets and aarge number of other proteindt serves as microtubuleorganizing center
and ahub for concentrating ciliary constituents and regulatofesrming the secalled

pericentriolar material.
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Tip domaln

Distal segment

Proximal segment

Figurel. Schematic structure of the mammalian primary ciliunmdividual structures and

membraneregionsare labeled. The axoneme of tfCwith color-coded MTs tapers toward the
ciliary tip. Corresponding crosections are shown on the right. Only a few singlets and/or

doublets reach theip of the axoneme. Longitudinallyhe axonemeis divided intothe proximal

and distal segment (adapted froBun et al., 2019)
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The docking of the BB to tiasmamembrane idacilitated by distalappendages (DAP),
sometimes referred to as transition fibers, which form a pinwHéel structure consisting

of nine DAP blades and a DARtrix (Yang et al., 2018The transition region between MT
triplets of the BB and MT doublets of the axoneme is called the transition zone (TZ). The
TZ serves as a selective gapatrolling the protein composition of the ciliary compartment
(Goncalves and Pelletier, 2011 addition, his region contains socalled Ylinks that tether

the most proximal part of MT doublets to the ciliary membrane. TZ also functions as a
docking site for assembling intraflagellar transport (IFT) part(skss chapteintraflagellar
transport, preprint van den Hoek et al., 202I)hemost distalpart of the ciliumis cdled

the tipdomain Eigure ). A separate chapter is dedicated to this small yet essential region

(see chapteCiliary tip domain

Although the ciliary membrane is continuous with the plasmambrane, ithas adistinct
protein and lipid composition (for review, seeMykytyn and Askwith, 2017)Therefore,
cilium-specific membrane proteins areteh used as cilia markers, for example, the widely
used small GTPase ARLIBBrkins et al., 2011)The specific phospholipid composition
pattern withinthe ciliary membrane was shown fphosphatidylinositol 4,%isphosphate

(PIP2)which is gradually reduced toward the ciliary (gtilling et al., 2022)

Another membranedomain in the BB vicinity is the ciliary pockélso known as the
periciliary membrane), an invagination of the plasma membrane around the proximal part
of the cilium(C A 3 dzNEe ciliary pocket was observed both in PC and madtite The
depth of the ciliary pocket varies significantly among the different cell types. While the
cultured MDCKII or IMCD3 cells have shallow ciliary pockets, the #RFERITcells have a
deep ciliary pockefMolla-Herman et al., 2010)he ciliary pocketlays a critical role during
ciliogenesis and ciliary membrane remodelifttgs associated with the actirytoskeleton

and is enriched in dynamic clathraoated pits(Molla-Herman et al., 2010)Recentdata
suggest hat the ciliary pocket mightlsoregulate exo/endocytosis even{RiveraMolina

et al.,, 2021; Volz et al., 2021)ence, both mrphology and function of this cilitm
associated membrane region in mammals resemble the flagellar pocket found in protists

(Molla-Herman et al., 2010)
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Structure of the primary cilium axoneme
The axoneme of PC consists of mmerotubule (MT) doubletsThe axonemal MT doublets
are oriented in a parallel mannewjth their minus endsat the BB and plugnds oriented
toward the ciliary tipEach doublet comprisescamplete Atubule (13 protofilaments) and
an attached incomplete Bibule (10 protofilaments). Anemal tubulin is post
translationally modified mainly by acetylation, glutamtybn, andglycylation Thepost
translationalmodifications together with specific tubulin isotypebaveimplicationsfor
ciliary stability andfunction (JenserSmith et al., 2003or review, seeWloga et al., 2017;
Janke and Magiera, 202dp addition, a group of soalled microtubule inner proteis
(MIPs) arebound tothe inner surface of the axonemal MTdnlike MIPs in flagella &.
reinhardtii, which are abundant and bound to MT inner watigrecise positionsPC MIPs
seem sparse and with no walefined positions(Owa et al., 2019; Kiesel et al., 2020)
Hence, it is unclear whether they can significantly contribute to regulating stability of PC
axonemal microtubules, which is the role of MIPs in the flagel@ oéinhardti{lchikawa

et al., 2017; Owa et al., 2019)

The presence of-&ctin along the PC axoneme was recently observed in cultured canine
kidney epithelial cells. How does the presence of thactfin affect the mechanical

properties of the PC and what is its function remain unc({&esel et al., 2020)

The classical textbook view o symmetricaB+0 MT doublet arrangement of the
mammalian P@xonemehas not been fully supported bja¢ evidencerovided byelectron
microscopy since themid-1970s (Beertsen et al., 1975; Meidfismara et al., 1979)
Nevertheless only the receniy published3D reconstruction of PC axonemal structure
obtained by electron microscopwmogrgohy made thisdiscrepancy more prominergun
et al., 2019; Kiesel et al., 2020 was shown thatridividual MT doublets arat various
points abng the cilium length reduced to singlets by termination @fiBules.Moreover,

a majority of Atubules also terminateorior to reaching thetip of the cilium, with only
severalMT doublets and/or singletsxtendingto the very tip(Kiesel et al., 2020; Rogowski
et al., 2013; Sun et al., 2019n addition, in a short distance from the BB, the radial
symmetry of 9 doublets collapses Ippsitioning one or two doublets in the central

axonemal cavityFigure ). This specific arrangement is denoted ag@Glenz et al., 2010)
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It has been previously established that axonemes of sensory clia&iagansalso deviate

from the simple 9+0 arrangement, as they are longitudinally divided into the middle and
distal segment. While the middle segment consists of MT doublets and is enriched-in post
translational modifications, the distal segment comprises MT sindliegdis et al., 2007\
recentstudy also describes similar segments in mammalian PC, where the middle segment
is referred to as the proximal segment and is defined by being enriched in polyglutamylated
tubulin (Figure ). Depletion of certain cytoskeletal regadeis has differential effects on

the length of each segmeiriKanamaru et al., 2021)

A unique type of motile PC with a 9+0 MT arrangement can be found in the embryonic
node. This transient embryonic cavity thatiins at the end of the developing notochord is
responsible for lefright asymmetry determination. Nodal cilia employ dynein arms to beat
in a clockwise rotary pattern and generate a leftward flow of extraembryonic ({iNothaka

et al., 1998}o direct activation of the Nodal signaling pathway (for review, Basgupta

and Amack, 2016)nterestingly, a very recent study suggests gluategendent motility

of the primary cilia of pancedic beta cells. The axonemal architecture of this solitary cilium

is 9+2 preprint Cho et al., 2021)

Motile cilia
The motile cilia are organelleapable of an active periaddwhiplike motion called beating
and arefound onthe surface of specialized epithelial cells called multiciliated cEfis.dia
of multiciliated cells beat in a coordinated and polarized manner in order to generate the
propulsive force required forfundamental physiological functionssuch asi/ the
cerebrospinal fluid flow in the brain ventricles and spinal cord, ii/ the mucociliary clearance
in the respiratory system, iii/ directional movemeat the ovumin the oviduct/fallopian
tubes for review,see(Brooks and Wallingford, 201Moreover, thesperm flagellum is a

special solitary motile cilium essential for directional swimming.

The essential process of multiciliogenesisBB amplificationThere are two described
pathways, a classical centrietkependent andde novocentriole independent The first
pathway involves centrosomal centrioles for templating procentriole biogenesis. The latter
pathway employs spherical, eleoh-dense structures called deuterosomes, which serve

as a platform for procentriole assembMulticiliated cellsutilize both centrioledependent
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and deuterosomelependert BB assemblyAl Jord et al., 2014, for review, see Meunier
and Azimzadeh, 2016)

The axonera of the motile cilium consists of 9 radially arranged MT doublets and the
central pair of MT singlets (9+2 arrangemgenthese additional singletwiginate at the
distal end othe TZ ad extendwith their plus ends pointingpward theciliarytip. Similar

to PC, tubulirof the motile cilium axonemes heavilypost-translationally modified. It was
recently shown thatubulin glycylation of the sperm axonemal MTs controls axonemal
dynein activity and flagellar begGadadhar et al., 2021¢ompared to PGhe axoneme of
the motile cilia contais additionalprotein complexegequired forgeneration of power for
beating These include inner and outdynein arms, radial spokes, nexdgnein regulatory
complex, and the central pair compléxgure 2. The bendingf the cilium and thereby its
motility is accomplished bhe regulated action obuter and inner axonemal dynein arms,
which slide adjacentloublets relative to oneanother (Gibbons, 1963)The slidings
constrainedby nexin linksbetween adjacenMT doublets by anchoring of doublets in the
BB (for review, se&atir et al., 2014pand by their connection at the tigDentler and

Lecluyse, 1982)

() Doublet microtubules
(O central pair microtubule
~*  Outer dyneln arm

Inner dyneln arm

Radlal spokes

Figure 2. Schemats of the crossection of the mammalian motile cilium with a typical

9+2 MT arrangemenfadapted fromCroft et al., 2018)

Intraflagellar transport

IFT trains arenegadaltonsize heteremultimeric complexes that drive the fdirectional

transport of materiabetweenthe BBandthe ciliary tip. IFT provides a sufficient quantity
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of new materialfor axonemal construction and also facilitates turno2eF 2 f R®Y L f S NA |
I RRA (NP y a3abdh-Btdictural proteins, such as receptors and effectoridf 3y | £ A y 3
LI (i K éklozninski et al., 1993)

The IFT trains are positioned beegn the ciliary membrane and the axoneme, with
axonemal MTs serving as tracksvo major types of IFTs were describedanterograde

IFT, i. e. moving toward the tip, with its motility driven by het&timeric kinesirrll motors
(KIF3AKIF3BKAP) that are connected to the cargo by protein adaptor-BBparticles, ii/
retrograde IFT, i. e. moving toward the BB, which is powered bghthein2 motors, linked

to the cargo by protein adaptor IFA particles Kozminski et al., 1993, 1995)he
movement of these molecular motors is fueled by hydrolg§i&TP. The velocity of the IFT
trains differs among model organisms and cell lines. In mammals, anterograde trains move
at approximately0.25¢ 1.2 um/s and retrograde trains argpicallyslowerby 0.2¢ 1 um/s
(Broekhuis et al., 2014; He et al., 2014; Ishikawa and Marshall,.2015)

Most of the current knowledge on how complex IFT traffic is orchestrated originates from
non-mammalian model organisms. Much insight was recently provided baradwa crye
electron microscopy and cryalectron tomography orChlamydomonas reinidtii and
singlemolecule fluorescent microscopy d. elegansBoth IFFA and IFB particles are
complexes of specific sets of proteins that function as scaffold and adppateins of the

IFT trains. The assembly of the IFT trains occurs at TZ, where-@yhE®A particles, and
cargo proteins are loaded onto an array of tens of-BFparticles bound to kinesifis
motors (reprint van den Hoek et al., 2021)o avoid the tugpf-war situation between
kinesin and dynein motors, dynelhmolecules bind to the IFB particles in an auto
inhibited conformation, and theiMT-binding domains are not in close proximity MTs

during anterograde motilityJordan et al.2018)

Notably, the anterograde IFT in sensory ciliaCotlegansis operated by two different
kinesin motor proteins. The hetefioimeric kinesinll operates in the middle segment
where MT doublets are present, while the transport in the distal segnmeade of MT
singlets is driven by homdimeric OSM3 kinesin, an orthologue of mammalian protein
KIF17Snow et al., 2004; Prevo et al., 2015)

Asanl|FT train reaches the ciliary tipC elegans it disassemblesito IFFA, IFTB, dynein
2, and OSMB kinesin. The turnaround time of these components at the tip varies. While
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someof them turn around immediately, OSB| a component of the IFB particles, dwells
at the tip for several secondMijalkovic et al., 2018 5ubsequently, thB=FA proteins with
active dyneir2 motors bindthe cargo proteingo form the retrograde train Thekinesinl|

is actively carried to thé8Bby IFT which also applies tmammalian cell§Williams et al.,

2014; Mijalkovic et al., 2017)

Similarly, once the anterograde train reaches the flagellum tig.ireinhartii, one of the
subunits of kinesil motors is phosphorylated bgalciumdependent protein kinasd,
which likely causes its dissociation from the-B-frain(Liang et al., 2014)l'he individual

IFT constituents then dwell at the tip for 1 to 3.5 seconds. Next, individual proteins-of IFT
A, IFTB complexes, and dynelh remain partially associated and fragment into several
retrograde traindWingfidd et al., 2021)n contrast to the situation i. elegandescribed
above, inC. reinhardtiifree kinesinll motors are passively transported by diffusion from

the tip back to the TZ, where they are recyc(&thien et al., 2017)

One intriguing problem stemming from the-thirectional IFT transport is how are collisions
between anterograde and retrograde IFTs prevented. It was demonstrated th@t in
reinhardtii flagellum the axonemal MT doublets serve as a bidirectional railway. The
anterograde trains are exclusively associated wiiliiles and the retrograde trains with
A-tubules (Stepanek and Pigino, 201&Jowever, this elegant solution cannot be directly
applied to mammalian P@nd other types of cilia, where a significant part of the cilium
consists of Aubules only(Sun et al., 2019; Kiesel et al., 2028w IFT machary operates

in the distal segment of PC remains an open question.

Relatively little is known about how cargo associates with the IFT particles, but it has been
generally assumed that these interactions are mediated via adaptor proteins. The best
studied xample ighe hetero-octameric adaptor complesalled BBSome (named after the
ciliopathy BardeBiedl syndromeBBS see below). It operates within the cilium, linking
particular transmembrane cargseto the IFT particle complexes and facilitates their
trafficking into and out of the P@lachury et al., @07) In addition, several cargo adaptors
specific for certain cargoes were identified (for review, $&gino, 2021) So far, no
universal ciliary localization signal has been discovered. Therefore, it has been
hypothesized that ciliary proteins may also use adaptor complexgss$s through the TZ

gate. However, it appears that an equally important transport mechanism to and out of the
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cilium is diffusion (for reviews on ciliary transport processesNasghury and Mick, 2019;
Jordan and RBino, 20219 { S@SNJ f LINRtibGliA ghd KinesinyKO- 7daikeiey 3
described in mammalian PC to partially utilize diffusion, especially for the retrograde

movement(Luo et al., 2017)

Due to being an integral part of the ciliary machinery, mutations in IFT proteins cause a
spectrum of related disorders (for a review, deigino, 2021)As expected, mutations in
mammalian IFIB constituents often result in the absence of cilia. On the other hand,
mutations in retrograde IFA constituents usually manifest in shorter cilia with swollen
tips due to material accumulation (for review, sé&ang et al., 2021 Ciliarelated diseases

are discussed in more detail in the following chapter.

