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1 Summary

Cilia, singularly projecting organelles found on most eukaryotic cells, play critical roles in human
physiological processes [5]. They can be categorized mainly into two types: non-motile (primary)
cilia and motile (secondary) cilia, both presenting high evolutionary conservation across species
[6]. A cilium comprises a basal body, derived from the centrosome, which serves as foundation
for the microtubule-based structure known as the axoneme. The axoneme facilitates the
bidirectional transport of proteins (intraflagellar transport) between the proximal and distal
regions of the cilium, which is crucial for cilia assembly and signaling. A critical regulatory region,
known as the transition zone, acts as a gate regulating the diffusion of proteins from the
cytoplasm into the cilium [7,8]. Any disruption in the proper functioning of cilia can lead to a
diverse range of diseases, characterized by overlapping phenotypes, collectively referred to as
ciliopathies. Currently, 35 ciliopathies have been identified, encompassing disorders such as the
Alstrém syndrome (OMIM 203800) [9-11].

The Alstrdm syndrome is a rare recessively inherited monogenetic condition with an incidence of
1 to 9 out of 1 million individuals [12,13]. Over 300 mutations within the ALMS1 gene have been
discovered, encompassing a vast array of phenotypic manifestations already occurring in
infancy. These include cone-rode dystrophy leading to vision loss, Type 2 Diabetes, and
childhood truncal obesity among others [14,15]. The ALMS1 gene, located on chromosome 2,
encodes a protein with a molecular weight of 461 kDa [16]. This protein is known to associate
with both the centrosome and the basal body of cilia [16—18]. Despite published data, the
specific molecular function of ALMS1 remains elusive, necessitating further investigation to

unravel its functional significance.

The aim of this PhD study was to gain a better understanding of the molecular function of
ALMS1 protein and its impact on the severity of this disorder. The working hypothesis centered
on the involvement of ALMS1 in basal body protein interactions, essential for proper cilia
morphology and transport to the cilium. To address this hypothesis and to decipher the ALMS1

function in cilia-related processes, phenotypical and protein complex analysis were performed.

Initially, ALMS1 deficient hTERT-RPE1 cells were generated using the CRISPR/Cas9 system,
employing specific single guide RNAs (sgRNASs) targeting exon 8 and exon 10. ALMS1 knock-
out (KO) and control (Cas9 empty transfected cells) cells were used to identify the role of
ALMS1 in cilia biology. ALMS1 KO cells exhibit loss of ALMS1 accompanied by impaired cellular
proliferation and shorter cilia compared to control cells. Furthermore, other centrosomal proteins,

such as y-tubulin were investigated, showing no differences in appearance to the control,
9



suggesting an upstream function, whereas CEP250 was mild but significantly reduced in ALMS1
deficient cells. These findings resembled the previously observed results from Knorz et al. [18].
Next, additional cilia and cilia-related markers were examined to further understand their
expression and localization upon ALMS1 loss. While some markers, such as PCM1, remained
unchanged, others such as RPGR displayed a compressed appearance. Further analysis and
research are required to fully understand the functional relevance and implications of these
observations and their significance in the context of cilia-related biology and disease-related

mechanism.

To investigate a possible ALMS1-dependent mechanism, a protein complex analysis was
conducted. Therefore, tags (sfGFP, RFP-HA) were introduced on endogenous level of ALMS1
gene in HEK293T cells using the CRISPR/Cas9 method. These tagged cells were subsequently
used for mass spectrometry analysis to identify novel ALMSL1 interactors. Potential and novel
interaction partners associated with cytoskeletal function, cell cycle regulation, metabolic
function, transport, and post-translational protein modifications were revealed. One notable
discovery was the identification of centrosomal protein 70 kDa (CEP70) as a highly abundant
interactor of ALMS1. Further investigations, including affinity purification using full length CEP70
as well as CEP70 fragments (deletion analysis), were performed. Interestingly, protein complex
analysis revealed, among others ALMS1 as an interactor of CEP70, hinting towards a strong
interaction. Furthermore, ALMS1 as well as UBR4, ATG3, PLAA, UACA, TP53K, and BAX
associate with the CEP70 region containing TPR domain and CT end. These results may
indicate a potential role of CEP70-dependent cell loss. Due to enhanced cell loss, double KO of
CEP70 and ALMS1 could not be achieved using CRISPR/Cas9. Silencing of CEP70 in wt cells
showed not only a reduced ALMS1 localization at the BB, suggesting CEP70 upstream of
ALMS1, but also an increase in cell loss. MRNA analysis of BAX/BCL2 implicated an apoptotic
process in CEP70 KD wt cells, while CEP70 KD in ALMS1 KO cells led to a shift towards cell

survival compared to the control.

A final investigation of ALMS1 in a more retina-specific context was conducted. Retina gained
from porcine and endogenous ALMS1-RFP-HA were used for a retina pull down. It revealed
additional potential interaction partners implicated in signaling pathways, apoptosis and lipid
metabolic processes, anatomical structure development, cell cycle regulation, and cilium
organization. In the future, validation of these potential interaction partners is necessary to pin
down the ALMS1 function.
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In summary, this doctoral thesis shed light on the multifaceted functions of ALMS1 in various
cellular processes. It indicated ALMS1 in the regulation of cellular proliferation, highlighting its
role in the assembly and maintenance of cilia with implications for their functionality. Moreover,
the involvement of ALMS1 and CEP70 in mRNA-mediated cell death processes was suggested,
with CEP70 being upstream of ALMS1. However, further investigations are necessary to
elucidate the intricate cellular and ciliary signaling pathways involved. The findings of this study
provide valuable insights into the potential functions of ALMS1 and lay a solid foundation for
future research endeavors, including investigations utilizing patient-derived cells to further

comprehend the complexities of Alstrom syndrome.
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2 Zusammenfassung

Zilien sind Organellen, die als einzeln hervorstehende Membranfortsatze auf den meisten
eukaryontischen Zellen zu finden sind, deren Funktion essenziell fir die menschliche
Gesundheit sind [5]. Im Wesentlichen gibt es zwei Arten von Zilien, die beweglichen
(sekundéaren) und die unbeweglichen (priméren) Zilien, die zwischen verschiedenen Arten
hochkonserviert sind [6]. Ein Zilium besteht aus einem Basalkérper, der sich vom Zentrosom
ableitet und die Grundlage fir das entstehende Mikrotubuliriickgrat (Axonem) bildet. Das
Axonem ermdglicht einen bidirektionalen Transport (intraflagellarer Transport) von Proteinen
und anderen Stoffen, die fur den Aufbau der Zilien und die ziliare Signaltransduktion wichtig
sind. Eine transition zone fungiert als Tor zum Zilium, indem die freie Diffusion von Proteinen
aus dem Zytoplasma in das Zilium eingeschrankt wird [7,8]. Jede Abweichung in der Funktion
von Zilien kann zu einer Vielzahl von Krankheiten mit sich Uberschneidenden Phé&notypen
fuhren, die gemeinhin als Ziliopathien bezeichnet werden. Bislang wurden 35 Ziliopathien
identifiziert, zu denen auch das Alstrém-Syndrom (OMIM 203800) gehdrt [9—11].

Das Alstrom-Syndrom ist eine seltene rezessiv vererbte genetische Erkrankung mit einer
Inzidenz von 1 bis 9 in 1 Million Individuen [12,13]. Insgesamt wurden tber 300 Mutationen im
ALMS1 Gen entdeckt, die ein breites Spektrum an phénotypischen Merkmalen umfassen, die
bereits im Sauglingsalter auftreten. Dazu gehéren unter anderem Zapfendystrophie, die zur
Erblindung fihrt, Typ-2-Diabetes und Stammfettsucht bei Kindern [14,15]. Das ALMS1 Gen, das
sich auf Chromosom 2 befindet, kodiert ein Protein mit einem Molekulargewicht von 461 kDa
[16]. Es ist bekannt, dass dieses Protein mit dem Zentrosom und mit dem Basalkdrper der Zilien
assoziiert ist [16—18]. Trotz der veroffentlichten Daten ist die genaue Funktion von ALMS1
jedoch nach wie vor unklar, sodass weitere Untersuchungen erforderlich sind, um seine

funktionelle Bedeutung zu entschliisseln.

Ziel dieser Doktorarbeit war es, ein besseres Verstandnis der molekularen Funktion des ALMS1
Proteins und seiner Auswirkungen auf die Schwere dieser Erkrankung zu erlangen. Die
Arbeitshypothese konzentrierte sich auf die Interaktionen von ALMS1 mit dem Basalkdrper bzw.
den zentrosomalen Proteinen, die fur die korrekte Morphologie der Zilien und dem Transport von
Proteinen zum Zilium unerlasslich sind. Um diese Hypothese zu untersuchen und die Funktion
von ALMS1 zu entschlisseln, wurden phénotypische Untersuchungen sowie Protein-Komplex-

Analysen durchgefihrt.

Zunachst wurden ALMS1-defiziente hTERT-RPE1-Zellen mit Hilfe des CRISPR/Cas9-Systems
erzeugt, wobei spezifische single guide RNAs (sgRNAs) verwendet wurden, die auf Exon 8 und
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Exon 10 abzielten. ALMS1-Knock-out (KO) - und Kontrollzellen (Cas9-transfizierte Zellen)
wurden verwendet, um die Funktion von ALMS1 in der Zilienbiologie zu untersuchen. ALMS1-
KO Zellen zeigen einen Verlust von ALMS1, der mit einer beeintrachtigen Zellproliferation und
dem Vorhandensein kirzerer Zilien im Vergleich zu Kontrollzellen einhergeht. Dartber hinaus
wurden andere zentrosomale Proteine wie y-Tubulin und CEP250 untersucht. Der Phanotyp von
y-Tubulin unterscheidet sich nicht im Vergleich mit den Kontrollzellen, was auf eine vorgelagerte
Funktion hindeutet. Hingegen war CEP250 in ALMS1-defizienten Zellen leicht, aber signifikant
reduziert. Diese Ergebnisse ahnelten den zuvor von Knorz et al. beobachteten Ergebnissen [18].
Als Nachstes wurden zuséatzliche Zilien und zilienverwandte Marker untersucht, um ihre
Expression und Lokalisierung bei ALMS1 Verlust besser zu verstehen. Wahrend einige Marker,
wie z. B. PCM1, unverandert blieben, zeigten andere, wie z. B. RPGR, ein komprimiertes
Erscheinungsbild. Weitere Analysen und Forschungsarbeiten sind erforderlich, um die
funktionelle Bedeutung und die Implikationen dieser Beobachtungen sowie ihre Bedeutung im
Zusammenhang mit der Biologie der Zilien und den krankheitsbezogenen Mechanismen

vollstandig zu verstehen.