Ciliopathies
Ciliopathies are human genetic disorders caused by dysfunction of primary cilia, motile cilia,
or both. Due to the omnipresence of cilia in the human body, most of the pathological
mutations of the ciliary genes manifest in a pleiotropic manriegyre 3. Moreover,
proteins with similar symptoms usually operate within the same protein complex or ciliary
structure. By 2019, 35 ciliopathies and more than 19ldshed ciliopathyassociated
genes had been reportg@heway et al., 2019)

Well-known ciliopathy syndromesnclude BBS, Joubert syndrome (JBTS), Meckel
syndrome, Neplonophthisis (NPHP), Polycystic Kidney Disease (PKD), Retinitis
Pigmentosa, and Primary Ciliary Dyskinesia (PCD; for reviewraee and Hildebrandt,
2017) The most frequent ciliopathy isuosomal Dominant PKD, with a prevalence of
approximately 1:500,based on a study done in the European Union countiiégley et

al., 2016) Other ciliopathies are rarer. For instance, the occurrence of BBS in the northern
European populations is 1:1800(Forsythe and Beales, 2018bllectively, prevalencef

ciliopathiescould be as high as 100 (Quinlan et al., 2008)

Common syndromic manifestations includenal cysts hepatobiliary diseaselaterality
defects and mlydactyly (Quinlan et al., 208). In addition, PCD symptoms include
hydrocephalus, recurrent respiratory infections, laterality defects, and

subfertility/infertility .
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Figure 3. Overview of the ciliopathy dysfunctions within the human organ systems.
Princial phenotypic manifestabns of the disease imdividualorgan/tissue. Ciliopathies caused
by defects in motile cilia are shown in reiljopathies caused hyefects in primary cilia are in

blue, and defects associated with both types of cilia are shown in green (adaptedeiter and

Leroux, 2017)

Mutations in severalciliary tiplocalizing proteins Eigure %5 see chapterCiliary tip
interaction moduleand Ciliary tip kinesinshave been shown to cause JBa3ecessive
neurodevelopmental disorder with an estimated prevalence of D80 to 1:100000.
Pathogenic variants of more than 35 causative genes have been associated withalBd'S.
JBTS causative proteins form amteraction module in the ciliary tip domainand
approximately half of JBTS proteins assemble into complexes at the TZ. The primary
characteristics are hypotonia, developmental delays, and-mmdbrain malformations.
The typical feature of JBTS is a molar tooth sign, specific hindbrain malfonnvagible in
the axial magnetic resonance imagirapgent cerebellar vermis and thick, horizontally
oriented superior cerebellar pedunclesOther common symptoms include retinal
dystrophy, polydactyly, liver disease, and cystic kidney disease. Howexewnedhall range
of the possible symptoms is broad@oherty, 2009; Latour et al., 2020)
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Finally, causes of many ciliopathies are still not known. For example, in the case of NPHP,
known NPHP causative genes account for only 30% of d@aters and Beales, 2011)
Hence, many genes, mutations in which cause ciliopathies, remain to be identified. This

further underlines the urgent need for research on cilia biology.

Ciliary tipdomain
The ciliary tip domainGTD) ishe most distal part of the cilium. It comprises the ends of
the MTs reaching the ciliary tip, their associate capping structures, the suriraysgace
between MTs and the membrane, and the membrane at the ciliaryiguge ). This small
region is essential for axonemal formation, maintenance, restriction of MT doublet sliding,
and critical ciliary functions, such agrgling. However, it is the least understood of the
ciliary regions.In the following chapterswe focus on the different aspects of CTD in

mammals anather model organismgfor review, seeCroft et al., 2018; Soares et al., 2019)

Structure
Unlike the axoneme structure, there is a significant degree of variability in the CTD
structures across eukaryotes. Mareer, significant variability is also present between the
different ciliary types in individual organisms, suclpasary cilia, motile cilia, and specific

features of a sperm flagellum mammalgFigure 3.

Chlamydomonaeinhardtii
First images of CTD emerged with the advent of electron microscopy in the,1960s
performed onthe unicellular algaeC. reinhardtii(Figure 48; Ringo, 1967)Tte study by
Ringo (1967) and the subsequent studies by Demtiel Rosenbaum (1977) showed that
the CTD ofC. reinhardtiicomprises Aubules only. Moreover, the imaging revealed
presence of pludike structures inserted into the lumen oftébules, connecting them to
the membrane via short distal filaments. Finatlye sccalled central MT cap, composed
of two plates perpendicular to the axis of the axoneme, and the bead, connects the central
pair of MT singlets to the ciliary membra(i@entler and Rosenbaum, 1977; Dentler, 1980)
Similar beadike structures and MT plugs were also described. ithermophila(Dentler,
1980)
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Figure 4. Representative images of selected ciliary tip domafA$The 20 nm tomographic
slices othe distalpart of T. bruceflagellum (adapted frontH66g et al., 2014)B)Longitudinal
section through the tip of a flagellum @f. reinhardti{adapted fromRingo, 1967)C)Electron
micrograph of the longitudinal section through ttip of rabbit oviduct motile cilium (adapted

from Anderson and Hein, 197.{P)Longitudinal catral slice of 13.4 nm serial duakis
tomograms of IMCD3 cell CTD (adapted fisum et al., 2019)E)A slice through defocus cryo
tomogram of the sperm endpiece in a pig. The rectangle shows the presence of a plug inside a

lumen ofaMT singlet (adapted frorheung et al., 2021)

Trypanosoma brucei
The CTD looks different irrypanosoma bruceanother important protist model organism
and a causative agent of the African sleeping sickness. The distal end of the axoneme is
essentiallyplunt, as both MT doublets and the central pair MTs terminate praxmately
the same region. Unlike in previously mentioned organisms, there are no elaborated
structures capping the doublets and Egure 4). However, there is some electraense
material associated with the tips of MTs, areVeral constituents were identifieH00g et
al., 2016; Varga et al., 201'Mloreover, cryeelectron tomograms by ébg et al. show that
pluglike densities are inserted into the lumen oftébules and central paifHo6g et al.,
2014)

Interestingly, during the cell cycle, qmyclic (i.e., tsetse midgut stag&) bruceicells
assemble a new flagellum physically connected at its tip to the old flagellum. This tip
attachment is facilitated by the trypanosonrspecific mobile membrane junction called the

flagella connectoHO0g et al., 2016; More-Leite et al., 2001)Constituents of this
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structure were identified and include trypanosomspecific as well as evolutionarily
conserved proteins, most notably kinesins and kinases ofithe51-like kinasefamily

(ULK4 and FuseWarga et al., 2017)

Mammalian motile cilia

CTDs of a majority of studied mammalian motile cilia have a sistilacture. Electron
micrographs of rat, hamster, guinea pig, rabbit, and bovine tracheal cilia show that their
axoneme at some point tapers, as axonemal doublets are reduced to si(iglgisen and
Satir, 1972; W. Dentler and Lecluyse, 198R)e singlet Aubules then reach the CTD
together with the central pair. Here, the pligge structures are msent in the lumen of A
tubules, connecting them to the amorphous, electrdense structure called the ciliary cap
that caps the centrapair (Figure €). At the tips of hamster and rabbit tracheal cilia,

multiple layers of platdike structures can be distinguishéduhn and Engleman, 1978)

The structure of the ciliary cap of multiciliated ependymal cells was not well described,
although low magnification electron microscopy revealed some eleatierse stuctures
in the CTD. In addition, a reduction of MT doublets into singlets at the tip was observed

(Brightman and Palay, 1963)

Protein constituents of the mammalian ciljacap are largely unknown. Its functions are
similar as in the abovementioned protists and include i/ stabilization and maintenance of
the structural integrity of CTD while beating, ii/ regulation of MT dynamics, iii/ linking of
MTs to the ciliary membran(Kuhn and Engleman, 1978; Dentler and Lecluyse, 1982,
Dalen, 1983) Intriguingly, in vitro experiments with demembranated tracheal cilia
incubated with free tubulin showed that only MTs detadhfrom the ciliary cap are able

to polymerize at their plus end, while the MTs bound to the ciliary cap via plugs are not,

supporting the MT dynamics regulation role of the ¢Bentler and Lecluyse, 1982)

In some type®f motile cilia, the ciliary cap is linked through the membrane to a structure
called the ciliary crownHigure 4€). The ciliary crown consists of fewer than ten,
approximately 20 nm long, halike structures of a glycoprotein natei(glycocalyx), as they

are susceptible to protease and neuraminidase treatm@mtderson and Hein, 1977)re
ciliary crown physically interacts with the mucus and mediates its movement in the airways.

The aboveamentioned features also apply to the mouse and rabbit oviduct motile cilia
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(Dirksen ad Satir, 1972; Anderson and Hein, 1977; Dalen, 1983k, the ciliary crown is

necessary for the proper transport of the ovyiorwood and Anderson, 1980)

Mammalian sperm
The mammalian sperm has a highly modified flagellum. The distal part of the flagellum end
piece is where the MT douttis transform into singlets. While the-tAbules continue
toward the tip, there are 3 scenarios for thetibules, i/ a B-tubule terminates, ii/a B-
tubule separates from Aubule and becomes a complete singlet, @iB-tubule separates
and continues asraincomplete singlet M{Woolley and Nickels, 1985; Zabeo et al., 2019)
All MTs reaching the flagellar tip contain pliilge structures inserted into their lumen for
approximately 30 nn{Figure £ Leung et al., 2021)Apart from the plugs, no specific
cappingstructures werereported. However a specific MIP complecalled Tail Axoneme
Intra-LumenalSpiral (TAILSYas identified in the distal part of the MT singlets in sperms of
several mammalian speci€8abeo et al., 2018; Leung et al., 202th)humans, it spans the

distal ~15% of the axonemal length.

Mammalian primary cilia
Compared to motilecilia CTDs, the CTD of primary cilia is far less studied. As mentioned
above, the axoneme of the PC narrows toward the tip, and only several MT singlets and/or
MT doublets reach the CTD. There is a lack of evidence of any particular capping structure
(Figure D).Nevertheless, electron microscopy data stealelectron densities in the CTD,
specifically around the MT ends and the adjacent ciliary membgdfisman et al., 1980;
Rogowski et al., 2013nlike the tapered axoneme, the membrane of the PC is often
enlarged in the TD(Martin et al., 1988; Roth et al., 1988)he membrane enlargement at
the tip is likely related to the recently discovered prese the ectocytosis of extracellular

vesicles (see chapté&xtracellular vesicledlager et al., 2017)

Axonematlynamicsat the tip
Thecilia are dynamic organelles thatre ableto respond to both internal and external
stimuli. The CTD is the sole place of axonemal construction in a growing cilium, as shown
in studies orC. reinhardtiandT. bruced W2 Ky 42y | YR w2aSyol dzYs wmpdt
Moreover, ezen in thefull-lengthaxonemeof some species/cells, some degree of material
turnover takes placén the CTDFor example, a pioneering sttty Rosenbaum showed

tubulin incorporationin the CTD ofa mature axoneme ofC. reinhardtii(Marshall and
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Rosenbaum, 2001%imilarly, potein turnover occuringexclusivelyn ashort regionat the

tip of amature T. bruceaxoneme was observedlt NHzOA Yy Q2 @t = HA MO

Fnally, the presencef functional IFT ifull-lengthcilia of almost altiliated cellandicates

that some level of turnover is necessdry maintain their proper functionOne known
exceptionisamature murine sperm, whergo protein turnover or IFT occsi(San Agustin

et al., 2015)However, further investigation is needed to assess whether this is a universal

feature of a mature mammalian sperm.

The ciliarydisassembly is a process that allows redeploying of the centrioles for the events
of cell division. A recent study showed that mammalian PC disassembly occurs by gradual
resorption, cilium shedding, or a combination of bdiirvis et al., 2019)The gradual
resorption is, among others, mediated by the events at the ciliary ¢ipMT
depolymeization and the release of the extracellular vesicles (for review,Psgel and
Tsiokas, 2021)

Extracellular vesicles

A~

CKS OAf ARSANERSIFRIA Y NJ | yiSyylISs GKIyla G2 0K
| 26 SAHYNRIS | ad ORARdedRE $2FT REYENEE ANI 6 SR AGe G2
Ay T2 N FIKNESY S @ekitidcelldld vesicledd + & INWS O A S Wang an8 Bar,

2018yt NA I A Y | £ f & dR ANBORWIRINEBIRPOAZ OAf Al NB SOG208@i?2
0S5SY RSAONAROSR Ay Y d#3I0 AGLBE ST 20NEA- &y A AN QS 3aadz3 AN
SP2f daixAa2 YIONE Y SYONJ y2dza &0 NHzZOGdzNBaA O2y il AyA
AYyaCLNDE SAYyAEREGAMLIFARG I OA RIN® (/52 YRIONI YA d a A a
SYR2UIRSNAPER OStAFADREIVIRIFSIBNBYDSA 0SGsSSy
9 +(Mohieldin et al., 2021)

. FaAaSR 2y GKSANI aAlS YR PFRONBTRAAXBBHEAAKS
9+@& H A NT VIFER&A2YS&0 | NB ASNBAROEGSHR A YWdziA RST §13KASO dztd]
02RASa YR NP (K2dzZaK{ (2 o(Solzktiblf, B2 SRy AlyK i K ¢
20KSN) KI'YyYRZOUKSBTIf8QASADY¥SEA0 | NETNEBK S| A6R RA
(Nager et al., 20)mAmong the key players in the process of ectocytosis are actin, actin
modulators, andightly regulatedt S @St 2 T LIK 2 & iR KRIAALBRENBGEER a A ( 2
al., 2017; Phua et al2017; Stilling et al., 2022)
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The EVs play a role in photoreceptor morphogend8lalinas et al., 2017)ciliary
disassemblyfPhua etal., 2017) andsignaling(Nager et al., 2017}or instance, a recent
study shows that small EVs modulate the Wnt signaling of recipient¢els et al., 2021)

In addition perturbations ofBBSome constituents BBS4 and BBS#Gilt in an altered
composition ofciliary EVgVolz et al., 2021)Finally, the ciliary membrar&ssaiated
polycystic kidney disease proteins PKD1 and PKD2 have been previously found-in urine

derivedsmall EV$Hogan et al., 2009)

This emerging field of ciliary EVs shifts our understandihgcilia in intercellular
communication yet appreciating itssignificancefor pathophysiologyand diagnostics

requires further investigation.

Protein constituents

No studies comprehensively describing protein constituents of the Gau® been
published, pointing to the low tractability of this ciliary domain. Instead, the known

constituents were identified iseparatedstudies.

{2YS LINRPGSAya GKIG GNryarSydte t20FtAT S G2
OKI LG SNEYWOMKBAEAEEC YI OKAYSEE 202 Y FRA & dFRVRIKR NI LI
LINEGSAYya Ay@2f OSSR Ay 3ASYySNI GAZ2YIRAYE WwlHSI as
5 NB o(Neley et al., 2017; Phua et al.,, 200N)A Ak aA Iyl f Ay3 NBOSLI 2 N.
SEl YILIXDY L LINE (i(Sukachinsky gf &., 2D1@@ ‘will not be further discussed

here ¢ KB2f f 26 Ay 3 OKIF LJGSNB azdriqgemenslyS ORK & | N2 & §J
LINEGSAYaod

Endbinding proteins
The Enebinding protein 1 (EBJ belongs to a group of microtubule phesdtracking
proteins (aka+TIP} regulating MT dynamics. It is well known for forming a comet tail
pattern at plus ends of cytoplasmic microtubules, as it preferentially binds to the GTP
tubulin cap(Maurer et al., 2012)Moreover, EB proteins are involved in numerous-MT
related cellular processes as many proteins are localized to the MT plus ends in-an EB1
dependent manner, via interacting with EB1 through a specific SxIP (Gagriev et al.,
2009) The EB1 was originally identified as a ciliary tip and basal body residing pra@ein in

reinhardtii (Pedersen et al., 2003n mammals, EB1 and its paralogue protEB3were
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shown to localize along the PC axoneme of multiple cultured cell(Buw=hlke et al., 2010;
Schragder et al., 2011EB3 moves dynamically within the PC and accumulates at its tip in
hTERIRPEL celld.arsen et al., 2013)nd localizes to the tip of the motile cilia of human
bronchial epithelial cell§Schrader et al., 2011)

While inC. reinhardtii EB1 interacts with IFT172, a protein involved in IFT turnaround
(Pedersen et al., 2005 mammals, both EB1 and EB3 play a role in PC assembly, but the
mechanism of their functiors not yet understooqSchroder et al., 2011Yhe function of

EB poteins was not yet determined for the mammalian motile cilia.

Ciliary tip interaction module

The only ighly conserved ciliary tipssociated protein found in CTDs@freinhardtii T.

brucej T. thermophila C. elegansLeishmania mexicanand both mamalian PC and
motile cilia is Centrosomal protein 108KEP104Satish Tammana et a013; Varga et al.,

2017; Louka et al., 2018; Dean et al., 2019; Frikstad et al., .28f@cturewise it is a
multidomain protein consisting of jeHlyll, coiledcoil, TOG domain (tumeayverexpressed
gene), zinc finger domain, and SxIP matiflicating its ability to interact with many
proteins, such as tubulin (via the TOG domain) and EB1 (via the above mentioned SxIP

motif; Rezabkova et al., 2016)

In dividing hTERRPEL cells, CEP104 is present at the distal end of hother and
daughter centrioles, lmund to the centriole capping proteins CP1Hhd CEP97, two
proteins that prevent uncontrolled ciliogenegiSpektor et al., 2007However, data oiits
function in the uncapping processi.e., removal of CP11@) the mother centrioleare
ambiguous(Jiang et al., 2012; Satish Tammana et al., 2013; Yamazbe 2020) Upon
initiation of cilium assembly, CEP104 translocates from the mother centriole to the tip of
the nascent PCSatish Tammana et al., 2013t the tip of the growing cilium, CEP104
directly interacs with the MTs via its TOG domain, proting axoneme elongation
(Yamazoe et al., 2020Consistently, studies she@a shorter cilia upon siRNAediated

knockdownof the protein(Satish Tammana et al., 2013; Yamazoe et al., 2020)

Mutations in CEP104 are linked to the Joubert syndr@8reur et al., 2015)Additionally,
the siRNAmediated knockdown of CEP104 in hTHRRE1L cells causes mislazlon of
the Shh signaling pathway receptors (SMO, GPR1giich is also associated with JBTS
(Yamazoe et al., 2020)he function of CEP104 in mammalian motile baisnot yetbeen
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determined. However, iflagella ofC. reinhardtiand T. thermophilaCEP104 localiz¢o
the plus ends of the axonemal -Aubules andplus ends of thecentral pairMTs Both,
CEP104 deplete@. reinhardtiand T. thermophilacells exhibit defects in the flagellurip
architectue, sharing a significantly shortened central pair region and frequent loss of the

central pair cagSatish Tammana et al., 2013; Louka et al., 2018)

One of physicalinteractors of CEP104n the CTD is another JB&Ssociated protein
Centrosome and spindle pelsssociated protein 1GSPP1Figure % Frikstad et al., 2019;
Shaheen et al., 2014; Tuz et al, 20l14mmuncelectron microscopy and
immunofluorescence experiments shewits localzation to the tip of both PC and motile

cilia of tracheal epithelial cells. In addition, the signal of CSPP1 is often detectable also
around the BB, TAnd axonemeSimilar to CEP104, CSRigpleted hTERRPEL cells form

PC with a lower frequency have decreased length of axemal MB, and display

midocalization of Shh signaling recept¢isikstad et al., 2019)

CCDC66 CEP104

Figure 5. A scheme showing mged interactions of a ciliary module associated with
ciliary tip and Joubert syndroméndividual interactions based on the experimental method
are indicated. Abbreviations: yeast®brid screen (Y2H), tandeaffinity purification (TAP), eo

immunoprecipiation (CelP) (adapted fronhatour et al., 202Q)

The poteins CEP104 and CSPP1 were recently recognized as a phe ofiary tip
interaction module operating withithe cilium, involving in addition ARMC9, TOGARAM,
and CCDCG66. Interactions within the module were mappeddast 2hybrid screen
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tandemaffinity purification,and co-immunoprecipitation(Figure % Latour et al., 2020)
Common characteristics of thepeoteins arethat they promote growth obhxonemal M,
contribute to CTD organizatigmnd sharesimilar pathophymlogical phenotypsresulting
iNIBT$R Y1 F NJ F' YR CANI GmYIFINFE€FNE HAuAnT [ FG2dz2NI Si

Armadillo repat-containing protein YQARMCY isalso known ad.isH domaircontaining
protein 9(Figure 9. Both names stem frondentified protein domains ARMC9 localizes to
the BB in hnTERRPEL, 3T&nd IMCD3 celland in the last cell line it was shown thgion
Shh stimulatiorit transiently localizeto the CTD(Van De Weghe et al., 2017; Breslow et
al., 2018) Furthermore, ARMC9 wasdentified in a functional genomic screen for Shh
signaling, showingthat its disruption causes shorter cilia and decreased ciliary
accumulation of Shh pathway protei@i2 and Gli3 upon pathway stimulatifBreslow et

al., 2018)While thereis nodataon its function in mammalian motile cilien, motile cilia of

T. thermophila ARMC9 localizes to the tips oftibules and negatively regulageheir
length(Louka et al., 2018)

In the same study oft. thermophilaregulators of axonemal MT lengths, antagonistic
regulatory effect on Bubules was identified for the proteinTOG array regulator of
axonemal microtubules 1 TOGARAMlaka CrescerinlLouka et al., 2018)TOGARAM1
localizes along the axoneme anih the CTDof the PC(Das et al., 2015Patientderived
fibroblasts with mutated ARMC9 or TORM1 exhibiéd decreased axonemal acetylation,
polyglutamylation and shorter ciliabutthe cilia frequency in the culture was not altered.
In line with theabovementionedreports, mutations in TOGARAMIso affect the proper
translocation of Smoothenedeceptor upon Shh pathway activatidibas et al., 2015;
Latour et al., 2020)

The &st so far identified protein of the ciliary tip interactiomoduleis Coiledcoil domain
containing protein 6@CCDCG66a-igure 5. It was previously linked to retinal dystrophies and
neurodegeneration in the olfactory bulb in mi¢8chreiber et al., 2018YCDC66 was
localized along the PC axoneme and to the centriolar satelliteslectrondense
membraneless granules in the centriolar proximi(Conkar et al., 2019, 2017Yhe

knockdown of CCDC66 results in a lower frequency of cilia in a population of-RPERT
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cells(Conkar et al., 2017However, although suggested as a nimn of the module by

biochemistry its function in the context of the ciliary tip remains unclear.

Ciliary tip kinesins
Kinesins are Mraissociatednotor proteins involved in many cellular processes, including
those occurring within the cilia. Two of themewve described to play a vital role in
mammalian CTD. Kinedike protein 7 KIF7 a kinesin4 familymembey is a conserved
regulator of the Shh pathway ani$ associated with multiple ciliopathy syndromes,
includingJBT{Dafinger et al., 2011; Putoux et al., 201t )ocalizs exclusively to the PC
tip and further accumulates there upon Shh pathway inductigBndokhYamagami et al.,
2009; Liem et al., 2009KIF7 isot capable of processive motility but interacts statically
with the MTs(He et al., 2014)it preferentially binds GFbulin at the end of axonemal
MTs and stabilizea GTHorm of tubulin (Jiang et al., 2019Yhe mechanism of the KIF7
translocation to the tip is unknown. Howevetepletion of small GTPase ARL3 and its
GTPase activating protein RP2 cause KIF7 mislocalization, suggesting their function in this
process(Schwarz et al., 2017; Jiang et 2019) Additionally,dephosphorylation of KIF7
mediated by the PPFIARP2A complex was shown to positively reguthgetranslocation

procesqLiu et al., 2014)

The pathogenic mutations or absence of KIF7 result in ~30% longerdR@islocalization

of the Shh constituents, transcription factors GLI2, GLI3, and their regulatory protein Sufu.
Under these conditions, Shh constituents form puncta along the axoneme rather than
exclusively at the tip and are abnormally activaigte et al., 2014)Therefore, together

with its ability to stabilize the GFBrm of tubulin, KIF7 is considered a spatial organizer of
the CTD. The mechanism of Shh constituents translocation is unknown; however,
immunoprecipitation confirmed the direct interaction of KIF7 with GLI8 et al., 2014)
Moreover, KIF7 mtant cells have decreased acetylation and glutamylation in the distal

part of the axonemal MTs, causing their instabi{lie et al., 2014)

Another ciliary tiplocalizing kinesin is the proteKiF19akaKIF19A It is a kinesi8 family
member with a dual function, motility toward the MT plesd, and M¥depolymerization
activity (Niwa et al., 2012)KIF19 localizes at the tip of cilia in all murine multiciliated
epithelia. In vitro studies show that the KIFi®ependent depolymerization occurs

exclusively at th@lusend of the MTgNiwa et al., 201R KIF19 knockout mice suffer from
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hydrocephalus and fallopian tube obstruction due to the inability of abnormally long cilia
to generate proper fluid flowNiwa et al., 2012; Arora et al., 2020he mechanism of its

precise ciliary localization is unknown.

Homo-dimeric KIF17is akinesin2 family member and aplus enddirected motor. Its
orthologue inC. eleganss the IFT motor OSId responsible for anterograde ciliary
trafficking in the distal segment. KIF17 exhibits robust accumulation in the CTD of PC in

multiple mammalian cell line®ishinger et al., 2010; Jiang et al., 2015)

The reports on a siRNAediated knockdown of KIF17 in hTHRHE1l cells are
contradictory, displaying bothlengation and reduction of the PC length and alteration of
polyglutamylation of proximal segmeiiSchwarz et al., 2017; Kanamaru et al., 2021)
addition, no association between KIF17 and ciliopathies was reported. Therefore, its

function in the mammalian CTD remains elusive.

The protein KIF17 fulfills multiple extraciliary functions; for example, it is involved in
vesicular transport necessary for synaptic transmission in neurons, as it transports several
receptor subunits and a potassium channel from the cell body to derd{8etou et al.,

2000;for review on KIF17, se&ongRiley and Besharse, 2012)

Othertip associategbroteins
To date, only a single structural protein of the mammalian CTD has been discovered. The
protein Sentané YSI ya aiALXE Ay WILIySasSo f20FftAl Sa
between axonemal Aubules and the ciliary membrara the motile cilia of mammalian
tracheal and oviductal tissues. In the fetal trachea, Sentan begins to localize to the tip only
when the nascent cilia reach approximately 3 (abo et al., 2008)orresponding to the
period of Atubule singlet formation. Furthermore, gene SNTN, coding for Sentan, is
upregulated during ciliogenesis not expressed in testis, and Sentan was not detectable
in the PC of hTERRPEL and mouse kidney cells, confirming its specificity for the motile

cilia found in multiciliated epitheli@ubo et al., 2008)

Katanininteracting proteinKATNIP(aka KIAA0556) is a novel conserved ciliary protein.
When overexpressed in hTERIPEL c#H, it localizes along the axoneme and is enriched in
the BB and the CT(®anders et al., 2015KATNIP is associated with Joubert syndrome;

patients suffer from a recurrentupper respiratory tract infection hypotonia, and
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developmental delay. Patiestterived fibroblasts have reded cilia formation and longer
cilia (Sanders et al., 2015Although KATNIP mutant mice develop hydrocephalus, no
alteration of ependymal cilia structure of beating pattern was observed. KATNIP binding
partners include IFT proteins, tubulin (preferentially acetylated), and katdBiasders et

al., 2015) Itsfunction is unknown.

Proteins localizing to the end piece of the mammalial flagellum are poorly studied. By
analyzing published omics data, Jumeau et al. identiledblecortin domaircontaining

protein 2C(DCDC2 localizing to this regio@umeau et al., 2017No further details are
available for DCDC2C. However, its paralogous protein DCDC2 localizes to the PC of
hippocampal neurons, and its overexpression alters Shh and Wnt sig(Mhasginen et al.,

2011)

39



V' 4 V4

|l AYa 2F (KS abGdzre

Although cilia are built from hundreds of protein species, only a fraction of these proteins
has been described to participate in processesurring athe ciliary tipg the regioncritical

for incorpordion of new material to the axoneme, IFfediated material turnover,
disassemblyand signaling processes. Therefore, identification and characterization of the

ciliary tip proteome represent fundamental steps toward understanding these processes.

The mainobjective of the parallel project in our laboratory is to define the first complete
eukaryotic flagellar tip proteome of the model organi3inbrucel This dissertation project
stems from the findings of theél. bruceiproject and their evolutionary analysis to
investigate the protein constituents of ciliary tip in mammalian PC. In addition, we set out
to assess and utilize the rapid supesolution method Expansion microscopy (ExM) to
study mammalian ciliary tip protes and flagellar tip proteins as well as the cytoskeleton

of T. brucei

The main aims of the presented theses are:

1. To verifypublishedandidentify novel mammalian ciliary tip proteis.
2. Tocharacterizenovelciliary tip proteins.

3. To test andutilize Expansion microscopfor studies ofthe tip of the eukaryotic

axoneme.
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Preparation obxpressiorplasmics

Coding DNA sequences (CDS) were acquired from the following sources: obtained by
polymerase chain reaction (PCR)amplementary DNA (cDNA), commerciabailable
clones, or as gifts from collaboratorgaple 1). All primers were purchased from Merck
(former SigmaAldrich). All constructs were validated by sequencing (EUROFINS CZ s.r.o.,
SEQmes.r.0.).

CDS cloning
Cell lines were incubated until they reached confluence and then starved for 24 h to
promote ciliogenesis and transcription of gergesling forciliaryproteins Next, cells were
lysed, and the& RNA was isolated by the NucleoSpin RNéAs kit (MachereyNagel,
740984.10). The cDNA was synthesized by RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, K1621) using oligo(dT)18 primer. Both RNA and cDNA were aliquoted
and stored at-80°C. Desired CDS were amplified by gradie® BSing Q5 Highidelity
5b! t2f@YSN}I&asS o06b9.3> anndm0d | OO#NISatghay (2 UK.
compatibleprimers were used for clonin@upplementary data)L The PCR products were
separated using agarose gel dfephoresis, cut out of the gel, and purified using Gel DNA
Recovery Kit (Zymd)4007. Purified PCR products weoboned in the Gateway entry
plasmid pDONR221 (Invitrogen, 12536017) by the Gateway cloning system (Invitrogen
Figureb).

The low yield PCR products (< 100 ng) from the cDNA were phosphorylated and ligated into
the dephosphorylated linearized plasmid pBluescript. Classicahvithite selection was

used to identify the positive colonies. Subsequent colony PCR was pedarsiegQ5
HighFidelity DNA Polymerade achieve the required DNA concentration (> 150 ng) for
Gateway cloning into the pDONR221.
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Table 1 List of proteins expressed in the stable cell lin@sotein IDsvithout organismal indiation are human proteins, IDs with Moorrespond to

Mus musculugroteinsg and Cl taCanis lupugroteins T. bruceiDs are shown only for proteinsdludedin orthologue screening.