Um einen moglichen ALMS1l-abhédngigen Mechanismus zu untersuchen, wurde eine
Proteinkomplexanalyse durchgefihrt. Dazu wurden Tags (sfGFP, RFP-HA) mit Hilfe der
CRISPR/Cas9-Methode am C-Terminus des ALMS1 Gens in HEK293T Zellen eingefiihrt. Diese
endogen markierten ALMS1 Einzelklone wurden anschlieRend fir die affinitats-basierte
Proteinaufreinigung verwendet, um neue ALMS1 Interaktionspartner zu identifizieren. Diese
Proteine stehen mit der Funktion des Zytoskeletts, der Regulierung des Zellzyklus, der
Stoffwechselfunktion, dem Transport und posttranslationalen Proteinmodifikationen in
Verbindung. Eine bemerkenswerte Entdeckung war die Identifizierung des zentrosomalen
Proteins 70 kDa (CEP70) als ein signifikanter Interaktor von ALMS1. Weitere Untersuchungen,
einschlie3lich der Affinitatsaufreinigung unter Verwendung von nativem CEP70, sowie von
CEP70 Fragmenten (Deletionsanalyse) wurden durchgefiihrt. Interessanterweise ergab die
Analyse von Proteinkomplexen unter anderem, dass ALMS1 auch ein Interaktor von CEP70 ist,
was auf eine starke Wechselwirkung hindeutet. AuRerdem assoziiert ALMS1 ebenso wie UBR4,
ATG3, PLAA, UACA, TP53K und BAX mit der CEP70-Region, die aus TPR-Doméane und dem
CT-Ende besteht. Ein mdglicher Doppel-KO aus CEP70 und ALMS1 konnte aufgrund eines
erhdhten Zellverlusts nicht generiert werden. Die Hemmung der Genexpression von CEP70
(CEP70 KD), mittels RNA Interferenz, in Wildtypzellen (wt) zeigte nicht nur eine reduzierte
ALMS1 Lokalisierung am BB, was auf eine vorgelagerte Funktion von CEP70 hindeutet, sondern

auch einen erhohten Zellverlust. Die mRNA Analyse von BAX/BCL2 wies auf einen
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apoptotischen Prozess in CEP70 KD behandelten wt Zellen hin, wahrend die Hemmung von
CEP70 in ALMS1 KO Zellen zu einer Verschiebung in Richtung Zelliiberleben im Vergleich zur

Kontrolle fuhrte.

Eine abschlieRende Untersuchung von ALMS1 wurde in einem retinaspezifischen Kontext
durchgefuhrt. Retinas von Schweinen und endogen markierten ALMS1-RFP-HA Zellen wurden
fur einen Retina-Pull-Down mit einem angepassten SDS-Protokoll verwendet. Dabei wurden
zusatzliche potenzielle Interaktionspartner gefunden, die an Signalwegen, Apoptose und
Lipidstoffwechselprozessen, der Entwicklung anatomischer Strukturen, der Regulierung des
Zellzyklus und der Organisation des Ziliums beteiligt sind. In Zukunft ist eine Validierung dieser

potenziellen Interaktionspartner erforderlich, um die Funktion von ALMS1 genau zu bestimmen.

Insgesamt wirft diese Thesis neues Licht auf die vielfaltigen Funktionen von ALMS1 in
verschiedenen zelluldren Prozessen. Sie zeigt, dass ALMS1 an der Regulierung der zellularen
Proliferation beteiligt ist, und hebt die Rolle beim Aufbau und der Erhaltung von Zilien hervor,
sowie Auswirkungen auf deren Funktionalitat. Aul3erdem wird die Beteiligung von ALMS1 und
CEP70 an mRNA-vermittelten Zelltodprozessen vorgeschlagen, wobei CEP70 upstream von
ALMS1 liegt. Es sind jedoch weitere Untersuchungen notwendig, um die zugrundeliegenden
komplexen zelluldaren und ziliaren Signalwege aufzukléaren. Die Ergebnisse dieser Studie bieten
wertvolle Einblicke in die potenziellen Funktionen von ALMS1 und bilden eine solide Grundlage
fur kiinftige Forschungsarbeiten, einschliel3lich Untersuchungen mit patienteneigenen Zellen, um

die Komplexitat des Alstrdom-Syndroms besser zu verstehen.
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3 Introduction

3.1 Cilia

Cilia are small, elongated antenna-like organelles presented on nearly every eukaryotic cell in
the human body [5]. They were first described as “thin feet or little legs” on protozoa by Anthony
van Leeuwenhoek in 1675 [19]. The eponym of “cilia” was introduced by Otto Muller in 1786
after the Latin word for eyelid or eyelashes [19]. But it was not until the 19th century that the
difference between motile and non-motile cilia was first identified and described. However, early
studies concentrated rather on motile cilia and their resemblances to eukaryotic flagella than on
non-motile cilia, a structure that was discerned as a rudimentary cellular structure. In the last 20
years, immotile cilia have gained more and more interest, and importance due to their
involvement in essential cellular signaling and developmental pathways [19]. Both types of cilia
are crucial for human health, ensuring various processes, such as signaling, transportation and

photo-, chemo-, mechanosensation [1,7,20] (W&rz unpublished Master thesis, 2018 [21]).

3.1.1 Primary and secondary cilia

Cilia are specialized, evolutionarily conserved structures, that include mainly two types of cilia,
the primary (non-motile, immotile) and secondary (motile) cilia (Figure 1). Secondary cilia can be
found exemplarily in spermatozoa flagella to drive sperm motility and in the respiratory tract,
where their beating behavior exert mucus clearance. They are composed of a central pair of
microtubules and a doublet of nine microtubules (9+2), accompanied by auxiliary inner as well
as outer dynein arms and radial spokes (Figure 1). In contrast to secondary cilia, primary cilia
are static and exhibit a microtubule doublet arrangement, lacking the central pair of singlets
(9+0) (Figure 1). They are mainly involved in sensory functions or cellular signaling and can be
found inter alia as a specialized, light sensitive structure in photoreceptors in the retina of
mammalian eyes [9-11,22,23] (W0Orz unpublished Master thesis, 2018 [21]).

3.1.2 Structure of primary cilia
A cilium is composed from distal to proximal of, a ciliary tip, microtubule-based axoneme
ensheathed by a ciliary membrane, a ciliary pocket, a transition zone (TZ) and a basal body (BB)
(Figure 1) [7,8] (W6rz unpublished Master thesis, 2018 [21]).

The ciliary tip, exposed to the extracellular environment, exhibits an important function in ciliary
length control, as well as functioning as a scaffold for signaling [24—26]. Some proteins like Gli
transcription factors, that are involved in the Sonic hedgehog signaling pathway accumulate at

the ciliary tip [27,28]. Recent studies also showed the capability of the ciliary tip to perform
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exocytosis with unknown fate of ectosomes (small vesicles) [29—-31]. These findings could
connect exocytosis and signaling pathways, because exocytosis of ectosomes, enriched with
activated signaling-related membrane proteins, takes place mostly after signaling activation [29].
Furthermore, a similar process was observed by Young in 1967 in photoreceptor cells. Small
vesicles from elder discs from the tip are released for recycling by phagocytosis (photoreceptor
disc shedding) [32,33] (W6rz unpublished Master thesis, 2018 [21]).

The axoneme is the central microtubule backbone composed of alpha and beta tubulin, while
only alpha tubulin is acetylated [34]. It has a length that ranges from 1 to 9 pm depending on the
cell type [35]. The axoneme ensures ciliary stability, growth, length, and transportation of
essential cargos along the cilium [36—39]. Since cilia lack the ability for biosynthesis, cilia
assembly and maintenance are dependent and regulated inter alia by the intraflagellar transport
(IFT). The IFT machinery carries essential cargos in a motor-protein driven bidirectional manner
along the cilium. There are two multiprotein complexes of IFTs, the IFT-A and IFT-B. The IFT-A
complex, comprises of six subunits, is crucial for the retrograde transport from the ciliary tip
towards the base, which is mediated by the motor protein dynein. The IFT-B, a complex of 16
subunits, is responsible for the kinesin dependent anterograde transport of cargo from the base
to the ciliary tip [1,36,37]. The ciliary membrane is an extension from the cellular plasma
membrane exhibiting various signaling receptors, for example G-protein coupled receptors, and
undergoes remodeling during ciliogenesis. It is crucial for detecting, selecting and transducing
extracellular signals to ensure communication with the surroundings e.g. for cell migration,
development and differentiation [40—43] (W6rz unpublished Master thesis, 2018 [21]).

The ciliary membrane is connected via Y-shaped linkers to the proximal region of the ciliary
membrane, also called the transition zone (TZ). The TZ is known as the ciliary gate, controlling
entry and exit of ciliary proteins by inhibiting free diffusion and therefore selects proteins for
transport along the cilium [44] (Wo6rz unpublished Master thesis, 2018 [21]).

The BB, in mitotic cells called centrosome, is a modified centriole (mother centriole), that forms
the basis of a protruding cilium [45]. The BB, approximately 500 x 200 nm in size, is made of
triplet microtubule arrangements, which are extending and finally become the ciliary axoneme
[45-47]. The basal body fuses with the plasma membrane and is stabilized by transition fibers
(distal and/or subdistal appendages (DAP and SAP)) by anchoring it to the poorly defined ciliary
pocket [11,48]. The ciliary pocket at the lower part of a cilium connects the ciliary membrane with

the plasma membrane. It is a highly dynamic area where endocytosis of ciliary receptors
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(recycling) and the fusion of membrane protein, containing ciliary vesicles, occurs [49,50] (Wo6rz
unpublished Master thesis, 2018 [21]).

non-motile cilia (9+0) motile cilia (9+2)
Inner and outer
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Figure 1 Structure of primary and secondary cilia

An overview of the motile (primary) and non-motile (secondary) ciliary structure. A simplified cilium is depicted on the
left side, that is composed of a ciliary tip, an axoneme surrounded by a ciliary membrane, a transition zone (TZ), and a
basal body (BB). Transversal planes (dashed lines) through the cilium show on the right site the different structures of
non-motile, motile cilia, the transition zone, and the basal body. Non-motile cilia exhibit a 9+0 microtubule
arrangement, while motile cilia show a 9+2 microtubule structure with inner and outer dynein arms, radial spokes, and
nexin-dynein regulatory complexes. The double microtubule structure of the TZ is connected via Y-links with the ciliary
membrane.

The BB, a modified centriole, exhibits a triple microtubule structure that is linked via transition fibers to the ciliary
membrane. Reproduced and modified after [9,21,51], W&rz unpublished Master thesis, 2018 [21].

3.1.2.1 Specialized cilium: Connecting cilium in mammalian photoreceptors

The human retina, located in the fundus of the eye, consists of various layers including different
cell types. The retinal nerve layer comprises of five classes of neurons, including photoreceptor
cells, horizontal, bipolar, amacrine and ganglion cells [52]. Furthermore, the retina includes the
retinal pigment epithelium (RPE) and three types of glial cells [52-55]. Photoreceptors are
present in the retina’s outer nuclear layer of the mammalian eye. They are responsible for vision,
by recognizing, absorbing, and transforming signals (photons) into electrical stimuli and
transmitting them through the inner retinal neuron and the optic nerve to the primary visual
cortex in the brain [56,57], (W6rz unpublished Master thesis, 2018 [21]). There are two types of
photoreceptors. The rods, that enable peripheral vision despite low light conditions and the cone
cells (cones) for the facilitation of color vision [56,58,59]. They co-exist in the retina and share a
very similar structure, except of their appearance. While rods present a rod-shaped structure
with elongated outer segments, the cones have a truncated conical shape. However, both cell
types exhibit a synaptic zone, a nucleus, an inner and an outer segment [60,61]. The inner and
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the outer segment are connected through a modified and specialized connecting cilium. The
function of the connecting cilium with its transition zone (TZ) is to connect the metabolic
machinery from the inner segment with the light-sensitive outer segment. Therefore, the
connecting cilium is crucial for the phototransduction cascade as well as the transport of
essential proteins (e.g., rhodopsin) and lipids from the inner to the outer segments [48,62] (Worz
unpublished Master thesis, 2018 [21]).

Photoreceptors and their connecting cilium are highly complex, which makes them susceptible to
mutations in ciliary and cilia-related genes leading to retinal degeneration [54] (Worz
unpublished Master thesis, 2018 [21]).

3.1.3 Centrosomal structure and function

Centrosomes, acknowledged as the microtubule organization center (MTOC) are essential for
cell signaling/transportation, cell division and motility among species [63]. The centrosome is
typically 200 nm in diameter and has a length of approximately 500 nm (0.4-1 pm) [46,47]. It
consists of microtubule-based centrioles (mother and a daughter centriole), that have a barrel-
shaped structure with a nine-fold symmetry [64]. The difference between the two centrioles lies
in their maturation state, where the mother centriole is exclusively defined as mature and has
appendages at its distal end to achieve centrosome-related functions, such as microtubule
anchoring, plasma membrane docking and cilia formation (Figure 2) [23,65,66]. The daughter
centriole lacks these appendages. The proximal end of the mother centriole is thought to be
important for the formation of a cartwheel, that is needed for the assembly of the daughter
centriole [67]. The centrosome is embedded in an electron-dense proteinaceous matrix (PCM),
which is important for microtubule nucleation (Figure 2) [46]. Microtubules (MT) consists of a-
heterodimers, and undergo dynamic processes, that are highly geometrical defined. There are
many centrosome-associated proteins and factors, which serve as linker proteins to facilitate the
dynamic assembly and disassembly of microtubules. One PCM protein is y-tubulin, which
belongs to the tubulin super-family. It is the essential basis for the MT nucleating molecular
machinery called the y-Tubulin Ring Complex (y-TURC). It consists of a multi-subunit protein
complex, a y-Tubulin Small Complex (y-TUSC) and a variety of y-Tubulin Complex Proteins
(GCPs). The recruitment of y-TURC to different MTOCs happens due to y-TURC -tethering
proteins [46].
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Figure 2 BB derives from the centrosome

The centrosome is a cellular structure composed of a mother and a daughter centriole surrounded by pericentriolar
material (PCM). A centrosome is made of a nine-triplet microtubule structure, functioning as a microtubule organizing
center (MTOC). During the resting phase (GO) of cells, the centrosome assumes the name basal body, which is
important for cilia formation. Figure was reproduced and modified after [46] and Wd&rz unpublished Master thesis,
2018 [21].

3.1.3.1 Family of centrosomal proteins

Centrosomal proteins (CEP) associate with centrosomes and are important for centriole
biogenesis and cell cycle progression control. To date, the centrosomal proteins belong to a
family that consists of 31 proteins. They influence microtubules in terms of nucleation,
posttranslational modifications, and de-/ polymerization. Furthermore, CEPs alter microtubule-

associated proteins in their activity and localization [68,69].

3.1.3.2 Centrosomal protein 70 kDa (CEP70)

One member of the CEP family is the Centrosomal protein 70 kDa (CEP70), that was first
described in 2003, where it was found in a proteomic study of human centrosome [70]. CEP70
gene is localized on chromosome 3, exhibits 18 exons and encodes a protein of 597 amino
acids (aa) that is associated with the centrosome and basal body of cilia [71-73]. The protein
itself has two coiled coil domains in the C-terminal (CT) region, a TPR near the N-terminus (NT)
and is conserved among species [72,74]. CEP70 is rarely studied in comparison to other CEPs
[69], but it was shown to play an important role in microtubule stabilization and acetylation by
interacting with Histone deacetylase 6 (HDACG6) [70]. CEP70 interacts through its coiled coll
domains with y-tubulin at the centrosome and regulates mitotic spindle assembly [74]. It was
also shown that the y-tubulin and CEP70 interaction is mediated through the deubiquitinase
activity harboring tumor suppressor protein cylindromatosis (CYLD). Thereby, CYLD
deubiquitinates CEP70, which promotes the protein-protein interaction and its localization at the

centrosome [75]. Moreover, Wilkinson et al demonstrated that a depletion of CEP70 contributes
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to shorter cilia with no obvious basal body defect in zebrafish embryos [72]. Despite the
published data, the exact molecular function of the CEP70 protein needs to be elucidated in

mammalian cells.

3.1.4 Primary ciliogenesis
The formation or assembly of cilia is termed ciliogenesis, which is tightly associated to the cell
cycle, cell confluency and signaling activation [43,45,76]. Initially, it was thought, that cilia
assembly occurs mainly in G1 or in quiescent cell (GO) phases and the cilium gets degraded
(cilia disassembly) before cell cycle re-entry. However, recent research suggests ciliogenesis
events throughout the cell cycle [77]. Despite the published data, the exact molecular
mechanism of cilia formation is still elusive. Nevertheless, an extracellular and an intracellular
pathway for ciliogenesis are postulated [78] (Figure 3). In the extracellular pathway, the mature
centriole migrates straight towards the plasma membrane, where it attaches with its distal
appendages. The intracellular pathway includes the formation of ciliary vesicles and a nascent

cilium before docking at the plasma membrane [78] (W6rz unpublished Master thesis, 2018

[21]).

The length of primary cilia can vary between 1 um to 10 um dependent on cell type, microtubule
dynamics (de-/polymerization), and other mechanism, that are described above [43,79,80] (Wb6rz
unpublished Master thesis, 2018 [21]).

3.1.4.1 The basal body assembly drives cilia formation

The initiation of cilia assembly depends on the binding of DAPs to the plasma membrane. The
ciliary vesicle formation is orchestrated by RAB GTPases (Rab11-8 cascade) and the IFT20
protein. At first, the C2 domain-containing protein 3 (C2CD3) protein associates with the distal
end of the BB and induces the DAP formation. DAP proteins, such as CEP89 and CEP164, are
recruited by CEP83. CEP164 plays a relevant function during early cilia assembly by ensuring
ciliary vesicle formation and the binding of the BB to the cell surface. Moreover, it is responsible
for the recruitment of several proteins, such as the tau tubulin kinase-2 (TTBK2), which leads to
a dissociation of the Centriolar coiled-coil protein of 110 kDa (CP110) protein from the BB. The
TBBK2 protein is a negative regulator of cilia assembly and by the loss of this protein,
ciliogenesis takes place [81]. The anchoring of microtubules is mediated by SAPs. Two
important SAPs are cenexin and centriolin, that play an important role in endosomal trafficking
and ciliogenesis. Furthermore, SAP proteins interact with the Bardet-Biedl syndrome 4 protein
(BBS4), a member of the Bardet-Biedl syndrome protein complex (BBSome). The BBSome

mediates the anchoring of microtubules [81]. An inaccurate function of the BBSome is linked to a
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rare disease called the Bardet Biedl syndrome, which shows the necessity of proper functioning

SAPs in ciliogenesis.

Another necessity for cilia assembly, is the pericentriolar material (PCM), that are electron-dense
granules surrounding pericentriolar satellites. These includes many proteins, such as CEP290
and the integral centriolar satellite protein PCM1, which recruit Rab8 to the basal body resulting
in cilia development [81,82] (Wo6rz unpublished Master thesis, 2018 [21]).
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Figure 3 Initiation of ciliogenesis

A simplified representation of the extra- and intracellular pathway of initiating cilia formation based on basal body
formation. In the extracellular pathway the mother centriole migrates and associates with its distal appendages (DAP)
to the plasma membrane, which initiates the formation of a mature cilium. The intracellular pathway, ciliary vesicles
assembly occurs at the distal appendages of the mother centriole, leading to axoneme growth and ciliary membrane
formation (ciliary sheath). Finally, the premature cilium fuses with the plasma membrane, where cilia elongation takes
place. Reproduced and modified after [83,84].

3.1.5 Signaling function of primary cilia
Primary cilia are also known to mediate different signaling pathways, such as Sonic Hedgehog
(Shh, Hh) [85,86], transforming growth factor beta (TGF-B) [87-89], Hippo signaling [90,91], Wnt
signaling [92], mammalian target of rapamycin (mTOR) [91,93], G protein coupled receptor
(GPCR) and platelet-derived growth factor receptor alpha (PDGFR-a) among others [94,95].
These signaling pathways are important inter alia for development, homeostasis, energy

metabolism, cell proliferation, autophagy, and protein synthesis [41,96-98].
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Exemplarily, the PDGFR pathway is important for cell survival, growth regulation, cell
proliferation, cell migration, embryonic development and maintaining tissue homeostasis [95,99].
PDGFR belongs to the receptor tyrosine kinases (RTKs), that regulates signaling events through
primary cilia. RTKs comprise the most extensive group of enzyme-linked receptors with over 50
members, including inter alia insulin receptor (IR) and insulin like growth factor receptor (IGFIR)
[95]. They also engage in cross-talk with other receptor systems and may utilize G proteins,
GRKs, and B-arrestins to regulate diverse cellular responses [95], highlighting the dynamic

processes mediated through signaling pathways.

There are two isoforms of PDGFR, PDGFR-a and PDGFR-f3, that function in hetero- and
homodimers facilitating cellular and tissue specific processes, with PDGFR-a primarily
appearing in the cilium [22,100,101]. Activation of PDGFR-a occurs through phosphorylation
induced by the ligand PDGFR-AA, followed by its localization to the ciliary membrane. Once
activated PDGFR-a triggers downstream signaling pathways like MEK1/ERK1/2 and PI3-Akt-
mTOR, leading to cell-cycle re-entry, cytoskeletal development, cell migration, differentiation and
tissue homeostasis [99,102]. Defects in the PDGFR signaling pathway are linked to kidney and

liver diseases, fibrosis and tumorigenesis [99,103].

3.2 Ciliary dysfunction leads to diseases: Ciliopathies

Ciliary defects, commonly known as ciliopathies, can result in photoreceptor development
defects, in disturbed signal transduction, as well as retinal degeneration [104,105]. Many
proteins linked to ciliopathies are involved in ciliary trafficking and cilia-related processes. Upon
mutation, these proteins lead to a variety of syndromic diseases [9]. To date, there are up to 35
ciliopathies known, that share similar clinical features including obesity, type 2 diabetes and
cone-rod dystrophy [9]. The prevalence of all ciliopathies is estimated to affect 1:1000 individuals
worldwide [106,107]. One of these ciliopathies is the Alstrom Syndrome (Wo6rz unpublished
Master thesis, 2018 [21]).