source of
protein ID protein name uniprot ID | coding DNA T.bruceilD vector u_sedfor s ;table
cell line production
sequence
MmArmc2 |Armadillo repeatcontaining protein 2 Q3URY6 | cDNA-IMCD3 Th927.11.2970 MSC\T’;E;%HQ)mNG
MSCW-FlagHAMNG
ARMCY Armadillo repeatcontaining protein 9 Q7Z3ES | cDNA-RPEL IRESP%RO
CEP104 |Centrosomal protein of 104 kDa 060308 | cDNA RPE1| Tb927.10.14880 MSCY;E;%HFQTNG
MmClaspl |CLIPassociating protein 1 Q80TV8 Origene Th927.6.3900 MSCWN-MmMNGIRESPURC
MmClasp2 |CLIPassociating protein 2 Q8BRT1 Origene o MSCW-mNGIRESPURC
MmCsppl |[Centrosome and spindle pole associated proteill B2RX88} Origene MSCW-mNGIRESPURC
DYNLT1 Dynein light chain Tctetype 1 P63172 | cDNA-RPE1l Th927.10.10320 pgLAP1NEO
DYNLT3 Dynein light chain Tctetype 3 P51808 | cDNA- RPE1 T pgLAP1INEO
MmGsk3b |Glycogen synthase kinaSecbeta, GSI8 beta Q9WV60 Origene Th927.10.13780| MSCWN-mMNGIRESPURC
MmIft20 Intraflagellar transport protein 20 homolog Q61025 | Greg Pazour MSCW-mNGIRESPURC
IFT43 Intraflagellar transport protein 43 homolog Q96FT9 | Greg Pazour MSCW-mNGIRESPURC
IFT74 Intraflagellar transport protein 74 homolog Q96LB3 | Lukas Cajane pGFTL1.1 IFT74
MmKif7 Kinesinlike protein KIF7 B7ZNGO Origene MSCW-mNGIRESPURC
KIF17 Kinesinlike protein KIF17 Q9P2E2 | cDNA- RPE1 MSCWN-mMNGIRESPURC
MmKif19 Kinesinlike protein KIF19 Q99PT9 Origene MSCWN-mMNGIRESPURQ
MmEBL Endbinding protein 1 Q61166 | Pavel Draber MSCW-mMNGIRESPURC
. . CDNA- MSCWN-FlagHAMNG
CIEB Endbinding protein 1 F6Y5Z5 MDCKI| IRESPURO
MmEB3 Endbinding protein 3 Q6PER3 Origene MSCW-mNGIRESPURC
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MmSsnal |Sjoegren syndrome nuclear autoantigen 1 Q9JJ94 | cDNA-IMCD3 Th927.10.14110 MSCY;—E;%HFQ)mNG
TPPP Tubulinpolymerizatioapromoting protein 094811 Genewiz pgLAP1INEO TPPP
TPPP2 Tubulin polymerizatiospromoting protein 2 P59282 Genewiz Th927.4.2740 PgLAP1INEO TPPP2
TPPP3 Tubulin polymerizatiospromoting protein 3 Q9BW30 Genewiz PgLAP1NEO TPPP3
MmUbxn10 [UBXdomaincontaining protein 10 Q8BG34 Origene pGFT1
MmuUlk4 Unc51-like kinase 4 Q3V129 Origene Th927.11.8150 | MSCW-mNGIRESPURC
MmWdr27 |WD repeatcontaining protein 27 Q8C5V5 Origene Th927.6.3450 | MSCWN-MNGIRESPURG
ZC2HC1A |Zinc finger C2H@omaincontaining protein 1A Q96GY0 | GenScript MSCW-mNGIRESPURC
ZC2HC1B |Zinc finger C2HC domamontaining protein 1B Q5TFG8 | GenScript MSCW-mMNGIRESPURC
ZC2HC1C |Zinc finger C2HC domamontaining protein 1C Q53FDO0 | cDNA-RPE1| Tb927.7.7030 | MSCW-mNGIRESPURQC
MmZc2hclc|Zinc finger C2HC domanontaining protein 1C Q8CCGL1 | cDNA-IMCD3 MSCW-mMNGIRESPURC
ZNF474 Zinc finger protein 474 Q6S975 | cDNA-RPEL1 MSCW-mNGIRESPURC
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pMSCV-N-Flag-HA-mNG-IRES-PURO
8914 bp

Gateway
LR reaction
(recombination)

Figure6. Schematic map of the plasmidMSCWN-FlagHAMNGIRESPURO Gateway
expression plasmid with labeled elements. The blue part of the backismoenbinesduring the
DFiSgle& [w NBEFOGAZYyd 2 yo3 NBESNIAlYA 2 ¥ gdiagpifsigias  [acow +
gagg precursor structural protein, attR1/2 Gatewayrecombinase recognition sites, CmR
chloramphenicohcetyltransferase, IRES3nternal ribosome entry site, PuraRouromycinN-
acetyltransferase, ORlorigin of replicéion, AmpR+promoter i -lactamase (ampidin resistance

gene).Map generated using Snapgene 6.02.

Modification of expressioplasmids
Plasmids forexpression ofproteins of interest in mammalian cells were generated by
plasmids using restriction endonucleases and standard molebidargy techniques. The
N-terminal EGHPag in plasmid pgLAP1_NEO (EGEMSsite-Stag; a gift from LCajanek,
Brno, Czech Republigvas exchanged for mNeonGreen (mM@ele Biotechnology and
Pharmaceuticalsto createthe plasmid pGFFMNG (mMNGTEVsite-Stag). Subsequently,
the TEV site and-tag were removed to create the plasmid pGFThNG (mNG). For
transient transfections and expansion microscopy, Flag and HA tags were introduced in
front of the mNG to create pGFTIFHMNG (Flag, HA, mNG). Sirhi| plasmid pMSCN-
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FlagHAIRESPURQa gift from W. HarperAddgene plasmid #41038%as modified, and

several versions were generatébable2, Figure 6.

Table 2. List of the mammalian expressiptasmids used in this study

Plasmidname N-terminal tags source
pgLAP1_NEO ;C;FP’ TEME, S || LlasCganek
MNG, TEMite, S | generated in
PGFTIMNG tag this study
generated in
PGFT1.IMNG mNG this study
generated in
PGFT1.ZFHMNG Flag, HA, mNG this study
Addgene
pPMSCW-FlagHAIRESPURO Flag, HA 441033
PMSCW-mNGIRESPURO mNG generated in
this study
PMSCW-FlagHAMNGIRES generatedin
PURO Flag, HA, mNG 1 s study
i generated in
pMSCW-FlagHAHaloPURO Flag, HA, HaloTag this study
! generated in
pMSCW-mCherryIRESPURO mCherry this study
PMSCW-mKate2IRESPURO | mKate2 generated in
this study

Cell lines and cultivation

All mammalian cell linewere cultivated in a humidified incubator at 37°C and 5%. GO

y2i adlFriSR 20KSNBAaSsET OStfa oMedBm BMEMGY AY
SigmaAldrich, D6429) supplemented with 10% Fetal Bovine Serum (FBS; Gibco, 10270106)
and antibiotics fgen/strep; 100 U/ml of penicilin (BB Pharma) and 100 pg/ml of
streptomycin (Sigm&ldrich, S9137)). Alcell lines were tested for mycoplasma
contamination by PCR assay based on the published protopbloff and Drexler, 2011)

The list of usectell lines is summamzl in Table 3. The authenticity of nTERRPEL cells
(sometimes referred to as WEIwild type)used in most of our experiments was verified by

commercial STR profiling (Baria).
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Generation of stable cell lines
The detailed protocols for generatjthe stable cell lines were publishéBiné et al., 202
Briefly, the stable cell linesiere generated using two approaches. The first approach
employed the Flgn TREx system (Invitrogen). The hTERPE1 Fin T-REXx cells were
cultivated in @6 cm tissue culture dishes until they reached 60% confluence. Then, cells
were cotransfected withan expressioplasmidand recombinase expressigasmidusing
Lipofectamine LTX reagent (Invitrogen, 15338100). Two daysnaostection, cells were
selected with 25 pg/ml of blasticidin (InvivoGen, @) and 500 pg/ml G418 (InvivoGen,

ant-gn-5) for 10-14 days until distinct colonies of transfectants appeared.

Table3. List of the used cell lines

cell line name | specification source
Humantelomerase reverse David Stanek, Institute of
hTERIRPE1 | transcriptase immortalized human | Molecular GeneticRrague,
retinal pigment epithelial 1 cells Czech Republic
hTERIRPEWith genome integrated Lukas Cajanek, Masaryk
hTERIRPE1 : e ; . .
Flipase Recognition Target site, University, Brno, Czech
FlpIn TREX . . :
expressingetracycline repressor | Republic
Mouse inner medullary collectin Gert Jansen, Erasmus
IMCD3 duct cells y 9 University Medical Center,
Rotterdam, Netherlands
: . . Gaia Pigino, Human
MDCKII Madin-Darby canine kidney cells I Technopole, Milan, ltaly
Phoenix HEK293lerived 2nd gen of Tomas Brdicka, I_nstltute of
Ampho amphotropic packaging cells Molecular Genetics, Prague,
Czech Republic

The second approach employed the amphotropic murine stemviels (MSCV) based
retroviral transductions(Swift et al., 1999) First, the pMSCV was transfectéa the
PhoenixAmpho packaging cells using polyethyleneimine (Polysciences, -2396@ h
posttransfection, thesupernatant containing viral particles was collected, filtesat
used immediately or stored aB80°C. @rget cellggrownin a 6-well plate (50% confluence
at the time of transfectiojpwere transducedising viral supernatartty centrifugation (45

min, 1 20 x g) in the presence of 8 pg/ml of polybrene (Sigkttich, TRL003).0On the
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followingday, transduced target cells were selecteih puromycin (InvivoGen, afgr-1).
hTERIRPEL cells were selectedth 5 pug/ml for 72 h, MDCKII celdsth 2 pug/ml for36 h.

In cases of a low number of positive cells or generation of detaigged(two different
fluorescently tagged proteins, for instance hTEHPEL1 mN&T74 and mKateZNF1Cjell

lines, cells we sorted for the presence of a fluorescent signal at tHeouse Flow
Cytometry Core Facility. Brieflgcell culture was trypsinized and centrifuged (5 min, 220

x g). Next, the supernatant was discarded, and the cell pellet was resuspended in DMEM
supplemented with 2% FBS and pen/strep. Finally, desired galilgiion was bulk sorted

to a 6-well plate with DMEM with 10% FBS and pen/strep using BD Influx Cell Sorter (BD

Biosciences).

Ependymal cell culture
The primary culture of mouse ependymal cells was established as described previously
(Delgehyr et al., 2015pBriefly,the brain of a P1 mouse (C57BI/6J) was dissected. Isolated
lateral ventricles were cut into pieces, small enough to pass through a 1 ml pipetaadip
incubated in papaibased (20 U/brain; Sigmaldrich, P3125) enzymatic digestion solution
for 45 min @4 37°C. Digested tissue was mechanically dissociated by pipettiagadigown
several times. Next, cells were inoculated into polysine(PLL40 pug/ml; SigmaAldrich,
P1524) coated flasks (1 brain per 25°dtask). Flasks of the confluent cell culture were

tightly sealed by parafilm and shook overnight at 250 rpm at room temperature.

Finally, cells were trypsinized and seeded at high densities into a PLL coateltl 8
microscopy chamber (Ibidi, 80807) formmanofluorescence experimendnto a PLL coated
@12 mm microscopy coverslip (Marienfeld, 117520) placed inwed4plate for expansion

microscopy, or into a PLL coateavéll plate for peel off experiments.

The plasmid pGFTIEHMNG containing a Cb a protein of interest resulting in

produdion of its N terminal FlagHAmNGtagged variant was transfected to the seeded
OStta dzaAy3da [ALRFSOGFYAYS onnn OLY@GAGNRASY
instructions. The following day, the cells were wastwide with DMEM (Gibco, 31966021)
supplemented with 10% FBS and pen/staeql incubated overnighiThe ells werethen

washed with PBS and incubated in the seduee DMEM with pen/strep for 814 days to

induce differentiation and ciliogenesis. The madiwas changed every 3 days.
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Imaging of the mammalian cell cultures

Immunofluorescence staining

All immunofluorescence staining experiments were performed according tdolteving
protocol, with minor changes specified where applicable. Stable cell lines were seeded onto
a round @12 mm coverslip in a-2&ll plate and grownuntil they were confluert (the
MDCKII cells were grown for 12 days to reach high density). Theretfe cells were

gl AaKSR @A (K 5 a-9naubdted iR DMEM{withNUDsSipp@ments for 248 h

to induce ciliogenesis. Additionally, the transgene expression in RREET FHn TREX

cells was induced with doxycycline (Sigiidrich, D9891)find conc. ofl0 ng/mlat the

beginning of the starvation.

The following steps were carried out at room temperature. First, cells were washed twice
with phosphatebuffered saline (PBS). Nexhe cells were fixed with 4% formaldehyde
(SigmaAldrich, F8775) irPBS for 10 min, followed by a PBS wabhe ells were
permeabilizedwvith 0.5% Triton XL00 (Roth, R30512) in PBS for 5 min. Niaetcells were
washed with PBS and transferred to a dark, humidified char(iest of the protocol was
performed in the charber). The ells were blocked with a blocking buffer consisting of 2%
bovine serum albumin (BSA; Roth, 80&6310.1% Triton X.00 in PBS for at least 15 min.
The ells were washed with PBS and incubated in primary antibodies dilutbtb@king
buffer (Table 4 for 60 min. After incubatiorthe cells were thoroughly washed with PBS
and incubated with secondary antibodies diluted in blocking buffer for 30 Trablé 4.
The St ta 6SNBE ¢l aKSR gAGK t. { | yRamidikd®y Ay Odz
LIKSy &f Ay RR(DAPI; Bigmaldiieh, D9542) for 5 minFnally, the ells were
thoroughly washed with PB®xcessive water was aspirated, and the coverslip with the
cells wa mounted on a glass slide using ProLong Glass Antifade Mountant (Invitrogen,
P36982). Mounted samples were incubated overnight at room temperature and then
stored at 4°C in the dark until imaging. In the case of specimens imatl Bhamber, cells
were mounted in 906 glycerolwith antifading agent 1, liazobicycle(2,2,2}octane

(DABCO; provided by Light Microscopy core faéititye Institute of Molecular Genetits
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Specimens were imaged using Leica TCS SP8 confocal laser scanning microscope equipped
with an HC PL apochromatic x63/1.40 oil objective. Sequential scanning and a combination

of hybrid and photomultiplier detectors were used.

Table4. List of primary and secondary antibodies.

IF screening, Primary antibodies| source| catalog No. manufacturer | dilution

anti-CEP164 (8) mouse| se515403 | Sanalruz .4,
Biotechnology

anti-ARL13b rabbit | 1771%1-AP Proteintech 1:1000

IF screening, Secondary antibodies

Alexa Fluor 555 anMouse IgG | goat | A21422 Invitrogen 1:1000

Cyanine5 antRabbit IgG goat | A10523 Invitrogen 1:1000

IF siRNA samplesPrimary antibodies

antit ©8 (i & ttubuiir(€3B9) | mouse| hybridoma gvg/gg)ds etal. | 1.59

anti-ARL13b rabbit | 1771%1-AP Proteintech 1:1000

IF siRNA samplesSecondary antibodies

Alexa Fluo647 antiMouse IgG | goat | A21235 Invitrogen 1:1000

Alexa Fluor 488 anfRabbit IgG | goat | A11008 Invitrogen 1:1000

Alexa Fluor 555 anfRabbit IgG | goat | A21428 Invitrogen 1:1000

ExM¢ Mammaliancells andT. bruceicells¢ Primaryantibodies

anti-acetylatedh -tubulin (C3B9) | mouse| hybridoma (lVQIBOS)ds etal, 1:10

anti HATag (C29F4) rabbit | 37245 Cell Signaling | ;.
Technology

ExM¢ Mammalian cellsand T. bruceicells¢ Secondary antibodies

Alexa Fluor 488 antMouse IgG | goat | A11001 Invitrogen 1:500

Alexa Fluor 555 anfRabbit IgG | goat | A21428 Invitrogen 1:500

Livecell imaging
Live cells were imaged invBell chambers or gladsottom dishes (Cellvis, DZD-1.5-N).
Cells were washed with FluoroBrite DMEM (Gibco, A1896T0é&heated to 37C and
incubated in this medium throughout the whole imaging process. For the $éort
imaging, Leica TCS S& used without environmental control module as described above

(seechapterimmunofluorescence stainingliesel et al., 2020)

49



To visualizéhe movement of IFTrains, variableangle epifluorescence microscoQyAEM)
was used. Cells were imaged using an inverted widefield microscope Nikon Eckpse Ti
equipped wth a motorized XY stage; HRF module, Perfect Focus System, Nikon CFI Apo
TIRF x60/1.40 oil objectiveand an EM CCD Andor iXon Ultra DU888 camera (Andor
Technologies). Humidity, 3Z and 5% C® were maintained by the module for

environmental control Qkolab).

Measurement of thevelocity ofIFT trains wasaiculated as describegreviously(Biné et
al., 2022)

Expansion microscopy

Expansion mioscopy of mammalian cells
The specimen preparation was based on tREXM protocolGambarotto et al., 2019yith
a few modifications. Briefly, cells grown on a round @12 mm coverslip were fixed overnight
in 4% formaldehyde and % acrylamide (Sigmaldrich, A8887) in PBS at room

temperature.