3.2.1 The Alstrom syndrome
The Alstrom Syndrome (AS, ALMS, OMIM #203800) is an ultra-rare disorder, that affect 1 to 9
out of 1 million individuals [12,13]. This disease is autosomal-recessively inherited, which means
that two heterozygous carriers (one allele from the mother, one allele from the father) have a
chance of 25% to conceive a child suffering from ALMS. People who are heterozygous carriers
of this disease, exhibit no syndromic manifestations. This disease was first described in a
Scandinavian medical journal in 1959 by Carl-Henry Alstrom [15,108]. He examined three
children that exhibit a similar phenotype to the Bardet-Biedl Syndrome (BBS, OMIM #209900).
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Both syndromes are also named “obesity ciliopathies”, and share similar clinical features such
as obesity, retinal degeneration, and type 2 diabetes [107], but also show clinical differences
(Table 1) [15,109]. Polydactyly was, to my knowledge, only observed in BBS patients. ALMS is a
multisystemic disorder, that includes defects in numerous organs of the human body. Alstrém
syndrome patients suffer from cone-rod dystrophy, insulin resistance (Type 2 Diabetes),
childhood obesity (truncal obesity), sensorineural hearing impairment/loss and dilated
cardiomyopathy among others. Furthermore, not every ALMS patient will develop the same
symptoms, so it is a highly heterogeneous disease. The disease presents in infancy, and first
symptoms to appear are nystagmus, light sensitivity, and truncal obesity, followed by complete
blindness by school age. Until now, there are approximately 950 reported cases worldwide, and
no applicable therapeutic approach is available [12,16] (W6rz unpublished Master thesis, 2018
[21]).

Table 1 Comparison between two obesity ciliopathies: Alstrom syndrome and Bardet-Biedl syndrome
Compressed overview of prevailing phenotypical features presented in patients suffering from Alstrdm and Bardet-
Biedl syndrome [15,110].

Disease features Alstrom syndrome Bardet-Biedl syndrome
Inheritance Autosomal - recessive Autosomal - recessive
Vision impairment Yes, cone-rod dystrophy Yes, Retinal dystrophy (age
(infancy) ~7)
Hearing impairment/loss 90% Usually not
Mental retardation Normal mental development, Yes, cognitive impairment (50
sometimes delayed - 90 %)
Extremities Short, stubby fingers, wide Poly-/syndactyly (79%)
flat feet
Endocrine impairment Obese, Obese,
Type 2 Diabetes (89%) Type 2 Diabetes (5-15%)
Heart involvement Yes, dilated cardiomyopathy  Very rare

3.2.2 The Alstrom syndrome gene and protein function
The ALMSL1 gene is located on the short arm of chromosome 2 at position 13 (2p13). It exhibits
23 exons (12928 nucleotides) and codes for an approximately 0.5 MDa protein with 4169 amino
acids (aa). The ALMS1 gene has three mutational hotspots: exon 8, exon 10 and exon 16. Until
now, over 300 mutations have been reported, with 49% percent occur in exon 8, but this high
percentage could be due to this exon’s size (6.1 kDa). The vast majority are nonsense or
frameshift mutations, that lead to a truncated protein [17]. It is not clear yet, how stable the

truncated mRNA is and if it is translated into protein or degraded due to nonsense-mediated
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decay. The ubiquitously expressed ALMS1 protein is not well conserved among species (except
the short ALMS1 motif) and has a low expression level [16,111]. ALMS1 has several domains
with unknown function: a large tandem repeat domain (TRP), three coiled-coil domains and a
~130 residue at the C-terminus (CT) called the ALMS1 motif [17]. The latter was shown to
interact with alpha-actinin and NKCC2 [112]. Furthermore, Knorz et al showed that two regions
of the ALMSL1 protein are important for centrosomal localization. These regions include a small
internal fragment (residue 2261-2602) and the CT (residue 3176-4169) containing the ALMS1
motif. The ALMS1 motif sequence shares similarities to the centrosomal protein
CEP295/KIAA1731, which is able to associates with the centrosome and might be involved in
microtubule organization and centriole biogenesis [18,113,114] (Figure 4) (W&rz unpublished

Master thesis, 2018 [21]).

Chromosome 2: ALMS1 gene localization 2p13

p25.3 p24 p23 p22 p21 pl6 p15 pi13 pl12 pl11.2q11.1 12 q13 q14.29g21.1921.3q22 q23 g24.2 qg31 q32.1 q32.3 q33 g34 g35q36 q37.1

ALMS1 gene (12928 nucleotides)

Exons1 2 3 456 7 ', 10* il 12131415 16* 1718 1920 21 22 23

ALMS1 protein (4169 amino acids, 461kDa)

13-29 30-36 540-2201 2450-2501 3857-3873 4037-4166
Polyglutamic  Polyanaline Tandem repeats Leucine zipper Serine-rich  ALMS1
acid domain motif

* = mutational hotspots

Figure 4 Overview of ALMS1 gene localization and its protein

The ALMS1 gene is located on chromosome 2 (top panel), consisting of 23 exons (light blue) with three mutational
hotspots in exon 8, 10 and 16 (middle panel, marked in red). It codes for a 461 kDa protein, that shows various
functional domains with unknown functions. A large tandem repeat domain (TPR), three short predicted coiled-coil
domains, and an approximately 130 residues at the C-terminus called the ALMS1 motif, are depicted in magenta. This
figure was reproduced and modified after [17,115], W6rz unpublished Master thesis, 2018 [21].

The ALMS1 protein localizes microtubule-independent at the proximal end of mother and
daughter centriole, as well as the BB of a cilium and associates with y-tubulin. ALMS1 deficient

cells, e.g. fibroblasts, exhibit a normal appearing morphology of cilia and microtubule
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cytoskeleton, which suggests a more functional role of ALMS1 [116]. The ALMS1 protein is
suggested to be essential for cilia maintenance and function, cell cycle control, endosomal
trafficking, homeostasis of metabolism and differentiation of cells [16,17]. The role of the ALMS1
protein in ciliogenesis still needs to be elucidated. To date, some studies propose an ALMS1
involvement in primary cilia formation and centrosomal cohesion [16,18,66,117], while others
indicate an indirect role of ALMSL1 in cilia assembly and disassembly [118,119]. ALMS1 was also
postulated to be involved in ciliary and cilia-related signaling. Maria Alvarez-Satta et al. showed
an ALMSL1 involvement in the transforming growth factor beta/bone morphogenetic protein
(TGF-beta/BMP) signaling pathway [87]. This pathway is essential for cell proliferation,
differentiation and cell survival mechanism and is also associated with other signaling pathways,
such as Sonic Hedgehog (Shh), Wnt, Hippo, Notch, mitogen-activated protein kinase (MAPK), or
phosphoinositide 3-kinase (PI3K)-Akt. In this study, they used knock-down ALMS1 hTERT-
RPEL1 cells, that exhibit longer and bended cilia with an impaired TGF-beta/BMP signaling due to
a reduced SMAD?2/3 activation in TGFB-1 stimulated cells [87]. Bea-Mascato et al. also showed
that a loss of ALMS1 in HeLa and hTERT-BJ-5ta leads to an impaired TGF signaling pathway,
that facilitates a decrease in cell migration and adhesion of cells [88]. The involvement of ALMS1
in Shh is debated due to the lack of polydactyly in ALMS patients. In spite of the published data,
the molecular function of ALMS1 is still not fully understood (W6rz unpublished Master thesis,
2018 [21]).

Presently, there is no applicable therapeutic approach available for these patients. As a first
potential treatment for nonsense-mediated ciliopathies, Eintracht et al. investigated BBS and AS
patient derived fibroblasts with nonsense mutations while treating them with translational
readthrough inducing drugs (TRIDS). They showed that two TRIDS can restore ciliary function
by inducing IFT88 expression and correct localization of SSTR3 in patient-derived fibroblasts
[107].
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4 Aim of the PhD study

The Alstrém syndrome, an autosomal recessive monogenic disorder, exhibits a low prevalence
ranging from 1 to 9 cases per one million individuals [12,13]. There are over 300 mutations
identified so far, presenting a diverse spectrum of phenotypic features that already manifest
during infancy. These manifestations include various clinical features such as blindness due to
retinal degeneration resulting in visual impairment, Type 2 Diabetes, and childhood obesity,
among others [14]. The ALMS1 gene, located on chromosome two, encodes a large protein of
461 kilodaltons (kDa), which poses challenges for functional investigation [16]. Notably, it has
three mutational hotspots in exon 8, 10 and 16 with most mutations being missense or frameshift
mutations, suggested to result in truncated or absent protein [17].

The ALMSL1 protein is known for its association with both the centrosome and the basal body of
cilia. Its function is postulated within multiple cellular processes, including metabolism, cell
proliferation and signaling pathways [16,17]. However, despite the published data, the exact
molecular function of ALMS1 remains enigmatic, emphasizing the need for further investigations
to unravel and understand the ALMS1 (patho-) mechanism in the future.

This PhD study aimed to gain a deeper understanding of the molecular function of the ALMS1
protein and its influence on the severity of the associated disorder. The main hypothesis focused
on the protein interactions of ALMS1 enabling a functional basal body. This well-regulated sub
complex is crucial for transport of proteins and other particles to the cilium, necessary for
maintaining correct ciliary structure and ensuring proper ciliary function. This includes its sensory
capacities as well as the transduction of signals and their impact on cell cycle. To investigate this
hypothesis and to better understand the role of ALMS1 in cilia and cilia-related processes,
phenotypical and protein complex analysis was combined to link ALMS1 interactions to
functional data and exclude coincidences. This may help to identify the underlying (patho-)
mechanism of ALMSL1 in Alstrém disease. To achieve this overall objective, the following aims

have been defined in detail.

The first aim of this study is to investigate the molecular function of ALMS1 in cilia biology and to
gain initial insights into its underlying disease-causing mechanism. For functional analysis,
CRISPR/Cas9 mediated ALMS1 knock-outs (KO) will be generated in human retinal epithelium
cell lines (hnTERT-RPEL). In literature, the ciliary length is highly discussed in ALMS1 mutant
models and either suggest a direct or an indirect function of ALMSL1 in cilia formation. Therefore,

the ciliary length and ciliation will be assessed in ALMS1 KO cells. Additionally, structural protein
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localization, such as cilia and cilia-related marker, will be analyzed, which will provide novel
insight into ALMS1 function. Moreover, the influence of native and mutant ALMS1 on cellular
behavior, such as viability and proliferation rate, will be observed. This may help to gain further
knowledge on the molecular function of ALMS1 and how mutation may cause or influence the

severity of the Alstrdm syndrome.

The second aim is to identify interactors of ALMSL1 to draw conclusions on potential functions of
ALMSL1. Since, proteins usually fulfill their biological role in complexes rather than isolated,
investigating, and validating protein networks can elucidate their biological function as well as
their disease-related implications. To achieve this, the CRISPR/Cas9 method will be employed
to insert specific sequences (e.g. coding for peptide and fluorescence tags) into the ALMS1
gene of HEK293T cells, which will be further utilized for protein complex analysis. Validation of
the gained ALMS1 network will be translated into functional analysis to examine e.g. localization
of potential interaction partners in native and mutant ALMS1 hTERT-RPEL1 cells. Furthermore,
epistasis experiments will be conducted to understand the functional interplay of novel
interactors and ALMS1. This interactome study will reveal novel and potential interactors of
ALMS1, which will shed light on its function in cilia and cilia-related processes.

The third aim will be to identify tissue specific interaction partners of ALMS1 by using previously
generated endogenously tagged ALMS1 for a retina-specific pull down. Despite the fact, that
human ALMSL1 is not well conserved among species, it shows partial sequence similarities in
porcine ALMSL1. This approach will present novel retina-specific interactors of ALMS1, which will
enable definition of tissue specific candidates relevant for understanding loss of vision in ALMS

patients in the future.

These findings will give new insights and hint towards an underlying mechanism leading to
Alstrom disease, which will be critical for developing therapeutic strategies with specific
treatments. Furthermore, this study will show, that the discovery of CRISPR/Cas9 as well as the
highly sensitive mass spectrometry method laid the cornerstone to study larger proteins like
ALMS1.
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5 Materials

5.1 Consumables

Material

96 Well Lightcycler Plate

Adhesive gPCR Seal

BD 3 ml Syringe Luer -Lok™ Tip

BD Microlance™ 3

Cell Chip™

Cell Scraper

Colour coded insert, mixed

Cover Glasses @12 mm

Cultube sterile culture tubes

Tube with cap, polystyrene, 25/tray 17 mm
X 95mm H.

Disposal Bag

Eppendorf CombiTips

Falcon 15ml Polypropylene Round-Bottom
Tube

Filter tips 10, 20, 100, 200, 1000

Gel Loading Tips 0.5-200 pl, round
Gloves Nitrile XS, S

Hybond-P PVDF Transfer membrane
Microscope slides 26 x76 mm
Microscope slides 26 x76mm
Multiply® -uStrip 8-strip
Multiply®-Pro cup 0.2 ml

Nitrile /Powder-Free Medical Examination
Gloves XS

NuPAGE™ 4-12% Bis Tris Gel
NU-PAGE™ 4-12% Bis-Tris Gel
Parafilm M

Pasteur Capillary Pipettes 230 mm

Supplier

Sarstedt AG & Co. KG
Sarstedt, Inc

Becton Dickinson
Becton Dickinson
Tecan Group AG
Sarstedt AG & Co. KG
Sarstedt AG & Co. KG
VWR

Simport, Canada

Carl Roth GmbH & Co0.KG
Eppendorf AG

Corning

Biozym Scientific GmbH, nerbe
GmbH & Co. KG

VWR

ABENA

GE Healthcare

R. Langenbrinck GmbH

R. Langenbrinck GmbH

Sarstedt AG & KO. KG

Sarstedt AG & Co. KG

Abena

Thermo Scientific, USA
Invitrogen by Thermo Scientific
Bemis Company, Inc.

Wilhelm Ulbrich GdbR

plus
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Peha-soft nitrile Guard XS

Pipet tips with microcapillary for loading
gels 1-200 ul

PP Cryo Tubes 1.8 mi

PP insert with Bottom Spring 0.20mL

PP tubes 15 ml, 50 ml

Precision Wipes Kimtech Science
Receiver Columns 20 um

Safe-Lock Tubes 0.5ml, 1.5ml, 2ml
Serological pipettes 2ml, 5ml, 10ml,
25 ml, 50 ml

StageTips 200yl pipette tip

Tissue dishes 10cm, 14 cm

VWR® Tissue Culture Plates 96, 48, 24,
12, 6 well

5.2 Chemicals

Material

0.05 % Trypsin-EDTA

1,4-Dithiothreitol (DTT)

10x Dream Tag Buffer

2-lodacetamide (1AA)

5x Phusion GC buffer

5x Phusion HF buffer

6x DNA Loading Dye

Accustain® Crystal Violet Solution (2.3%
wiv

Acetonitrile (Chromasolve® LC-MS)
Acrylamide/Bis Solution 37.5:1 (30% wlv,
2.6% C)

Adenosine 5’-triphosphate

Agar-Agar

Agarose

Albumin Fractio V

Ammonium bicarbonate (ABC)

Paul Hartmann AG
VWR

NUNC

Supleco

Sarstedt AG & Co. KG

Kimberly Clark® Professional
Macherey-Nagel GmbH & Co. KG
Eppendorf AG

Corning

Thermo Scientific
Thermo Scientific
VWR

Supplier

Thermo Fisher Scientific
Merck KGaA

Thermo Scientific

Merck KGaA

Thermo Scientific
Thermo Scientific
Thermo Fisher Scientific
Sigma Aldrich

Sigma-Aldrich

Serva

New England BioLabs® Inc
Carl-Roth GmbH & Co. KG
Lonza Group Ag

Carl-Roth GmbH & Co.KG
Sigma-Aldrich



Ammonium Persulfate (APS, w/v = 10%,
electr.grade, 98%)

Ampicillin sodium salt (100 mg/ml)
Anti-FLAG® M2 Agarose A2220-5ml

ATP 10 mM

BIO-RAD PROTEIN ASSAY (5x Bradford
Concentration)

BIO-RAD PROTEIN ASSAY (5x)

Bovine Serum Albumin (BSA, 10 mg/ml)
Bromphenol Blue (0.05%, BPB)
Chloramphenicol 100 mg/ml

Chloroform

DAPI

Deoxynucleotide (ANTP) Solution 10mM
Dimethyl sulfoxide (DMSO)

DMSO 100%

dNTPS 10 mM (gPCR)

Dream Taqg DNA Polymerase 500U, 5 U/pl
Dream Taq Green Buffer (10x)

Ethanol p.a.

Ethidium bromide

F-5302 Phusion DNA Polymerase 20 U/ul
Fast Digest Bpil

FastDigest Bbsl

Flag Beads

Flag Peptides

Fluoromount-G®

Gateway® BP Clonase™ I

Gateway® LR Clonase™ lI

Gene Ruler 1 kb Plus

Geneticindisulfat (G418) Losung
CELLPURE® 50mg/ml,steril
GFP-Trap®_A

Glacial Acetic Acid p.a

Sigma Aldrich

Carl-Roth GmbH & Co. KG
Sigma- Aldrich

Fermentas GmbH

Bio-Rad Laboratories GmbH

BioRad

Carl-Roth GmbH & Co. KG
Sigma Aldrich

Carl-Roth GmbH &Co. KG
Merck KGaA

Sigma Aldrich, Thermo Fisher
New England BioLabs® Inc
ApplyChem

Thermo Sientific

Promega

Thermo Scientific

Fermentas/ Thermo Fisher Scientific
VWR

AppliChem GmbH

Thermo Fisher Scientific
Thermo Scientific

Thermo Scientific
Sigma-Aldrich

Sigma-Aldrich
SouthernBiotech

Invitrogen by Thermo Scientific
Invitrogen by Thermo Scientific
Thermo Fisher Scientific
Carl-Roth GmbH &Co. KG

Chromotek
Merck KGaA
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Glacial Acetic Acid p.a.
Glycerol

Glycine

Goat Serum (NGS)

Harnstoff 299.5%,p.a., Bio-Science-Grade

HPLC water

Hydrochloric Acid 32% p.a. (HCI)
Insulin (bovine)

Isopropanol

jetPrimer® versatile DNA/SIRNA
transfection reagent

Kanamycin Sulfate 100 mg/ml
Lipofectamine™ P3000 Reagent
Methanol

MG-132

Milk powder, Blotting grade, dry, non-fat
Millipore water

M-MLV- RT 5x Buffer
M-MLV-polymerase (reverse
Transcriptase)

Nonident P40 (NP40)

Nuclease free water

NuPAGE® MOPS 20x Running Buffer
(20x)

P3000™ Reagent

PageRuler TM Prestained Protein Ladder

(170 kDa)

Penicillin/Streptomycin  antibiotics (P/S)

(20,000 Units/ml; 10 mg/ml)

peqGold TriFast

Phosphatase Inhibitor Cocktail 2 (P12)
Phosphatase Inhibitor Cocktail 3 (P13)
Phusion High Fidelity DNA Polymerase
Pierce® Anti-HA Agarose 26181

Merck KGaA

Carl-Roth GmbH & Co. KG
Carl-Roth GmbH & Co. KG
Merck KGaA

Carl-Roth GmbH &Co. KG
VWR

Merck KGaA

Sigma- Aldrich

Honeywell

Polyplus

Carl-Roth GmbH &Co. KG
Thermo Fisher Scientific
Honeywell

Alfa Aesar

Carl-Roth GmbH &Co. KG
Merck Millipore

Promega

Promega

F-Hoffmann-La Roche
Promega GmbH

Novex by life technologies

Thermo Fisher Scientific

Thermo Scientific

Thermo Fisher Scientific

PeQLab

Sigma-Aldrich
Sigma-Aldrich

Thermo Scientific, USA

Thermo Scientific
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PierceTM ECL plus Western Blotting Thermo Fisher Scientific

Substrate

PlasmidSafe ATP-dependent DNase Epicentre®
PlasmidSafe buffer 10x Epicentre®
Poly-D-lysine hydrobromide 100x Sigma- Aldrich
Polyethylenimine linear (PEI) PolySciences, Inc

Polynucleotide kinase buffer (PNK) 10x Epicentre®

Ponceau S (w/v = 1%) Sigma Aldrich
ProSieve™ QuadColor™ Protein Marker Biozym Scientific GmbH
4.6-300kDa

Protease Inhibitor Complex Complete F-Hoffmann-La Roche

(PIC)
Protein Marker 180kDa Thermo Fisher Scientific
Puromycin Life Technologies

QuickExtract™ DNA Extraction Soln. 1.0 Lucigen Coorporation

Random Primers Promega
RapiGest™ SF Surfactant Waters Corportation
S.0.C Medium Invitrogen

Sodium Chloride Merck KGaA

Sodiumdodecylsulfate SDS Solution 10% Sigma Aldrich
(w/v=10%; SDS dust-free pellets >98%)
Sso Advanced Universal SYBR® Green BioRad

Supermix

T4 DNA Ligase F-Hoffmann-La Roche AG
T4 polynucleotide kinase New England BioLabs® Inc
TBS In-house

TEMED Merck

TriFast VWR

Trifluoracetic Acid (eluent additive for LC- Fluka

MS, viv=5%) (TFA)

Tris ultrapure AppliChem GmbH
Tris(hydroxymethyl) Aminomethane (TRIS Sigma Aldrich

or TRIZMA)

Triton® X-100 Sigma Aldrich



Trypan Blue solution 0.4 % liquid,

for microscopy

Trypsin NB Sequencing Grade, modified
from porcine pancreas

Tryptone/Peptone from Casein

Tween®20

Water for HPLC

Yeast Extract

B-Mercaptoethanol

5.3 Buffer and solutions

5.3.1 Proteomics

0/5 solution

TFA 100%
HPLC water

50/5 solution
TFA 100%
Acetonitrile (50 %)

80/5 solution
TFA 100%
Acetonitrile (80 %)

Acetic Acid (HAc) 1 M
HAc
H.O

Acetic Acid (HAc) 50 mM
HAc 1 M
H-O

Acetonitrile v/iv=50%
Acetonitrile
HPLC water

Sigma Aldrich

Serva Electrophoresis GmbH

Carl-Roth GmbH &Co. KG
Sigma Aldrich

VWR

Carl-Roth GmbH &Co. KG
Sigma Aldrich

50 ul
950 pl

50 l
950 pl

50 ul
950 ul

100 pl
1.65 ml

1ml
19 mi

50 ml
50 ml
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Acetonitrile v/iv=80 %
Acetonitrile
HPLC water