For gelation, the cells were incubated for 30 min at 37°C in a humidified incubator in 50 pl
of monomer solution containing 19% sodium acrylate (Sigdzich, 408220), 10%
acrylamide, 0.1% Nb, @nethylenebisacrylamide (Sigmtat RNA OKX aTHpc-0 X 1 PP
tetramethylethylenediamine (Sigmaldrich, T9281) and 0.5% ammonium persulfate
(Thermo Scientific, 17874). After 60 min denaturation at 95°C in denaturation buffer
composed of 50 mM TrisSigmaAldrich, T1503), 200 mM NacCl (Lachner 36R89), and

200 mM sodium dodecyl sulfate (Roth, 8029.3) in gllipH 9.0)Expansion of the gelas

done by incubation in ultrapure water, 1x1 cm piece of the gel was cut and incubated
overnight with primay antibodies Table 4) diluted in blocking buffer (2% BSA and 0.02%
sodium azide in PBS). After 3 x 20 min washes with ultrapure water, the gel was stained

overnight with secondary antibodie$gble4) diluted in blocking buffer.

Finally, the piece of gel was washed 3 x 20 min and stored in ultrapure water until imaging.
The expanded gel was placed on a-Bdated glasbottom dish. Specimens were imaged
using a Leica TCS SP8 confocal microscope usiktfCaAL apochromatic x63/1.40 oil
objective. A fluorescence signal was detected using a combination of photomultiplier and

hybrid detectors. Atacks were deconvolved with Huygens Professional v. 21.04 using
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deconvolution express mode (Scientific Volume ding, The Netherlandsttp://svi.nl).
Final 3D visualisation was rendered in Imaris viewer 9.7.2 (Bitplane). Selected confocal

planes were processed using Echindelin et al., 2012)

Expansion microscopy of kinetoplastid parasites
The detailed protocol was published (@orilak et al., 2021)Briefly, kinetoplastid cells
(procyclicTrypanosoma brucei brucei 8imOXP927 background ahdishmania major
were fixed either in solution or on a coverslip by overnight incubation solation
containing 4% formaldehyde and 4% acrylamide. The gelation was performed in the same
way as for mammalian cells. Samples were denatured at 95°C for 1.5 h in a denaturation
solution consisting of 50 mM Tris pH 9.0, 200 mM NacCl, and 200 mM sodidetydo
sulfate in ddHO. Gels were expanded by 3 x 20 min incubation in an ultrapz@e Fhe 1
x 1 cm gel was cut out and stained with primary and secondary antib{ichése 4 Gorilak
etal., 2021)To stain for DNA, selected samples were also incubatedwvith/ el Hoechst
33342 (Thermo Scientific, 62249) in PBS while rockinailysithe gels were washed 5 x 15
min with 4 ml of ultrapure watelmaging was performed in the same way aseiypanded

mammalian cells

siRNAmediated knockdowns

Each knockdown experiment included two rounds of siikiMiated transfection (reverse
and forward). Controls for each experimental sample included: untreated cells, blank
transfected cells and cells transfected with nk@amgeting siRNAoligonucleotides

(Dharmacon).

Round @12 mm coverslips were placed in thevigdl plate. The sSIRNMfONTARGETplus
HumanZC2HC1(79696) siRNASMARTpoo|DharmaconL-03197602-0005 diluted to

the final concentration of 10 nM ithe Opt-MEM medium (Gibco, 31985062). Next, the
Lipofectamine RNAIMAX transfection reagent (Invitrogen, 13778100) was addee to
mixture, transferred onto a coverslipnd incubated for 20 min at room temperature. The
suspension ohTERIRPEL cells (DMEM + 10% FBS) was transferred to the well and
incubated overnightThe rext day, the cells were washed and transfected with thme

siRNA/Lipofectamine reagent mixturé-ollowing overnight incubation, the cells were
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incubated ina serumfree DMEM medium to induce ciliogenesis. On the following theey
cells were fixecaind immunostained (see chaptenmunofluorescence stainingnd Table
4) andimaged. The images were analyzed using(&ghindelin eal., 2012) Cilia length

was measured based on the signal of aki®L13B antibody.

Peel off procedure

Round @12 mm coverslips were first washed in 2M NaOH. Next, they weredigoharged

for 60 s at 15 mA(Leica ACE 60@hd immediately transferretb a 24well plate with 500

pl of PLL solutiordQ pg/ml) and incubated there for 1 h. Afterward, the PLL solution was
aspirated, and the coverslips were-diied. Treated coverslips were used immediately or

stored at4°C for up to 10 days.

Differentiated primary culture of ependymal cells grown irmgell or 12-well plates were
washed 3x with PBS. Following the last wash, most of the PBS was aspirated with only a
thin layer left. Next, the coated coverslip was carefully laid onto the apical surface of th
cell culture, and a weight of 17 g was placed on the top of the coverslip for 60 s.
Subsequently, the weight was removed, and while supporting the coverslip from one side,
it was lifted from the other side with tweezers. Finally, the coverslip was tearesf to the

proper fixation solution depending on the following staining meth(te chapters

Immunofluorescence stainirgnd Expansion microscopy

HaloTag puiiiown

ThehTERTRPEL cell lines expressing transgenic Halédsagn proteins were grown on
three @15 cm tissue culture dishes until they reached at least 80% confluence and were
subsequentlystarved for 24 h. The starved cells were washed with 4°C PBS dextembl
using a cell scraper into 50 ml conical tubes. The cells were centrifuged at 2 000 x g for 8
min in a precooled centrifuge (4°). The cell pellets were frozerB&rC for a minimum of

30 min.

The HaloLinkB a Ay o0t NPYS3l S DcHTnO ¢l a dzaSR F2ff2¢

Briefly, the 200 pl of resin per cell line were equilibrated in a wash buffer consisting of 150
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mM NaCl, 100 mM Tris HCI pH,7ahd Igepal CA30 (SigmaAldrich, T1503) in ddie.
Next,athawed cell pellet was resuspended in 900 pl of lysis buffer consisting of 150 mM
NaCl, 50 mM Tris HCI pH 7.5, 1% TritekO® and 0.1% sodium deoxycholate (Sigma
Aldrich, D6750). The lysis buffer was supplemented with a 1x protease inhibiktad
(Promega, G6521) and 10 pg/ml Dnase | (Roche, 10104159001). After a 10 incubation, the
cell lysate was homogenized in a 2 ml glass douncer (30 strokes on ice). The lysate was
cleared by a 5 min centrifugation at 880 x g and 4°Glext, the clarifed lysate was diluted

with a TBS buffer (150 mM NaCl and 100 mM Tris HCI pH 7.5) and incubated with a pre
equilibrated resin on a tube rotator for 1 h at 4°C. Following the incubation, the resin
underwent a series of centrifugation wash steps (4x withiwlasffer, 4x with TBS buffer).
Following the last wash, the supernatant was discarded, and the pelleted resin with bound

proteins was stored a80°C.

Finally, theliquid chromatography/mass spectrometrgnalysis of the samples as
performed inthe Laborabry of Mass Spectroetry at Biocev research centdfgculty of
Science, Charles UniversitBriefly, @mples were cleaved on beads witlud of trypsin at
37°C overnightSamples were anatgd usingThermo Orbitrap Fusiombermo,Q-OT-qIT).

All data wereanalyed and quantified with the MaxQuant software (version 10643;Cox
et al., 2014)
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Identification of novel ciliary tip proteins

Identification of candidate proteins
The first aim of this thesis was to identify novel proteins localizing to the tip of the primary
cilium of mammalian cells. Candidate cilium tip proteins were identified as orthologs of
flagellum tiplocalizing proteins of the protozoafrypanosoma brucgthe first flagellated
organism with a completed whole genome localization projdeypTadDean et al., 2017)
The trypanosomdlagellum tiplocalizing proteins were identified by Trigg and their
localizationrsubsequentlyalidated in the_aboratory of Cell Motilithy Mgr. Hana Vachova
as part of hedoctoral thesigroject. The mammalian orthologs the validatedT. brucei
flagellum tip proteinswere identified via an evolutionary analysis performed doy
collaborators irthe laboratory of Dr. Bill WickstedtUniversity of Nottingham, UK), based

on the combination ofeciprocal best blast lstandsearching for orthogroups.

Setting up a screening pipeline
The hTERiImmortalized human retinal pigment epithelial cdihe (hTER‘RPE1)was
selectedas the model system for several reasons. First, it is acamcerous immortalized
cell line that readily forms th&Cupon 24hour serum starvatior{Tucker et al., 1979)
Second, it offersmadvantage for imaginginlike most cell linescommonlyusedto study
cilia biology hTERARPEL cdlform ciliaclose tothe substrateand approximatelparallel
to the imaging planeHence, almost the entireilium is in a single focal planghich
facilitates imaging of rapid events, such as. IHhally, like imany other cell types, the

ciliumof RPE1 cellss nd essential for cell viabilitywhich facilitates functional studies.

Initially, multiple commercial antibodies to native proteins were tested. However, they
were often not functionaljn particular against previously not well characterizedteins.
Hence, toenable an effective screening of proteins for their subcellular localizatitma
particular focus on ciliag screening pipelindbased on expressing tagged candidate

proteinswas established.
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The pipeline consisted of the followisteps:

1/ Cloning of the codinPNAsequence (CDSIDS of genef interestwere acquired from
various sourcesT@ble ). Due to the high degree of evolutionary conservation, either
murine or human CDSs were chosen basegrmagctical reasons such as the availability of
plasmids, primers, and cDNA. In some cases, both human and murine CDSs were cloned

and expressed, resulting in identical/higgiynilar localization patterns.

In the case ofusingcDNAas a substratgthe cloning of the low abundant transcriptsas
optimizedby subcloning the PCR produaighe pBluescript plasmid and subsequent blue
white selection ¢ee chaptelCDS cloning Tomake the whole cloning process timand
costeffedive, all plasmids were adapted to the highly efficient Gateway cloning system
(Hartley et al., 2000)All CDS were initially cloned in the Gateway entry plasmid
pDONRZ221from which CDScan be redily insertedin any Gateway expression plasmid.

2/ Generation of stable cell lineBue to a relatively low transfection efficiencylofERT

RPE1 cells and the necessity to starve therarder to form cilia generation of cell lines
capable ofstable expresson of candidate proteins with reporter tags rather than their
transient expression was selected. Two systems for generating stable cell lines were tested:
FlpIn T-REx system and retroviral transductior(Swift et al., 1999)Individual properties,

including detailed protocolfor usingboth systemswere descttved in(Biné et al., 2022)

i/ FlpIn T-REx system allows generation of stable mammalian cell lregsable of a
tetracyclineinducible expression from a specific genomic locus. This system requires a
specially modifiedhTERIRPEL1 cell line containing genoinésgrated flippase recognition
target site (FRT) and expressing tetracycline repre3dw.pgLAP1_NEO plagmwvith the
N-terminal EGFP fusion tag was initialiged (Pejskova et al., 2020)To enhance the
fluorescent signal intensity, the EGFP tag was exchanged for amupdteonGreen tag
(Shaner et al., 2013)esulting in the plasmid pGFTImNG.In general,tiwas possible to
generate transgenic cell lines using thky-In T-REx system; howeverthe procedure was
not very reliable, as cell linggthout a detectableexpresson ofa fluorescent protein were
frequently selected. Moreover, the procedure wasgthy, lasting 24 weeks. Therefore,
the murine stem cell virus (MSCRased etroviral transductionsvere established which

reduced stable cell line generation time to approgiely 10 days. Additionally, MSCV

55



based retroviral transductions are much more versatile as they do not regspecifically

modified cell line.

i/ MSCVWbased etroviral transductionsThe pMSCW-FlagHAIRESPURO plasmid
(Sowa et al., 2009yas used to establish the retroviral transductiofrs addition, a set of
modified plasmids was generatecenabling tagging with various tags for specific
experiments FlagHAMNG for immunofluorescence staining, lineell imaging and
expansion microscopyed fluorescent fusion proteemCherryand mKateZor generation
of reporter cell lines for liveell imagingand FlagHAHalo including small epitope tags and

the selflabelng HaloTag for liveell imaging and putlowns respectively

Generated stable cell lines were subsequently selected with the respective antibiotics to
enrichfor successfully transfected/transduced cells. In some cases, cells were also sorted
based on tle fluorescent signal to enridbr the desired populationParticularlyin the case

of the retroviral transductions,a heterogeneous fluorescent signal intensity within
individual cell linesvas frequently observedrhereforepulk cell sorting was prefezd over

singlecell sorting to avoid clonalithased artifacts

3/ Immunofluorescence staininghll cell lines were seeded onto microscopy coverslips,
serumstarved for 24 hand stained. Two antibodies targeting proteins in distinct ciliary
structures wee used as markers. An antibody targeting small GTPase ARL13B localizing
exclusively to the ciliary membrane was used toaiize the membranéCevik et al., 2010)

An antilody targeting protein CEP164 was used as a marker of the distal appendages (DAP),
which form a donutshaped structure located around the transition zoft&raser et al.,

2007) Additionally,nuclearDNA was stainedith the DAPI stain, serving as a control for

cell culture context (cell densitfrequencyof ciliated cells, possible damatgethe sample).

Note that in the presented data, the DAPI channel was intentionally omitted not to obscure

the signal of the dewry tip candidate protein.

4/ Imaging The last step of the pipeline wllsorescent microscopynaging. The scanning
confocal microscopy waselectedover the classical widefield microscopy as it efficiently
reduces the background signal froother focal planes. Moreover, sequential scanning

eliminatesthe socalledspectral bleeethrough emission of individual fluorophores.
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Qibcellular localization validation of published data
Initially, we focused onproteins that had been previously described lbcalize at the
mammalian ciliary tip. This served as a control of the experimental setup and for some of
the lessstudied proteinsserved as validation of published results. It was also for the first
time done in a uniform manner, allowing for a dire@mparison between the proteins.

Finally, it led to generation of reagents for downstream experiments.

Validation of the ciliary tip interaction module
First, we validated several tipcalizing proteins of an interaction module associated with
JBTS.

The proteinCEP104bcalized at the ciliary tip and in the vicinity of the basal body, possibly
at the daughter centrioleas described previousl{Satish Tammana et al., 2013
addition, a weak, unevenly distributed signal along the axonema® obseved Figure7A,
7B). Moreover, multiple foci of strong CEP104 signal were distributed through the

cytoplasm. This was ndescribedpreviously and could be an artifact of overexpression.

The potein MMGsppl localized along the axonemwijth signal slightlyncreasing toward
the ciliary tip Figure7C, 7D. In addition, MMCspp1 also localized to the BB and daughter
centriole.In some cells witta comparativelyhigher expressionimGCsppl also localized

along the cytoplasmic MTEigure7E), as previously reportefPatzke et al., 2006, 2010)

ARMC9had a very weak BB localization and exhibited a dispersed localization in the

cytoplasmin addition toseveral cytoplasmic fo@Figure 7F, 75

Validation of the ciliary tiginesins

Next, wefocused on validatg localizatiorof ciliary tip kinesins KIF7, KIFaRd KIF19.

MmKif7 localized in the cilium exclusively to the CHYyre8A, 8B, in agreement with
previously published observation{f&ndokhYamagami et al., 2009)n addition, foci of a
relatively strong signal were observed in the cytoplabmiare casesa dotted-line pattern
was observed inhe cytoso] presumably decorating the cytoplasmic MFsyure 8¢ A
similar behavior wagecently reported for overexpigsion of a different Mbinding

protein CLIP17Qijumon et al., 2022)

KIF17showed a high degree of accumulation in the @TEespect to the signal along the
cilium or in thecytosol.These accumulatioreppear to coincide wittmembrane bulges
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Figure7. Localization of proteins of the ciliary tipteraction module.(A¢G)Maximum
intensity projections of stacks of the immunofluorescently stained hTEHRPEL cells.
Fluaescently tagged proteins are in green/fire, ciliary membrane marker ARL13B in red, and the
distal appendages protein CEP164 weblScale bars: 5 um (A, C, F, E) and 1 um (B, (&) G).