Ammonium bicarbonate Solution (ABC)
ABC
HPLC water

Bradford Dilution 1 x
Bradford 5
HPLC water

BSA buffer 10x (10 mg/ml)
BSA
HPLC water

Dithiothreitol Solution (DTT)
DTT
HPLC water

Flag Elution buffer (= Flag Peptide)
FLAG-Peptide
TBS 1 x

Glycine buffer
Glycine
HPLC water

80 ml
20 ml

19.8 mg
5ml

- homogenize

2 mi
8 mi
- store at 4 °C, dark

100 mg

10 ml

- homogenize and store 20ul aliquots at -
20°C

15.4 mg
1ml

- homogenize

4 mg

800 pl

- 20 pl stock solution mixed with 480 pl 1 x
TBS

15019

80 ml

—> adjust pH to 2.5 with concentrated HCI
- fill up to 100 ml with HPLC water
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lodacetamide Solution (IAA)
IAA
HPLC water

Lysis buffer
HPLC water
10 x TBS
NP40

PIC 50 x
PIC 50 x

Polyethlyenimine Solution (PEI)
PEI
Sodium Chloride (pH 5.5)

RapiGest SF Surfactant
RapiGest SF Surfactant (1 mg)
HPLC water

SDS solution 5%

- store at RT

55.5 mg
1 ml HPLC water

- homogenize

8.5 ml

1mi

55 pl

- homogenize, store at 4 °C

- add PI3, PI2 and PIC 50 x before usage

1 tablet

1 ml HPLC water
- aliquot in 420 pl
- store at -20 °C

100 mg

900 ml

- adjust pHto 7.8

= fill up to 1 | with Sodium Chloride (pH 5.5)
-> stir over night

- check pH

- sterile filtrate

- aliquot 50 ml and store at 4 °C

1 vial
50 ul

- homogenize, store at 4 °C



SDS
1x TBS

Sodium Chloride solution
NaCl

Millipore water

TBS 10 x

Tris ultrapure
NacCl

Millipore water

TBS 1x
TBS 10 x

Millipore water

Tris base buffer 1 M
Tris ultrapure
HPLC water

Tris Urea buffer stock
Urea

Tris ultrapure 50 mM
HPLC water

25¢g
50 ml
- homogenize, store at RT
—>dilute 1:500 (0.01 % SDS)

8.77¢g

900 ml

—adjust pHto 5.5
> filupto 1l

180 g

440 g

351

- adjust pHto 7.4
> fullupto 5l

- autoclave

5 ml
45 ml

12.114 g

60 ml

- homogenize and adjust pH to 10.4
= fill up to 200 ml with HPLC water
- store at RT

12 g

788 mg

80 ml

—~adjust pHto 7.5

- fill up to 100 ml with HPLC water
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Tris Urea buffer 1
Tris Urea buffer stock

Trypsin solution 0.5 pg/ul

Tris Urea buffer 2
Tris Urea buffer stock
DTT 100 mM

Trypsin Solution (1pg/pl, 25u9)
Trypsin vial
HAc (50 mM)

Washing buffer
HPLC water
TBS 10 x

NP40

5.3.2 Immunoblotting

APS solution

Ammonium Persulfate
HPLC water

Blocking solution 5 %
Milk or BSA
TBST 1 x

Comassie solution

1ml
10 pl

1ml
10 pl

- Centrifuge
50 pl

- homogenize (vortex) and centrifuge

- store at -20 °C

8.66 ml

1ml

12 pl

—>homogenize, store at 4 °C

- add PI2 and PI3 before usage

1g

10 ml

- homogenize

- aliquot and store at -20 °C

59

90 ml

- fill up to 100 ml
- store at 4 °C
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Commassie Brilliant Blue-G250

Millipore water

ECL plus Western Blotting substrate
Solution A

Solution B

(1:40)

ECL Western Blotting substrate
Detection reagent 1

Detection reagent 2

(1:2)

Laemmli buffer 5 x
Tris HCL buffer
SDS solution (20%)
Gylcerol
B-Mercaptoethanol
Bromphenol Blue

Millipore water

MOPS buffer 1x
MOPS buffer 20 x

VE water

Ponceau S solution 10 x(Stock)
Ponceau S
VE water

Acetic acid

49

11

- homogenize

- store at RT and in the dark

975 ul

25 ul

- incubate PVDF membrane for 2 min in the
dark at room temperature before taking
pictures

500 pl
500 pl
- incubate PVDF membrane for 2 min in the
dark at room temperature before taking

pictures

8.33 ml

12.5 mi

25 ml

1.75 mi

0.25¢

50 ml

- homogenize, aliquot and store are -20 °C

50 ml
950 mll

45 ml
50 ml
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Ponceau S solution 1 x

Ponceau S solution 10 x (Stock)

Running buffer 10 x
Glycin

Tris base

SDS

VE water

Running buffer 1x
Running buffer 10 x

SDS solution 10 %
Sodiumdodecylsulfate (SDS)

Millipore water

TBST 1x
TBS 10 x
Tween® 20
VE water

Tris HCI buffer (1.5 M)
Tris base
VE water

Western buffer 10 x
Glycin

Tris base

- fill up to 100 ml with VE water
- store at RT, in the dark

Dilute 1:10 with VE water
- store at RT and in the dark

750 g

150 g

509

45 |

- homogenize and fillupto 5 |

Dilute 1:10 with VE water

509
400 mi

- homogenize and fill up to 500 ml

100 ml
1ml
900 ml

90.8 g
450 ml

-> adjust to pH 6.8 (stacking gel) and pH 8.8

(separation gel).
= fill up to 500 ml with VE water

144.13 g
30.29 g



VE water

Wester buffer 1 x
Western buffer 10 x
Methanol

VE water

5.3.3 Nucleic acid method

Agarose gel 1%

Agarose
TBE 1 x
Ethidium bromide

5.3.4 Cloning

Ampicillin solution (100 mg/ml)
Ampicillin
HPLC water

LB Agar
LB medium

Agar agar

LB Medium
Trypton
Yeast Extract
NaCl

VE water

900 ml

—>homogenize and fill up to 1 |

100 ml
200 ml
700 ml

19
100 ml
4 ul

1g
10 ml
- aliquot and store at -20 °C

400 ml

69

-> autoclave

Pour LB agar plates:

- boil up LB Agar and cool down (~ 55 - 60
°C) before adding antibiotics (1:1000)

509
259
509
45|
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Kanamycin solution (50 mg/ml)
Kanamycin
HPLC water

Chloramphenicol Solution (100mg/ml)

Chloramphenicol
Ethanol p.a.

5.3.5 Cell culture

—>homogenize
—adjust pH to 7.0 with 5 N NaOH
>fill up till 51 with VE water

500 mg
10 ml
- aliguot and store at -20 °C

19
10 ml
- aliquot and store at -20 °C

Dulbecco’s Modified Eagle Medium — high  Sigma-Aldrich, Gibco

glucose (DMEM)

Dulbecco’s Phosphate Buffered Saline Thermo Fisher Scientific, Gibco

(1x, DPBS), [-] CaCly, [-]MgCl.
Fetal Bovine Serum (FBS)

Cryo medium

nFBS
DMSO (100%)

Culturing medium

DMEM-high glucose

10 % fetal Bovine Serum

100x Antibiotic-Antimycotic (P/S)

Starvation medium
DMEM-high glucose

5.3.6 Localization studies

DAPI
DAPI 1 mg/mi

Sigma-Aldrich

3.6 ml
400 pl
- homogenize

500 ml
50 mi
2.5 ml

500 ml
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PBS

Normal goat serum (NGS)
NGS

BSA

PBST

Paraformaldehyde (PFA) 4 %

Paraformaldehyde
PBS

PBST (0.3 %)
PBS

Triton

Poly-D-Lysine 1 x
Poly-D-Lysine 100 x
PBS

5.3.7 Crystalviolet

Acetic Acid 20 %
Acetic acid 100 %

VE water

Crystalviolet 0.2 %
Crystalviolet 100 %
Ethanol 20 %

10 ml
- store at 4 °C, in the dark

10 %
1%
In 0.1 % PBST

49
50 ml

- dissolve and heat up till 55-60 °C

- Fill up with 50 ml PBS.
-> Stir for 45 min,

- adjustpHto 7.4

- store at -20 °C

25 ml

75 ul

- homogenize and aliquot
- store at -20 °C

500 pl
49.5 ml
->store at 4 °C

100 ml

900 pl

4.35 ml
45.65 ml
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5.4 Bacteria

Bacteria Supplier

E. coli - Library Efficiency® DH5a Invitrogen, in house
Competent Cells

E. coli - One Shot® CcdB Survival™ Invitrogen, in house

2T1R compentent cells

5.5 Human cell lines

HEK293T — human embryonic kidney cells American Type Culture Collection
expressing large T antigen of SV40 (CRL-

3216)

hTERT-RPEL1- Human Telomerase Reverse American Type Culture Collection
Transcriptase-immortalized Retinal

Pigmented Epithelial Cells

5.6 Plasmid
Plasmid Antibiotic resistance Company
pSpCas9(BB)-2A-Puro AmpR, Puro® Addgene

(PX459) V2.0 8 (gift from
Feng Zhang)

pJET1.2/blunt Cloning AmpR Thermo Scientific Fisher

Vector

pGEM-T-Easy Vector AmpR Promega

pEBTerBI-CLIP-CEP70 was AmpR Addgene

a gift from Kai Johnsson

(#136870)

pEBTetBI-CLIP-ALMS1 was AmpR Addgene

a gift from Kai Johnsson

(#136877)

pDONR201 KanR A gift from R. Roepman,
Nijmegen, Invitrogen

pDEST (pcDNA 3.0 AmpR Invitrogen modified by CJ

backbone) modified with C- Gloeckner [120]

or N-terminal StrepFLAG
tag
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5.7 Oligonucleotides (sgRNA)

Name

ALMS1 ex 10 bottom
ALMS1 ex 10 top
ALMS1 ex 8 bottom
ALMS1 ex 8 top
CEP70 ex 5 bottom
CEP70 ex 5 top
CEP70 ex 6 bottom
CEP70 ex 6 top

5.8 Primer genomic
Name

ALMS1 ex 23 forward
ALMS1 ex 23 reverse
ALMS1 ex 8 forward
ALMS1 ex 8 reverse
sfGFP reverse
ALMS1 ex 10 forward
ALMS1 ex 10 reverse
ALMS1 ex 23 forward
CEP70 ex 6 forward
CEP70 ex 6 reverse

Oligonucleotide sequence
AAACTGCTAATAAGGGTATGGTTAC
CACCGTAACCATACCCTTATTAGCA

AAACCTTCCTCCCTGCTATCTGTTATAC
CACCGTATAACAGATAGCAGGGAGGAAG

AAACGTATCATGTTCTGTTGACATC
CACCGATGTCAACAGAACATGATAC
AAACACTTAGTGATTCATCCTCCAC
CACCGTGGAGGATGAATCACTAAGT

Oligonucleotide sequence
CCCTCATTGGTGAGTCAGATAC
TCATTGTAACACACAGGCCATTGG
GCAGAGAGCAAAGTCAGTATG
TTTCATTGGCTAAGCTTCCTC
AGCTCATCCATGCCATGTGTAATC
ACCCTTGGCTGTCAGAATTAG
GATGTTGAGGAGAGGGAGAATG
CAGATCCTCTTTCCTGAACCTTTCG
GAAATGAACTTCAGCTAGAGCA
GAATTCATAACTCAGTACCTGT