MmCspp1l decorates the cytoplasmic MTs of the cells wsthigiher expression.

apparent in the ARL13B signal in 90% of the cilia with the#IG7 signaF{gure 8D, 8
This observation is in agreement with the published localization of overexpressed KIF17 in
various cell linesshowing accumulations at the PC (iishinger et al., 2010)
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MmKifl MmKif19

Figure8. Localization of the ciliary tigkinesirs. (AcH) Maximum intensity projections of z
stacks of the immunofluorescently stained hTEHPEL cells. Fltescently tagged proteins are in
green/fire, ciliary membrane marker ARL13B in red, and the distal appendages protein CEP164 in
blue. Scale bars:jim (A, C, D, F, G) and 1 um (B, E.GIMmKIif7 displays a threalike signal in
the cytoplasm(D) Dotted rectangles indicate overlapping KIKIETt, fire)and ARL13Bight, fire)
signals that do not associate with a ciliudrrowheads indicate the bulges observed at the ().
Representative cell withuclear localization of KIF1(G)Note the cilium of a normal length

(approx. 4 pm) of the cell without MmKif19 expression (arrowhead).
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Such ciliary membrane bulges were yimisly associated with the formation of EX&ager
et al., 2017) Inthis respectit is interesting to note that detike foci with the KIF17signal
intensity comparable to th&IF17 intensityn the CTEand also containinthe ARL13But
not CEP164ignalwere observed in our experimeligure 8D, 8ETherefore, these data
indicate that these may be EVs, the release of which was triggerétHly overexpression
such EVfelease was previously suggested to beoatrol mechanism of the CTD material

abundanceStilling et al., 2022)

In a fraction of cellKIF17also localizedo the cell nucleusKigure 8l Previously, it was
demonstrated that theshort Gterminal domain of KIF17, whiatesembles the nuclear
localization signalwasnecessary for ciliary localizatigDishinger et al., 2010Moreover,
the samedomain mediates interaction witithe nuclear import protein importid 2
(Dishinger et al., 2010jherefore, the overexpressiomay cause the KIF1#anslocation

to nucleus

The last of the assessed ciliary tip kinesins MaKif19. This protein was previously shown

to localize to tips of motileilia(Niwa et al., 2012put wasnot studied in primary ciliae
observed, thatMmkKif19 robustly localized to the CTD of PCs. Moreover, the cilia of cells
expressingMmKif19 wereshott, on average 0.93 £+ 0.54 pfmean + St. Devn=20).This
represents a dramatic shortening when compared to cilia length of the parental cells 4.48
+ 0.98 um (mean £ St. Dev., n=2Ye gradient toward the CTD wdiscerniblein slightly
longer cilia Figure8G, 8H, which is in agrement with the published behavior of kinesin
motor proteins(Varga et al., 2009 astly, theMmKif19 signal was present in the cell

nucleus with a higér signal intensity in nucleoli.

The immunofluorescence experiments of the overexpressed CTD residing kinesins
confirmed their published localizatignin addition,our data indicatehat overexpression

of KIF17/night trigger theEV sheddingand MmKif19 overexpressiomsignificantly shortens

PC.
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A MmMEB: MmEB1 ARL13B CEP164

C MmEB3 MmEB3

E MmEB! 120 ¢ F MmEB]

MDCKII

hTERT-RPE1

Figure9. Immunofluorescence and liveell imaging of theEnd binding proteins 1 and.3
(AcD) Maximum intensity projections ofgtacks of the immunofluorescently stained hTEHPEL
cells. Flueescently tagged proteinsimEB1 andMmEB3are in green/fire, ciliary membrane
marker ARL13B in red, and the distal appendages protein CEP164 in blue. Scale b&fs: G)pm
and 1 pm (B, P(B A single frame of the liveell imaging of mMN®&mMEB1 expressing hTERPE1
cells and a cumulative projection spanning 120 seconds. Scale bars(H b reconstruction of
live-cell imaging of MDCKII cells expressing AMNEEB1(G)3D reconstruction ofive-cell

imaging of MDCKII cells expressing mBIEB1.
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Validation of the endbinding proteins

As we were aware of the high dynamicity rofcrotubule plusend-tracking proteins, we
performed livecell imaging oMmEB1and its paraloguMmEB3(Figure 9 Both proteins
formed the welkknown cometg(Figure 9 following ubulin polymerization aplusends

of the growingcytosolicMTs(Mimori-Kiyosue et al., 2000)ndicating they are functional
Theciliarylocalizationpatternsof MMmEB1 andVmEB3 vere highly similar. The signal was
strongest at the BB and daughter centriole. There was also a,waaken signal along the
axoneme. The signal in the CTD was compariblés intensityto the signalalong the
axoneme Figure 9Ac 9D). Hence it appears that there is no preference of EBs for CTD in

RPH cells, butrather they bind to axonemal MsTof PC along its length.

Such binding preferencgasconsistent with the bservationof periodic densitiesnatching

EB1 structure along the outer surface of axonemal MTs in -tnymgraphy
reconstructions of PC of MDCKII cells performed by our collaborators from the laboratory
of Dr. G. Pigino (MRIBG, DresdenYhisprompted us to assess whether EB1 is indeed
presentalsoin cilia of this cell type. We therefore stably expressed the mouse EB1 protein
in caninerenal MDCKII cells. Subsequent leell imaging proved the presence dmEB1
along the PC of MDCKII celsgire 9FKiesel et al., 2020)The axonema/imEB1 signal
gradually decreased toward the ciliary tip, likely because of the reduced number of MTs
(Kiesel et al., 2020)dentical results were subsequentbptained for the fluorescently
tagged canine EB1 in the MDCKII céligure 9G

Validation of theFT proteins
The lasset ofproteins included in the verification analysisre thelFT proteins. We chose
two IFFB constituents¢ Mmlft20, IFT74 and one IFR protein IFT43 The selection of
these IFT proteins was based on the availability of the cloned\W@®8bserved that all of
them share a similar ciliary localization pattern. They indeed localized mainly to the tip and
the TZ and alsin dotsalongthe axoneme(Figure 10Ac 10F. However, there are also
differences between the proteind¥imift20 clearly localized to the Golgi apparatus as
described previouslgFigure 10AFollit et al., 2006)and IFT74 frequently accumulated in
the proximal region (about 1 pum long) of the axonerke&y(relOF).
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C IFT4: IFT43
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G MmUbxn 1 MmUbxn10

Figure 10Figure legend on theext page.
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FigurelO. Intraflagellar transport constituents share a similar yeiscernible
localization pattern in mammals(A¢H) Maximum intensity projections ofgtacks of the
immunofluorescently stained hTEIRPEL cells. Fltescently tagged proteinare in green/fire,
ciliary membrane marker ARL13B in red, and the distal appendages protein CEP164 in blue. Scale
bars: 5 um (A, C, E, G) and 1 um (B, D, F, H).

Finally, we decided to verify a reported CTD localization of a UBX daorai@ining
protein 10 MmUbxn10), described as an adaptor of anterograde-B-particles, with a
function in ciliogenesigRaman et al., 2015)JBXN10 indeed latized in the CTD and TZ
with puncta along the axonemeFigure 10G, 10K which is in accordance with the
published association with IFT particles. Interestingly, UBXN10 was also more prominent in
the distal part of the axoneme (gpoximately 1 pum), resembling the localization of the
IFT74Eigure 10F, 10H

Table5: Summary of the verification of published tip proteinghe presence of a distinct

signal of the protein in the particular ciliary regioniskida SR & amé 2y | INBSYy ol
FoaSyoS a éné¢ 2y I ¢gKAGS oFO13INRdzyR® 'y 2N} y3aAS
protein BB TZ axoneme CTD| EVs | nucleus
ARMC9 0 0 0 0 0 0
CEP104 0 0 weakfoci 1 0 0
CSPP1 1 0 dight increasdoward tip 1 0 0
KIF7 0 0 0 1 0 0
KIF17 0 0 0 1 1 rare
KIF19 0 0 gradienttoward tip 1 0 1
EB1 1 0 weak 1 0 0
EB3 1 0 weak 1 0 0
IFT20 0 1 weakfoci 1 0 0
IFT43 | weak 1 weak foci 1 0 0
IFT74 | weak 1 weak foci 1 0 0
UBXN10| weak 1 weak foci 1 0 0

To summarize thipart of the project,our results from validation experiments showed that

although the overexpression causes localization artifacts in some cell(foresxample,
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CSPP1 and KIFMe experiments confirmed the tip localization of all selected proteins

except ARMC9r@ble 5. Hence we proceeded to the actual candidate protein screening.

Quibcellular localizatiog screening of the candidate proteins

In total, 16 CTD candidate proteins weselected including several cases of prgous

proteins(Table §.

The Armadillo repeatontaining protein 2NImArmc2) is a 95.3 kDa proteioontaining 12
tandem Armadillo repeat domaindlutations in MmArmc2 were associated with human
and murine sperm malformation€outton et al., 2019)0ur data showed that MmArmc2
localizedto CTDof all cellsIn addition, it localized to the BB and(Fijure 1B). There was

no signal along the axoneme in some celidile in othersthere were several puncta
(Figure 1B, 11G. Hence the localization pattern of the protein resembles the pattern of
IFT constuents and adaptomprotein UBXN10KigurelOH). This is further consistent with
the fact that itsChlamydomonageinhardtiiortholog was recently identified as an IFT cargo
adapter for radial spoke@_echtreck et al., 2022)ndeed, livecell imaging data revealed

the bidirectional movement dMmArmc2 along theaxonemeof PQ(Figure 1D).

Paralogous proteins Cytoplasmic linkessociated protein 1 and 2M(mdaspl,
Mmdasp?2), akaCLIPassociating protein 1 andéte 169.2 kDa and 140.7 kD®G domain
containing +TIP proteins. It was showthat both proteins interact with EB1 and EB3
(Mimori-Kiyosue et al., 2005WWe observed thanone of these proteins localized to the
cilium. Instead, loth proteins had a dispersed cytoplasmic localization and were enriched
around the BB and in an amorphous structure proximal to théFBRire 11k 111). This is

likely the Golgi apparatus, ere both proteinshave been reported tdocalize(Efimov et

al., 2007) Additionally, CLASP1 was abundant at the edges of the cell, and in cells with a

higher level of expression, its signal overlapped with cytoplasmic Mgisré 11G
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A MmArmc:. MmArmc2 ARL13B CEP164 B
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H MmClasp: MmClasp2

Figurell. Localization of proteins MmArmc2, MmClaspl, MmClasp@ximum intensity
projections of zstacks of hnTERRPEL cellSignal oflfiorescentlytagged proteirisin green/fire,
ciliary membrane marker ARL18Btected by a specific antibody red, the distal appendages
protein CEP16detected by a specific antibody blue. Scale bars: 5 pm &,G H) and 1 pm (B,
C F.l). (D)Kymograptshowing behavior oinNGtagged MmArmc2n the PC o hTERIRPEL
cell. Horizontal scale bar: 1 um, verticaale bar5 s. Base of the R€the time point Osisin the

upper-left corner.
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A DYNLT] DYNLT1 ARL13B CEP164

C DYNLT3 DYNLT3

MmGsk3k MmGsk3b

IIIIQ

Figurel2. Localization of protein®©YNLTIDYNLT2MmGsk3b (A-G) Maximum intensity
projections of zstacks of the immunofluorescently stained hTEHRPEL cells. Fltescently tagged
proteins are in green/fire, ciliary membrane marker ARL13B in red, and the distal appendages
protein CEP164 in blue. Scale bars: 5 unG(B,and 1 um (BD, F,G). (E)Arrow shows CTD

without detectable MmGsk3b signal, while arrowheads indicate a weak signal in CTD.

Another CTDocalizingcandidates wergaraogousproteinsDynein light chain Tctetype
1 and 3 DYNLTLDYNLTRB Thesel2.4 kDa and 14 kDproteins are asociated with
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cytoplasmic dynein complexdsand 2(Asante et al., 20143iRNAmediated knockdown©
DYNLT1 causelongation of PC in hTERPEL cellPalmer et al., 2011)0ur data show
that both orthologslocalized to theTZand BB andsome signal caalso be seemext to BB
(possiblydaughter centriole Figure 12A; 12D). However, no signal was detectetther in

CTD or along the axoneme.

Glycogen synthase kinaSebeta MmGsk3l) is a 46.7 kDa protein. iegulates ciliogenesis
after mitosis in cultured murine cell&Zhang et al.,, 2015)Previously, it had been
demonstratedto localize at the BB and daughter centriqi@hang et al., 2015)Our
observationswere in agreement with these results-igure 12E, 13FMoreover, a faint
signal was detected in the CTD and along the axonerappnoximately 20% of theells
usually with the higher MmGsk3b expressigigure 12G¢

Sjoegren syndrome nuclear autoantigen MIn{Ssnalaka NA1% is a 13.5 kDa MT-
associatedprotein. It was previously shown tha&SNA1 localizes 8B and a daughter
centriole in culturechuman andmurine cell§Pfannenschmid et al., 2003; Lai et al., 2011)
In addition, SSNA1 was also detected in axonem€s dinhardtiand human spermatozoa
(Pfannenschmid et al., 20Q3)We observedseveral localization patterns of M#anal:
dispersed in cytoplasm, aggregations irthe cytoplasm and rarely in thecell nucleus
(Figure 13A, 13CLai et al., 2011)However, theMmSsndl exhibited only a weak BB

localizedsignal. No signal was detected within the axoneme or Eigie 13R

The UneSl-like kinase 4(MmUIk4) is a 145.3 kDaserine/threonineprotein kinase
localizing to the tip of the new flagellum Thbrucei(Varga et al., 2017A recent study by
Mecklenburg and colleagues shows transiently overexprebsatllik4 in the axoneme of
murine 3B cells(Mecklenburg et al., 2021Moreover,using the BiolD proximity labeling
technique in norciliated HEK293 celldLK4 was shown to interact with CSPP1 and KATNIP
¢ two of the degribed ciliary tip proteins in mamma(Preuss et al., 2020WWe observed

that InhTERARPEL cellshere was a weak signal in the BBs and a dispersed localization in
the cytoplasm igure 13} but we never observed signal in he PCCTD or the axoneme
(Figure 13Efor further analysiof MmUIk4 localizatiorin motile cilig seeULK4 localizes

preferentially to the nascent motile cilia
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F MmWdr2’ MmWdr27

Figurel3. Localization of proteindMmSsnal, MmUlk4, MmWdr2{A-G)Maximum
intensity projections of stacks of the immunofluorescently stained hTEHRPEL cells.
Fluaescently tagged proteins are in green/fire, ciliary membrane marker ARL13B in red, and the

distal appendages protein CEP164 in blue. Scale bars: 5 pnAFCand 1 um (B, E, G).

WD repeatcontaining protein 27NImWdr27) had been previously identified as a cilium

associated protein based on phylogenetic profiliagd its localization to the cilium of
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cultured human kidney cellsas showrusing an antibodyNevers et al., 2017However,

we observed only a weak dispersed cytoplasmic sighslmWdr27(Figure 13F, 13G

A TPPP TPPP ARL13B CEP164

C TPPP: TPPP2

E TPPP3 TPPP3

IIIIm

Figurel4. Localization of TPPP protein famitgembers (A-G)Maximum intensity
projections of zstacks of the immunofluorescently st@d hTERRPEL cells. Fleescently tagged
proteins are in green/fire, ciliary membrane marker ARL13B in red, and the distal appendages

protein CEP164 in blue. Scale bars: 5 um (A, C, E) and 1 um (B, D, F, G).
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Another set of candidate proteins in oanalysis included three Tubulin polymerization
promoting protein TPPP) familpnembersc TPPR23.6 kDa)TPPPZ18.5 kDa), andPPP3
(18.9 kDa). This family had already been associated with cilia based on the presence of

genes coding for these proteinsausively in ciliated organisni®rosz and Ovadi, 2008)

We observed that all three members of the family have cytoplassoadization Figure 14.
Localization withintie PC varied;PPRocalized to the BB Z, unevenly along the axoneme,
and in the CTOR{gure 14A, 14BTPPP# 80% of thecells localized to the BB and daughter
centriole, while in the remaining cellg,lackedany ciliaasso@ted localization As the only
family member, TPRRalso exhibited a weakuclear localizationRigure 14C, 14DTPPP3
faintly localized to the BB are&eldomlyit was also detected along the axoneme and in
the CTOFigure 14k, 14G.