5.9 Primer Sequencing

Name
pJET1.2 Forward

pJET1.2 Reverse

SP6 promotor forward
T7 promoter reverse
U6 forward

Oligonucleotide sequence
CGACTCACTATAGGGAGAGCGGC

AAGAACATCGATTTTCCATGGCAG-

TATTTAGGTGACACTATAG
TAATACGACTCACTATAGG
GAGGCCCTATTTCCCATGATTCC

Company
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT

Company
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT

Company
Thermo
Scientific
Fisher/IDT
Thermo
Scientific
Fisher/IDT
IDT

IDT

IDT
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U6 reverse
EGFP-C forward
SV40pA-R reverse
CMV forward

5.10Primer gPCR
Name

ABCA4 forward
ABCAA4 reverse
ALMS1 ex 10 forward
ALMS1 ex 11 reverse
ALMS1 ex 4 forward
ALMS1 ex Sreverse
BAX forward

BAX reverse

BCL2 forward

BCL2 reverse
CEP70 ex 11 reverse
CEP70 ex 3 forward
CEP70 ex 5 reverse
CEP70 ex 9 forward
GAPDH forward
GAPDH reverse
GUSB forward

GUSB reverse
OCT3/4 forward
OCT3/4 reverse
OPN1SW forward
OPN1SW reverse
PAX6 forward

PAX6 reverse

RCV1 forward

RCV1 reverse
RPEG65 forward
RPEGS reverse

GGAGTAGCCTTATTTTAACTTGCTATT

CATGGTCCTGCTGGAGTTCGTG
GAAATTTGTGATGCTATTGC
CGCAAATGGGCGGTAGGCGTG

Oligonucleotide sequence
CATCCTGTTCCACCACCTCA
CTGTGTCCTCCAACATGGCT
CTGATGCAGTCACTCAGATAACA
ACTGAAGATGATGAGGCAAACT
GCTTCTCCTGATTTGCCTTTG
CTATAAGCGGGTGCTGAGATAC
TTTGCTTCAGGGTTTCATCCA
CTCCATGTTACTGTCCAGTTCGT
TCGCCCTGTGGATGACTGA
CAGAGACAGCCAGGAGAAATCA
GCTTCTTCACCTGCTGTTTA
GGATTCCAGTCAACCATCAG
CAAATTCTGTCTCATCCTTTGTG
CAGAAATCTGGATGCCTCAC
GCAAATTCCATGGCACCGT
GCCCCACTTGATTTTGGAGG
AGAGTGGTGCTGAGGATTGG
CCCTCATGCTCTAGCGTGTC
GTTCTTCATTCACTAAGGAAGG
CAAGAGCATCATTGAACTTCAC
ACCATTGGTATTGGCGTCTC
GGAGAGAGGCACAATGAAGC
CCGGCAGAAGATTGTAGAGC
GCCCGTTCAACATCCTTAGT
ACACCAAGTTCTCGGAGGAG
ACTTGGCGTAGATGCTCTGG
GCCCTCCTGCACAAGTTTGACTTT
AGTTGGTCTCTGTGCAAGCGTAGT

IDT
IDT
IDT
IDT

Company
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
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5.11Tag Sequences

5.11.1 sfGFP (gBlock® Gene Fragments, IDT)
AGAGTGACCAATCAACTTCTGGGGAGAAAAGTCCCATGGGACAGCAAAGGAGAAGAACTTT
TCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCT
GTCCGTGGAGAGGGTGAAGGTGATGCTACAAACGGAAAACTCACCCTTAAATTTATTTGCA
CTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTCTGACCTATGGTGTTCAA
TGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGA
AGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACGGGACCTACAAGACGCGTGCT
GAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTTAAA
GAAGATGGAAACATTCTCGGACACAAACTCGAGTACAACTTTAACTCACACAATGTATACAT
CACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTCGCCACAACGTTGAA
GATGGTTCCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGT
CCTTTTACCAGACAACCATTACCTGTCGACACAATCTGTCCTTTCGAAAGATCCCAACGAAA
AGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACACATGGCATGGA
TGAGCTCTACAAATGACACAAGTTTATTTTCCTCAGAGCCTTGGAATTCTATTTTATGAACCT
AGAGAAGCAGAATCCTTACTTTTGTGAGTCTGGTTGAATAAAGCTTATTCTTTGTCCATGTGT
ATTTTAGAAATAGTAACTTCTAAAGAGTCTGGAACAAAGTGGTGATTAAAATTCCTAATGGTT
TGGGAGCAATACTTTCTGCATAGTGGCCTTGTCCAATGGCCTGTGTGTTACAATGATATGAT
CATTTCTCAAGAATAAGTCCCTTTTTGTATGTGTTTTTATACTTTTAGAAAATAAAAACTTTAG
ATTAACTCTCTGGGGAGAAAAGTTCCCTGGG

5.11.2 ALMS1 CT RFP-HA (gBlock® Gene Fragments, IDT)
GGCCATATGCATACGCAGGCTCTGGGGAGAAAAGTTCCCTGGGAGGCCTCTCCTTATGCT
ACTGTATGTGGGAACTGATGGATTATCTGTGTCTCTATAGAAATAATAGATATTGATTACAGA
TCCTCTTTCCTGAACCTTTCGTGAAGTATTTTTTATATGACGACCATAGTTTCTGAAGCAGAG
TAAAATGAACAAGATTTGAATAGGACCACACTGATTCTCCTTGGTGACATGGATGCAGGGA
GGAGAGGCATCTGCCTCTGATGGCAGTAATATCTAACTTCTTTCCTGCCTTTCTTTTCTTCTA
CAGAGAGTGACCAATCAACTTCTGGGGAGAAAAGTCCCATGGGACGGTGGGGGTTCTGGC
GGGGGAAGCGGAGGTGGTTCAGCGTCCAGTGAAGACGTTATAAAGGAATTTATGAGATTTA
AAGTCCGGATGGAAGGAAGTGTAAACGGCCACGAATTCGAGATCGAGGGGGAGGGGGAG
GGTAGACCCTATGAGGGTACACAAACCGCCAAGCTTAAAGTGACCAAGGGCGGACCACTC
CCGTTTGCATGGGACATCCTTAGCCCGCAGTTCCAATACGGTTCAAAAGCCTATGTGAAAC
ACCCCGCAGACATACCAGATTATCTGAAACTTTCCTTCCCCGAGGGTTTCAAGTGGGAGCG
AGTGATGAACTTTGAAGACGGTGGAGTTGTGACAGTCACCCAGGATTCCTCACTCCAAGAC
GGTGAATTCATCTACAAGGTGAAGCTTAGGGGCACAAATTTTCCCAGTGATGGCCCTGTCA
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TGCAAAAAAAAACTATGGGATGGGAAGCATCAACTGAGAGAATGTACCCCGAAGATGGAGC
CTTGAAGGGAGAAATAAAAATGAGGCTTAAACTCAAAGATGGAGGACACTACGATGCCGAA
GTGAAAACCACATACATGGCAAAAAAACCGGTACAGCTGCCCGGAGCCTACAAAACTGACA
TCAAATTGGACATTACTAGTCATAATGAAGATTACACTATTGTAGAACAGTATGAAAGAGCC
GAGGGAAGACATAGCACGGGAGCGGGCGGCGGGAGTTACCCGTACGACGTGCCCGATTA
TGCGTGACACAAGTTTATTTTCCTCAGAGCCTTGGAATTCTATTTTATGAACCTAGAGAAGC
AGAATCCTTACTTTTGTGAGTCTGGTTGAATAAAGCTTATTCTTTGTCCATGTGTATTTTAGA
AATAGTAACTTCTAAAGAGTCTGGAACAAAGTGGTGATTAAAATTCCTAATGGTTTGGGAGC
AATACTTTCTGCATAGTGGCCTTGTCCAATGGCCTGTGTGTTACAATGATATGATCATTTCTC
AAGAATAAGTCCCTTTTTGTATGTGTTTTTATACTTTTAGAAAATAAAAACTTTAGATTAACTC

TCTGGGGAGAAAAGTTCCCTGGGGACTTCGAACTGGAATTCGTA

5.12Primary and secondary antibodies
5.12.1 Primary Antibody

Antibody name  Product Biological Dilution
number source (IFS/WB)
Acetylated ab24610 Mouse 1:250/1:2500
tubulin
AKT 10176-2-AP rabbit -/1:1000
ALMS1 IgG 27231-1-AP rabbit 1:750
ALMS1 IgG Ab84892 Rabbit 1:1000
ALMS1 IgG NB100-97823 Rabbit 1:1000/ 1:500
ARL13B IgG 73-287 mouse 1:200
ARL13B IgG 17711-1-AP rabbit 1:150
CEP250/CNAP1  14498-1-AP rabbit 1:100
CEP70 ab227456 rabbit 1:500/1:1000
GAPDH D16H11 Rabbit -/1:10.000
Glutamylated A27791601 mouse 1:1500/-
tubulin (GT335)
GSK-3a/B D75D3 rabbit -/1:1000
PCM1 19856-1-AP rabbit 1:200/-
p-GSK3 beta (F- sc-373800 mouse -/1:500
2)
Phospho-AKT 139H12 rabbit -/1:2000

Company

Abcam

Proteintech
Proteintech
Abcam
Novusbio
Neuromab
Proteintech
Proteintech
Abcam

Cell Signaling
Technology
Adipogen

Cell Signaling
Proteintech

Santa Cruz

Cell Signaling
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(Ser473)
Rootletin
RPGR IgG
TUBGCP2
y-Tubulin
(TUBGC1)

Sc-374056
HPAO001593
25856-1-AP
NB-120-
11318

mouse
rabbit
rabbit
rabbit

5.12.2 Secondary Antibody

Host

Goat anti-mouse

Goat anti-mouse

Goat anti-mouse

Goat anti-mouse

Goat anti-rabbit

Goat anti-rabbit

Goat anti-rabbit

Goat-anti rabbit

5.13Kits

Name

Gateway® BP ClonaseTM Il Enzyme Mix
Gateway® LR ClonaseTM Il Enzyme Mix

JetPRIME®

Lipofectamine™ 3000 Transfection Kit

Fluorescence

spectrum

568 nm, red

488 nm, green

647 nm, far-red

HRP

568 nm, red

488 nm, green

HRP

647 nm, far-red

Monarch® Plasmid Miniprep Kit
PeqGold Cycle -Pure Kit

Dilution

1:350

1:350

1:350

1:7500

1:350

1:350

1:7500

1:350

Company

Polyplus

Thermo Fisher Scientific

New England BioLabs Inc.