Mammalian ortholog®f Th927.7.7030a T. bruceflagellum tip protein with a zinc finger
domain are threehitherto uncharacterizedZinc finger C2HC domagontaining proteirs
(ZC2HC1AZC2HC1BZC2HCIC Moreover, another putative closely related protein in
mammals iZinc fingemprotein 474 ZNF474 Zfp474 in mice). We observed thaC2HC1A
(35 kDa)localized to BB, daughter centriole, aptbminently the axoneme Eigurel5A,
15B). Protein ZC2HCXRB4.6 kDayjlid not have a ciliary localization. Instead, its signal was
dispersed in the cytoplasm and was slightly concentratenind the BBRigure 15C, 15D
ZC2HC1(51.6 kDagxhibited aspecificlocalizaion patternin the CTD and a dottesignal
along the axoneme, a pattern that we have not observed in dhgrgroteinin our screen
It was not exclusively at the CTD as other CTD locapratgins (Figure §. At the same
time, it also lacked a discernable TZ or BB localization as the IFT prgigase 10. The
signalaroundthe BB wagliffused(Figure 15F Similarly to KIF1{Figure ®), the ARL1B-
coated EMike structures containing ZC2HC1C were dete(fégure 15k

Figurelb. Localization of Zinc finge€2HC domaktontaining protein familymembers

(A-l) Maximum intensity projections ofgtacks of the immunofluorescéy stained hTERRPE1

cells. Flucescently tagged proteins are in green/fire, ciliary membrane marker ARL13B in red, and

the distal appendages protein CEP164 in blue. Scale bars: 5 um (A, C, E, G) and 1 um (B, D, F, H, ).
(E)Asterisks indicate overlapg ARL13BindZC2HC1C sigsah yellow,whichare not part ofa

cilium.
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A ZC2HC1/ ZC2HC1A ARL13B CEP164

C ZC2HC1E ZC2HC1B

E ZC2HCI1C ZC2HC1C

G ZNF47/ ZNF474

Figure 15Figure legend on the previous page.
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The last protein of this seZNF47440.3 kDa)localized to the cell nucleus witnmore
pronounced signal in the nucleoki@ure 15G Two categories of ciliary localization were
observed, cilia witla distinct BB signal analweak axonemal signal, and cilia with a weak
diffused BB signalKigure 15H, 1%l This differential localizatiomost probably depended

on the level of ZNF474 expression.

To summarize, two of the sixteen candidate proteins had a clear CTD localization in all cells
expressing the transgenes, with additional three proteins observéldarCTD only in rare
cases. Moreover, another two proteins hadl®Zalizationand one protein localized along

the whole axonemégTable 6.

Table 6.Summary of the candidate protein screeninghe presence of a distinct signal bét

LIN2EGSAY Ay GKS LI NIAOdz  NJ OAf AFNRE NB3IAZ2Y A& YIN
Eneg 2y I gKAGS 01 O13ANRdzyR® 'y 2NIy3aS o6l Ol ANRdzyR
protein BB TZ axoneme CTD EVs | nucleus
ARMC2 1 1 0 orfoci 1 0 0
CLASP1 1 0 0 0 0 0
CLASP2 1 0 0 0 0 0
DYNLT1 1 1 0 0 0 0
DYNLT3 1 1 0 0 0 0
GSK3B 1 0 rare, weak | rare, weak 0 0
SSNA1 1 0 0 0 0 rare
TPPP 1 0 uneven rare 0 0
TPPP2 1 0 0 0 0 1
TPPP3 1 0 rare rare 0 0
ULK4 1 0 0 0 0
WDR27 0 0 0 0 0 0
ZC2HC14 1 0 1 0 0 0
ZC2HCL1E 0 0 0 0 0 0
ZC2HC1( diffused 0 foci 1 1 0
ZNF474 1 0 weak 0 0 1

73




ProteinZNF1@s a novel ciliary tip protein

The ciliary localization screen led to identification of one completely uncharacterized
protein, ZC2HC1C (from now on, we refer to this proteinZ&E1C),which consistently
localizes to CTDHumangene coding foZNF1Gs located on chromosom#&4g24.3and
consists of 3 exons. Protein ZNF1C contaissgle zinc finger C2HC dom@ifam13913

in its Gterminal part Remarkablyits murine orthologueMmznflc (59.6 kDa$ longer and

has an additionatinc fingerC2HC domairF{gure 16, which is also the case ®f brucei
family member $upplementarydata 2. Using locusspecific primers and subsequent
sequencing, we confirmed thahertening of the human ZNF1C is caused by a nonsense

mutation, generating a premature stop codon.

The CDS of ZNF1C was cloned from the cDNA prepared fromRIPERRNA, obrming

the presence of the respective transcript in hTEPEL cells. Higher expression of ZNF1C
in tissues with motile cilia supports its functional association with Sligoplementary data

3).

ZNF1C
456 aa

MmZnf1C _ALHe_

527 aa

Figurel6. A schematic compason of the human and murine ZNF1C proteiZinc finger

domain C2HC is indicated in yell@ag amino acids).

ZNF1Gs transportedby IFT trains
In addition to the CTD, ZNF1C also localized to foci alonagxireeme Eigure 15F Their
distribution did not appear to be random. Manual quantitation of positions of the foci along
the axoneme indeed revealed that thexere essentially absent in the proximal third of the
axoneme and distributed along the remaining tivords, with the signal always present in
the CTDKigure 17. The averagenumber of foci between TZ and the tip (includinggr

cilium was 4.& 0.89 (mean £ St. Dev., n=33jstribution analysis only reflects the position
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of the signal and nats intensity.However, the signal at the tip was typically the strongest

(85% of the analyzed cilia).

A Representative plot profile of ZNF1C signal distribution
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Figurel?. Distribution of the ZNF1C signal foci along the axoner(®).Representative plot
profile of the mMNGZNF1Gignal intensitymeasured from T) to the tip of the axonemd1),
based on the ARL13B staining in fixed hTERHEL cell§B)A histogram omNGZNF1Goci
distribution alongPCof 33 hTERIRPEZells.Asterisks represerttinsthat foci ofsignal from the
plot in (A)belong

To assess whether tHeci of ZNF1G8ignalwere stationary or motile, livecell imaging using
confocal microscopy was performed. While most foci along the axoneme were stationary,
some movement was detected. To enhance tinee resolutionof imaging we employed

variableangle epifluorescence microscoyAEMBInoO et al., 2022)This revealedhat the
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foci of ZNF1lGilong the axonemewere generally stationary. However, @ocessive
movement was observedin both directions, which typically occurred between the
stationary foci Figure 18A, 18B The velocity of this movementas 0.59 +£0.17 pm/s
(mean £ St. Dev., @9 trains) for anterograde transport and 04&t 0.20 pnis (mean + St.
Dev., n20trains) for retrograde transport. This igsilar to velocities ofF174, 093+ 022
pm/s (mean + St. Dev., n=R@ins) for anterograde transport and 5+ 0.20um/s (mean

+ St. Dev., n20trains) for retrograde transportsuggestig of ZNF1®Geing transported by
IFT.

B ZNFiC C IFT74 ZNF1C IFT74
| I _ -

E IFT74 F _ MmIft20
Tl

time

time

D IFT74 ZNF1C IFT74  ZNF1C

Figurel8. Analysis of the ZNF1C behavior along the axone(AeF)Representative

time
time

time

kymographs from VAEM of cilia of hTERHAEL cells expressing indicated fluorescemtiged
proteins (all proteins were mN@gged, except the mKate2NF1C ithe doubletagged cell line).
Horizontal scale bar: dm; vertical scale bar: 2 A) Arrowheadsindicate stationarysignal (C, D)
Kymographs of merged and individual channelsi8iteZNF1C and mNIET74n the double
tagged cell line. The arrowhead in (D) indicates a case of a ZNF1C pausing site not identical to an
IFT pausing sitéE, FKymographs of single tagged IFT constituents IFT74 and MmIft20.

Arrowheaddndicate examples dFT traingpausingoefore changing directiomf movement

To further validate whether ZNF1C is transported by IFT trains, we generated a-double

taggedhTERIRPEL cell line eaxpressing mN@&T74 and mKateZNF1C. VAEM imaging
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confirmed cotransport of ZNF1C with IFT trains in both directions along the axoneme
(Figure 18C, 18DIntriguingly, while the frequency of moving IFRitrs was generally
higher than of ZNF1C, it was noticeable that a fraction of IFT74 was also stationary in
positions identical to ZNF1C foEidure 18L While he pausingsitesof ZNF1C and IFT74

were mostly overlapping, sporaceésamplesof a ZNF1C signal offset were observedre
18D).

Moreover, when only videos of single tagged mi¥G&74 cell line were recorded to increase

the temporal resolution, it became apparent that IFT74 moving in either direction
occasionally paused when reaching defined sites along the axoneme. Following such a
pausing event IFTs typically resumed motility in the oppaditection Figure 18 The

dwell time at the pausingite rangedfrom approximately0.5 s aimostimmediate turn) to

2.5 s. Subsequently, we analyzed another IFT cowsfit, protein MmIft20, and its

behavior was similaiigure 18F

ZNF1@ossiblymarks theplusendsof axonemal MTs
Because it was recently well established that individual axonemal MT singlets and doublets
terminate at various psitions along the axoneme of PC in several cell tyfes et al.,
2019; Kiesel et al., 202(nd we observed that IFT trains pause atadefined sites along
the axoneme, we hypothesized that tipausing sites of IFT trains and the stationary sites

of protein ZNF1C may correspond to ends of thesedistally terminating axonemal MTSs.

To discern individual axonemal MTs and determine whether ZEalizes to these sites,
we attempted to usethe superresolution microscopy technique known as Ultra
Expansion Microscop§fExM;Gambarotto et al., 2019)The ExM was selected over other
superresolution methods as it does not require any highly specialized equipment or
expensive reagents and enables rapid acquisition of the ciliary volatheut extensive
photobleachingln addition, we were not aware of any work employing more conventional
superresolution approaches, such as SIM or STED, to reliable image individual MTs of the
PC axoneme. For ExM ciliated hTHRRELl cells expressing -téfyged ZNF1C were
cultivated on coverslips, fixed with formaldehyde, and embedded into the acrylamide
based hydrogel (for details, sd&xpansion microscopyCells were physically expanded
approximately4.6xin all dimensions. Unlike in a classical immunofluorescence staining

with formaldehyde fixation, where thanti-acetylated tubulirantibody (C3B9) stains only
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axonemal and some cytosolic MTs, in the case of the ExM it in addition visualized BB and
daughtercentriole (Figure 19A likely due tothe expansion facilitamg accessibility of the
epitopesfor antibodies, as previously describ€dillberg et al., 2016)Tapering of the
axoneme toward the tip was clearly visiblegure 19, which suggests that thexaneme

of PC in RPEL cells has a similar structure to those described for IMCD3 and MDCKII cells
(Sun et al., 2019; Kiesel et al., 2020)

A acTub ZNF1C ZNF1C

B acTub MmZnflc MmZnflc acTub

Figurel9. ExM of tagged ZNF1®@ MmzZnflc expressed in hTERPEL cellgA) A
representative image of the maximum intensity projection of an expanded cilium. The cell
expressedHAtagged ZNFl@ndwasimmunostained against acetylated tubulin aHé tag (B) A
single focal plane of hnTERRIPEL PC. The BB and daughter centriole were out of focus. Arrowhead
indicates the tip of the cilium(A, B)Scale bas: 5 um corresponato the physical size after ExM

(expansion factor was ~8k).

Unfortunately, due to the collapsed circular arrangement of the densely packed axonemal
MTs of the PC, the ~4.6x isotropic expansion was insufficient to resolve individual MT

singlets/doublets. The ZNF1C signal was detected mostly in the distal segm#ém of
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axoneme, consistent with observations of unexpanded cells. The strongest signal was
present in the CTD, where we frequently also observed a bulge of acetylated tubulin signal,
possibly due to EV formatioffrigure 19A Highly snilar results were also obtained from
ExM of hnTERRPEL cells expressing MmZnfHigure 18).

Although there is an indication that ZNF1C decasdte plusends of the axonemal MTS,
ExMdid not enable us to discern individual MTs or their ends. In addition, we tried to apply
a combination of ExM with twgolor 3D STE3{imulated emission depletigrmicroscopy
called ExSTHGao et al., 2018 However, the provided resolution was not sufficient eithe
(data not shown) The solution might bdo use correlative lightelectronmicroscopy

(CLEM) approach.

ZNF1G@ssociates witknownciliary proteins

To further characteriz& NF1Cwe aimed to identify its interacting proteins. Firg\NF1C
was fused to the selfibeling HaloTag and stably expressed in hTEPFHL cells using the
MSCV transduction system. Themwo independentHaloTagHaloLink resin puldown
experimentswere performed Apart from the tested cell line, a sample of the unmodified
wild-type hTERIRPEL cell line was includag a negative control. In addition, hnTHRAEL
cells expressing Hatlagged EB1 were included ascantrol to filter out generic ciliary
proteins To pulldown the protein complexes, cell lysates were incubated with HaloLink
resin. Material bound to the resin waanalyzed by liquid chromatography/mass
spectrometry (for details, see HaloTag putlown). The parameters for considering
identified proteinsas ZNF1C interaction candidatesre: i/ preserceexclusively irZNF1C
sample with the intensitabove24 (intensity of protein in samplerasnormalized by Label
Free Qantification Algorithm presented as binary logarithnii/ preserce in ZNF1C
sample with the intensity abov24 and more thanlO-fold enriched in the ZNF1C sample

compared to any of the two remaining sampl@sble 7.

Intriguingly, among the top hitwasthe protein ARMC9, which was previously shown to be

a constituentof the interaction moduleassociated with the ciliary tifi.atour et al., 2020)
Anothertop hit wasdlia and flagelleassociated protein 58CFAP58hat wasshown to
localize to the BB of mice astrocytes and sperm flagellum. Its knockdowns resulted in
shorter cilia(Li et al., 2020)n addition, l-allelic lossof-function mutations were reported

to cause athenoteratozoospermi&n humarsand mice(He et al., 2020)

79



Intriguingly, several candidate proteins were also identified in the recent largeale
analysis othe human protein interactomeincluding proteingCullin7 (CUL7)Fbox/WD
repeatcontaining protein §FBXW8)andStress70 protein mitochondria(HSPA9Huttlin
et al., 2021) The lastmentioned protein was below the cut-off in our data setc being

enriched in ZNF1C/EB1 only 3.94x.

In addition, in the interactome study ZNF1C was shown to interact with multipt& IFT
proteins, namely IFT 22, 46, 52, 57, 74, 81(H&tlin et al., 2021)in agreement with our
VAEM observations. However, IFT proteins were not detected in our proteomics data. This
was presumably caused by the likelgrisient nature of these interactions and differences

between the pulldown approaches.

Interestingly, a large group of mitochondrial ribosome proteins was also detected as
candidate proteins in our data set. The association of ZNF1C with mitochondrg&dmbo
proteins in the cell is unlikely, as we did not observe localization of ZNF1C to mitochondria.
Although it cannot be at this point completely excluded, we assume the interaction was

formed after releasing content of various organelles during cef.lysi

Here we described in detdthe results of one masspec experiment; howevediscussed
candidate interactors alsappearedin our second experimenincluding ARMC9, CFAP5S8,

CUL7, and mitochondrial ribosomal proteins.

As a followup project in the Lab@tory of Cell Motility, localization of selected candidate

proteins will be assessed.

Impactof the ZNF1&nockdown on the cilia length

We initially obtained coding sequence for ZNF1C from the cDNA originating from-hTERT
RPE1 cells indicating expressidh@ native ZNF1C in these cells. Therefore, we set out to
explore the effect of ZNF1C depletion on the cilia of h"FIERH1 cells using siRidiated
knockdowns. The specificity of the siRNA oligos was tested on the cells expressing mNG
ZNF1C, which reltad in the ablation of the mNG fluorescent signal. We compared the
cilium length of wildtype hTER'RPEL cells and of a negative transfection control to the
cells with the knockdown of ZNF1C (for details, se@&NAmediated knockdowns We
observed that depletion of ZNF1C resulted in a very mild cilia elongdtigoré 20.

Although the difference was not statistically significant at the level of p<@Qfbjld
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increase in the cililength was observed in each of the three independent replicates of the
knockdown experimentHigure 20. The length was measured based on the signal of the
ciliary membrane marker ARL13B (antibody). This slight elongation migiarthg due to

the increased release of EVs, as the process of the EV budding reshapes the ciliary

membrane.
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Figure20. Effectof ZNF1Qlepletion on cilia length ohTERIRPH cells The engths of
cilia were measured based on th&ignal of theanti-ARL13B antibodyl' he experiment was
performed in hrree biological replicates, n = 100 cilia per sample and repeti@iotors represent

individual experiments. Corresponding cetmded squares show the mean values of the
individual experimentsMears of pooled data of each replicate are indicatedldgck bas. P
valueswere calculated bya two-tailed unpaired student-test based on pooled means of the

individual replicates
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Table 7 Mass spectrometrydataset Intensity of proteinin a sample was normalized by Lalfgke Quantification Algorithm; presented as binary
logarithm.AsZNF1C interaction candidates were considered the following proteins: i/ present exclusively in ZNF1C sample and witisitheabudee

24, il presentin ZNF1C sample and with the intensity above 24 and being more théoidl@nriched in the ZNF1C sample compared to any of the two
remaining sampleg-old changg>10) of the ZNF1C sample to the specified sanf@ptidesc the total number of peptide sagences associated with the

protein. Unique peptidesg the total number of unique peptides associated with the prot€loverage; a percentage of the sequence that is covered by

the identified peptides of th@rotein sequenceMolecular weightof a particlar protein.

: . . . Fold . Mol.
Uniprot . Intensity | Intensity | Intensity . Unique | Coverage .

D Protein name WT ZNE1C EB1 ch>alnoge Peptides peptides (%] vE/ke[l)gakit
Proteinsunique for the ZNF1C sample
Q5T655 | Cilia and flagellaassociated protein 58 - 30.19 - - 1 1 0.8] 103.42
Q7Z3E5 | LisH domaircontaining protein ARMC9 - | 28.6324 - - 29 29 42.8| 91.818
P02792 | Ferritin light chain - | 28.3292 - - 9 9 58.3| 20.019
Q9BEY7 Pente_ttricopgptide rep.eat domainontaining | 27.0897 i i 21 21 30.3| 78.549

protein 3, mitochondrial
093008: Probable ubiquitin carboxybfmingl
" | hydrolase FAKX;Probable ubiquitin carboxyl - | 26.5995 - - 38 38 18.7| 292.28
000507 )
terminal hydrolase FAF

Q14999 | Cullin7 - | 26.4927 - - 31 28 27.1| 191.16
Q9UJP4 | Kelchlike protein 21 -| 26.2793 - - 17 17 39.9| 66.617
P82664 28S ribosomal protein S10, mitochondrial -| 25.9067 - - 5 5 33.3| 22.999
Q9Y2R9 | 28S ribosomal protein S7, mitochondrial - 25.877 - - 10 10 47.9| 28.134
Q9UL42 | Paraneoplastic antigen Ma2 - | 25.5186 - - 12 12 52.5| 41.509
Q9Y3D3 | 28Sribosomal protein S16, mitochondrial - 25.189 - - 3 3 33.6| 15.345
Q9Y676 | 28S ribosomal protein S18b, mitochondrial -| 25.0874 - - 6 6 41.1| 29.395
Q92665 | 28S ribosomal protein S31, mitochondrial - | 25.0203 - - 11 11 37.5| 45.318
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Q8N3Y1 | Fbox/WD repeatcontaining protein 8 - | 24.7541 - - 12 12 28.6| 67.393
P82932 | 28S ribosomal protein S6, mitochondrial - | 24.6906 - - 6 6 45.6| 14.226
Q53H96 | Pyrroline5-carboxylate reductase 3 - | 24.6234 - - 9 9 45.3| 28.663
Q9BYNS8 | 28S ribosomabrotein S26, mitochondrial - | 24.2796 - - 6 6 28.8| 24.211
P63151 Serlne/threonlneprote!n phosphqtase 2A 55 | 242202 i i 8 8 271! 51,691
kDa regulatory subunit B alpha isoform

P82914 28S ribosomal protein S15, mitochondrial -| 24.2036 - - 3 3 11.7| 29.842
Q9Y291 | 28S ribosomal protein S33, mitochondrial - | 24.0604 - - 4 4 39.6| 12.629
P82912 28S ribosomal protein S11, mitochondrial -| 24.0015 - - 4 4 31.4| 20.616
Proteinsin both the ZNF1C and EB1 sampbed not in WT sample 222110/

Q8CCG1 f'gc fingerC2HC domakeontaining protein | 35.289| 25.6472| 798.8772 32 32 62.4 | 59.641
P51398 28S ribosomal protein S29, mitochondrial -| 26.7764| 19.8292| 123.4001 12 12 34.9| 45.566
Q9Y3D9 | 28S ribosomal protein S23, mitochondrial -| 26.5676| 19.9549| 97.86493 7 7 41.1| 21.77
Q92552 | 28S ribosomal protein S27, mitochondrial -| 26.3868| 20.6214| 54.39454 17 17 51.4| 47.611
Q9Y2R5 | 28S ribosomal protein S17, mitochondrial - | 25.1903| 19.7624| 43.04936 5 5 60 | 14.502
P82663 | 28S ribosomal protein S25, mitochondrial - | 24.8092| 20.5661| 18.93719 9 9 56.6| 20.116
Q9BZE1 | 39S ribosomal protein L37, mitochondrial - | 24.0655| 19.9286| 17.59361 7 7 28.1| 48.117
Proteinsin both the ZNF1C and WT samplast not in EB1 sample ZI\\;\I/ZT1C/

P82675 | 28S ribosomal protein S5, mitochondrial 18.2137| 26.1015 - | 236.8484 11 11 26.7 | 48.006
Q99873 | Protein arginine Nmethyltransferase 1 20.9533| 25.5851 -| 24.7923 12 12 42.9| 42.461
060783 | 28S ribosomal protein S14, mitochondrial 19.7068| 24.1231 - | 21.35157 3 3 30.5| 15.139
P82933 | 28S ribosomal protein S@itochondrial 21.8737| 26.125 - | 19.04499 14 14 48.7| 45.834
Q9Y399 | 28S ribosomal protein S2, mitochondrial 21.1411| 25.1902 - | 16.55379 5 5 14.5| 33.249
P82650 28S ribosomal protein S22, mitochondrial 23.4958| 26.897 -| 10.5647 15 15 48.9| 41.28
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Proteinsin all samples

ZNF1C/

EB1

po2794 | FErMitin heavy chain;Ferritin heavy chair, N | 5 son)| 59 5874| 196055 1011.219 10 10 61.7| 21.225
terminally processed

Q92900 | Regulator of nonsense transcripts 1 20.7287| 25.4713| 17.4181| 265.62 8 8 10.4| 124.34
P82673 | 28S ribosomal protein S35, mitochondrial | 20.2708| 25.4807| 18.2164| 153.7348 10 10 41.2| 36.844
P82930 | 28S ribosomal protein S34, mitochondrial 23.021| 25.7136| 19.7858| 60.8772 11 11 63.3| 25.65
Q13162 | Peroxiredoxirt 23.1763| 25.6904| 21.1714| 22.92675 8 7 44.6| 3054
Q9Y2Q9 | 28S ribosomal protein S28, mitochondrial 19.811| 25.3865| 20.9366| 21.85498 7 7 46.5| 20.843
P05121 | Plasminogen activator inhibitor 1 21.0078| 24.1003| 19.8463| 19.07961 6 6 22.4| 45.059

84




Ependymalprimary cell culture as a model systeto

study CTDs shammaliaa multiciliated cells

One of the proteins that did not localize to tiCof hTERIRPEL cells wadLK4 Figure
13D. However, ULK&nockout in mousecauseamong others hydrocephalus, a typical
ciliopathy phenotypelinked to malfunctioning of motile cilia of ependymal cells on the
surface of brain ventricle@/ogel et al., 2012)This is also consistent with the findithat
MmUIk4 hypomorph mutant mice have alormal ependymal cilia lackirige central pair,
resulting in the compromised cerebrospinal fluid flaand the high expression of the ULK4
in the ependymal cells, when compared to other brain tisqlés et al., 2016)Therefore,
apossiblereason for ULK4 absence in th€of hTER-RPEInaybe its exclusive association
with motile cilia.The motile cilia are significantly more complex than primary cilia, with

structures like the central pair mgresent in the latter (se&ammalian ciliq

To address this possibilitywe aimed to examine the behavior of ULK4 directly in
multiciliated ependymal cedl For this purpose, we established isolation of radial gdilié c
from the brains of newborn mice puas previously described by Delgehyr e{Belgehyr

et al., 2015) Isolated cells were propagated and differentiated into the multiciliated
ependymal culture by serum starvation (from now on, we refer to mouse ependymsil cell

asmEC)Approxmately50% ofcells inthe cell culturedifferentiatedinto mEC.

Control immunofluorescence experiment performed @microscopy coverslip resulted in
distorted cilia due to the mounting procedukghen the coverslip is turned onto a glass
slide Therefore, to preserve theative upright orientation of the motile ciliagells were
seeded irglassbottom 8well chambersThe immunofluorescence staining was performed
directly in the chambers. Finallgells werecovered witha layer ofa glycerotbased

mountingmedium(Figure21A).

We opted for lipofectaminebased transient transfections as prolonged cultivation,
antibiotic resistancdrased selection, or sorting are limited \whiworking with primary cell

cultures, especially those that have to be subsequently differentiated at high densities.

To validate the experimental setup, we transiently expressed -HRmMNGtagged
MmCepl04 in mEC. Immunofluorescence data demondirétte expected MmCepl104
localization at the tip of the motile mEC cilia and the signal around the BB, presumably
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corresponding to the BBs without formed axonemedsiggre 21B). These results
demonstrate thatwe successfuy establisied the model systenmto study localization of

proteins inmammalian motile cilign our laloratory.

A

Figure2l. Multiciliated ependymal cells(A, B)3D reconstructions of-gtacks of the
immunofluorescently stained cultured multiciliated mECH8iary makers¢ acetylated tubulirand
ARL13Brespectivelyare in red, DNA is in cyaf8) mEC transiently expressing mM@nCepl104

(green)

ULK4 localizes preferentially to the nascent motile cilia
To studythe localization of MUK in mEC we transiently transfectedhese cells with a
plasmid coding foFlagHAMNGtagged MmUIlk4usion protein. Immunostaining revealed
a strong signal of MmUIk4 in the CTD of short motile.dlla of a medium length had a
weak but discernible signal in the€TD, while long cilia did not have amMmuUlk4
enrichment in CTD in comparison to the rest of the cilium, where a very faint signal was

detected (Figure 2A; preprint McCoy et al., 2022)n addition, MmUIk4 foci localized to
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the apical region of the celand a weak cytosolic signal was obser{fadure22A; preprint

McCoy et al., 2022)

Figure22. Localization of MmUIk4 in mEC@&, B, ¢ Confocal imaging othe cultured
multiciliated mECs transiently expressing FHEgMNGMmUIk4(mNG signah green.
Immunostained acetylated tubulin is in red and DNA in cy&) 3D reconstruction ofan
immunostained cellArrowheads indicatexamplesof ciliary tips withassociated MmUIk4 signals.
(B)3D reconstruction odnexpanded cell. The arrowheathglicate lectedciliary tips with
associated MmUIk4 signal Tighlight the signals at the tipnly distal pas of the ciliaare
shown.The scale represents the physical s{gkSelected confocal plas ofthe apical region of
an expanded multiciited mEQvith immunostained acetylated tubulin in red and ahtA tag in
green. Individual planes are separated by 700 nm in the axial direction, indiNédualcentrioles
are denoted with numbers. Scale bamum corresponds to the physical size aftetME(expansion

factor ~4.6x)

In further analysis, we focused doci of the signal accumulated in the apical region of the
cells. To achieve a higher resolution of this region and assess whether these signal foci
associated with the BBs or centrioles, we employed HriNeed, antiacetylatedtubulin

andanti-HAstainngrevealed that theFlagHAMNG-MmUIK4 signal is capping MTs on one
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side of the centriolesHigure 20). Additionally FlagHAMNG-MmUIk4 signalvas present
at tips of short and a subset of longer axonemfegre 2B; preprint McCoy et al., 2022)

Tips of growing and mature motile cdiéfer in their shape
While thereis a difference in the ULK4 presenegehe CTD of the shoversuslong cilia of
mECsthere is a lack of information on the structure of the CTich could reflect this.
Therefore,to assess the structural organization of the CTD of ependymahalidecided
to employ the establishedExM superresolution technique. hportantly, imaging of
expanded cell®as beerperformed using arnverted microscopavith tips of motile cilia
protruding from cell's apical surfat®ing relativelyffar from the microscopeobjective This
ultimately lead to a lower signal intensity andesolutionresulting ininability to dscern

details of axonemadtructure at theciliarytips.

To bring theips of thecilia close to the gel surface and hence to the objectrealecided
to use the secalled peel off procedure previously used by ouraimirators to study the
ultrastructure of primary ciligKiesel et al., 2020As we had initially observed that these
of the deciliation buffer(including calcium and detergent)ncluded inthe published
protocol led toimmediatedetachment ofthe whole mECgather than peeling off ciliave
omitted the bufferand only washed the culture of ciliated mE@sth PBS. Nexthe PLL
coated coverslip walaid on the top of the celtogether with approximatelyl7 g weight

andshortlyincubated(for details seePeel off procedure

This peel off procedure resulted in mechanically detached cilia and frequently @tsd a
parts of the cellsattachedto the treated surface of the coverslifhis followed by an
immediate fixation, gel expansion, and immunostaining led to a substantial resolution
improvement Figure 3A), such thatm parts ofcilia oriented perpendicularly to the focal
plane, the 9+2 MT arrangement was clearly resolfegure 3B). In theseExMimageswe
noticed variability in the angle dIT ends athe axonemal tip, ranging from nearly blunt

to shap ends. Our data suggest that while blunt ends are typical for the short cilia, more
pointed tips are seen ithe long cilia Figure 30). Together withthe presence/absence of

the protein ULK4this is another feature distinguigig short and long cilidNevertheless,

the relation between the twg@henomenais currentlyunclear.
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Figure23. Peel off procedurefacilitates studies othe axoneme ofmECdy ExM (A) The
maximum intensity projection adnexpanded peeleaff apical part oan mEC immunostained
with antibodies to acetylated tubulin. Arrowheads point to the sharled tips; arrows point to
nearlyblunt-ended tips. Scale bat0um. (B) Single focal plane showing an axonemal optical
crosssection with clearly discernable axonendalublets and the central paiScale barl um. (C)
Enlargedmages of the selectediliary tipsfrom (A). Scale bad pm. (A, B, CAll scale bars

correspondo the physical size after ExM (expansion factor ~4.6x)
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