VWR

1:250
1:500
1:100
1:1000

Product

Alexa Fluor

Alexa Fluor

Alexa Fluor

Alexa Fluor

Alexa Fluor

Alexa Fluor

SantaCruz
Sigma-Aldrich
Proteintech

Novusbio

Company

Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific

Jackson

ImmunoResearch

Thermo Fisher
Scientific
Thermo Fisher
Scientific
Jackson

ImmunoResearch

Thermo Fisher
Scientific

Invitrogen Thermo Scientific, USA

Invitrogen Thermo Scientific, USA
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PeqGold Tissue DNA Mini Kit
PureYield™ Plasmid Midiprep System
QIAquick® PCR Purification Kit
TriFECTa® Kit DsiRNA Duplex CEP70
EZ-PCR Mycoplasma Detection Kit

5.14Equipment

Equipment

2 Channel Jumbo Display Clock Timer
Agarose gel chamber

Agarose gel comb

ApoTome2, Imager.Zi Ax10

Axio Vert. A1 Microscopy

BioRad T100™ Thermal Cycler
Blotting Chamber

Brand® Accu-jet® Pipetboy
Centrifuge 5415 R

Chemi Imgager Fusion FX

Duran® baffled flask

Ecotron Incubation Shaker
FIBERLite® F15-8x50C

Filter system

HERACE ll 150i CO2 Incubator
Heraeus Fresco 17 Centrifuge
Heraeus Multifuge X3R Centrifuge
Incubator

Laboport® Mini Vacuum Pump

Leica TCS SP8 Scanning Microscope
MiniStar Centrifuge

MSC-Advantage

MWG Biotech Inc Primus 25 Thermal
Cycler

NanoDrop 1000 Spectrophotometer
NeoLab Intelli-Mixer

Pipettes 10 pl, 100 pl, 1000 pl Diamond

VWR

Promega GmbH

Carl Roth GmbH & Co.KG
IDT

Sartorius Biological Industries

Company

Carl Roth GmbH & Co.KG
Bio-Rad Laboratories, Inc.
Bio-Rad Laboratories, Inc.
Carl Zeiss AG

Carl Zeiss AG

BioRad

BioRad

Sigma-Aldrich

Eppendorf AG

Vilber

DWK Life Sciences

Infors HT

Thermo Scientific

Millipore Filterunit Express Plus
Thermo Scientific

Thermo Scientific

Thermo Scientific
Memmert GmbH & CO.KG
KNF Neuberger, Inc.
Leica Microsystems IR GmbH
VWR

Thermo Fisher Scientific

Cole-Parmer GmbH

PegLab
NeolLab
Gilson
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Power Pack™ Basic

PrimoVert Microscopy

gPCR Cycler

Rotilabo®-precision glass cuvette, micro,
guartz glass, seamed lid, 0,7 ml

Savant RVT400 Refrigerated Vapor Trap
Savant SPD111V SpeedVac Concentrator
STED

Systec DX-150, DX-23 Autoclave

T70 UVIVIS Spectrometer

Tecan Spark 10M Luminescence Reader
Thermo-Shaker

Vortex-Genie2

Water bath VWB 18

WB Chamber

Zeiss Axio Imager Z1 ApoTome
Microscope

Bio-Rad Laboratories, Inc.
Carl Zeiss AG

BioRad

Carl Roth GmbH & Co0.KG

Thermo Scientific

Thermo Scientific

Leica

Systec GmbH

PG Instruments Ltd.

Tecan Group AG

Universal Labortechnik GmbH & KO.KG
Scientific Industries, Inc
VWR

BioRad

Carl Zeiss Microscopy GmbH

5.15Liquid chromatography and mass spectrometry (LC-MS/MS)
Company/Supplier

Acclaim PepMap100 C18
Orbitrap Fusion™ Tribrid
Ultimate3000 RSLCnano
systems

Acclaim PepMap RSLC C18
QExective Plus

MPAC nano column (50 cm, C18)
MPAC trapping column

5.16 Software
Software

Adobe lllustrator CS5.1
Adobe Photoshop CS5.1
Adobe Photoshop CS5.1
BioEdit v7.0.5.3

Thermo Scientific
Thermo Scientific

Thermo Scientific

MPI of Biochemistry
Thermo Scientific
Thermo Scientific

Thermo Scientific

Company/Supplier
Adobe System Inc.
Adobe System Inc.
Adobe System Inc.

Tom Hall, Ibis Therapeutics

50



EASYWin32 5.17.295

FIJI (ImageJ) 1.53q

Leica Application Suite X (LasX;
3.5.7)

Mascot 1.6.1.0

MaxQuant 1.6.1.0
Mendeley

Microsoft Office 2016
NeuronJ (Plugin; FIJI) 1.4.3.
Perseus 1.6.5.0

Scaffold 3.0, 4.0, 5.0
SparkControl 2.2

ZEN 3.0 (blue edition)

Herolab GmbH
Wayne Rasband

Leica Microsystems

Matrix Science

MPI of Biochemistry
Mendeley Ltd.

Microsoft Corporation

Erik Meijering

MPI of Biochemistry
Proteome Software Inc
Tecan Group AG

Carl Zeiss Microscopy GmbH

5.17Databases, online tools, and web links

Databases

Benchling

BioGRID

CCTop- CRISPR/Cas9

online predictor

target

Ensembl

Expasy

GetGo

Multalin

NCBI

NCBI BLAST

NCBI Primer-BLAST
NCBI Protein

NCBI PubMed
PrimerQuest™ Tool
Reactome

Reverse Complement
Sequence Variant Nomenclature

Sequencing

Web links

https://benchling.com
https://thebiogrid.org/
http://crispr.cos.uni-heidelberg.de

http://www.ensembl.org/index.html
https://web.expasy.org/translate/
http://getgo.russelllab.org
http://multalin.toulouse.inra.fr/multalin/multalin. htmi
www.nchbi.nlm.nih.gov/
https://blast.ncbi.nim.nih.gov/Blast.cgi
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
www.nchbi.nlm.nih.gov/sites/entrez?db=protein
https://pubmed.ncbi.nim.nih.gov/
https://eu.idtdna.com/pages/tools/primerquest
https://reactome.org/
https://www.bioinformatics.org/sms/rev_comp.html
http://varnomen.hgvs.org/ Version 20.05
www.gatc-biotech.com

https://www.eurofinsgenomics.eu/de/home/
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http://www.ensembl.org/index.html

Signaling pathways

Statistics

String

Swissprot

SysCilia Gold Standard

TIDE: Tracking of Indels by
Decomposition

Uniprot

The Human Protein Atlas
Version 23.0

https://web.expasy.org/translate/
https://www.genome.jp/kegg/pathway.html
https://www.estimationstats.com/#/
https://string-db.org/
www.expasy.ch/sprot/
http://www.syscilia.org/goldstandard.shtml
https://tide.nki.nl/

http://www.uniprot.org/

https://www.proteinatlas.org/
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6 Methods

6.1 Proteomics

6.1.1 Immunoprecipitation
Endogenously CT tagged ALMSL1 cells (see 0) were used for immunoprecipitations (IP). Beside
the endogenous tagged cells, overexpression plasmids containing the sequence of the protein of
interest (e.g. CEP70, Rafl) with a Strep-Flag tag were used. All steps for an IP were done on ice

or 4 °C to preserve proteins.

Around 4 million HEK293T cells were plated on 14 cm petri dishes. For an IP with
overexpression constructs, cells were transfected with 1 ml PEI and 8000 ng DNA per 14 cm
petri dishes for at least 48 hrs. For the sfGFP-IP cells were starved overnight (ON) to stop
proliferation and to induce cilia formation. When cells reached 100% confluency, the medium
was discarded, cells were washed with PBS and scraped of the plate with 1 ml lysis buffer (1x
TBS, 0.5 Nonidet P40 (Roche), 1 % phosphatase inhibitor cocktail 2 and 3 (Sigma), Protease
Inhibitor Complexe Complete (Roche)) on ice. The lysate was incubated on an end-over end
shaker (NeoLab) for 30 min, followed by a 10 min incubation at 10000 xg. The supernatant was
used to determine its protein concentration using the Bradford Assay. (Wdrz unpublished Master
thesis, 2018 [21], Woerz et al., under review [3])

Per sample, 50 yl mixed GFP beads, 25 pl mixed Flag and 25ul HA beads were prepared. All
the following steps were performed on ice. The beads were centrifuged after each washing step
for 1 min at 5000 x g and the supernatant was removed. First, the beads were washed once with
600 pl 1x TBS. Then, 500 ul lysis buffer was pipetted onto the beads and centrifuged.
Afterwards, the beads were washed twice with 500 pl washing buffer (1x TBS, 0.5 Nonidet P40
(Roche), 1% phosphatase inhibitor cocktail 2 and 3 (Sigma)) followed by centrifugation. In a last
step, 1x mixed bead volume of washing buffer was added onto the beads and thoroughly mixed
and divided into new Eppendorf tubes. (Wo6rz unpublished Master thesis, 2018 [21], Woerz et al.,

under review [3])

5-10 mg protein was mixed with the appropriate and previously washed HA, Flag or sfGFP
Beads. The lysate-bead mixture was incubated for 1 h at 4 °C on an end over end shaker.
Lysate with HA beads were used for an on-bead digest described in 6.1.5, whereas the lysate -
sfGFP beads mixture was used for an in-solution digest. Lysate with Flag Beads were either
used for on-bead digest or in-solution digest. Before elution of proteins from beads for the in-

solution digest was conducted, the samples were added onto a column and washed three times

53



with 500 pl washing buffer. (Wérz unpublished Master thesis, 2018 [21], Woerz et al., under

review [3])

For elution of the protein of interest, the GFP beads lysate mixture was first incubated with a 100
pl acid glycine buffer (0.2 M, pH 2.5) and then neutralized with 10 ul 1 M Tris base buffer (pH
10.4). Flag peptide was used to elute proteins from Flag beads. Therefore, 100 ul Flap peptide
was added for 10 min at 23 °C and 500 rpm to the beads. HPLC water was added to the eluate
get a total volume of 200yl for protein precipitation (see 6.1.3). (Wo6rz unpublished Master thesis,
2018 [21], Woerz et al., under review [3])

6.1.2 Bradford assay

For the Bradford assay, 180 ul HPLC water was added to 20 pl 10x bovine-serum-albumin
(BSA) solution (10 mg/ml) and shortly mixed before usage. Table 2 displays the pipette scheme
for the calibration dilution series with a total volume of 55.5 pl each. 5 pl per calibration dilution
and 1 pl of undiluted or 1:5 diluted lysates were pipetted in triplicates into a 96 well plate. Each
calibration sample and the experimental lysates were mixed with 250ul 1x Bradford reagent and
measured. The OD was determined at 595 nm via Spark® Multimode Microplate Reader
(Tecan). (Worz unpublished Master thesis, 2018 [21])

Table 2 Pipette scheme for Bradford assay

BSA concentration Used volume 1x  Used volume HPLC Lysis Total
[mg/ml] BSA [ul] water [ul] buffer [ul]  volume [ul]
0 0 50 5.5 55.5
0.2 10 40 5.5 555
0.4 20 30 5.5 55.5
0.6 30 20 5.5 55.5
0.8 40 10 5.5 55.5
1.0 50 0 55 55.5

6.1.3 Protein precipitation

For precipitation, chemicals were added one by one to the eluate (from 6.1.1), vortexed and
centrifuged. First 800 ul LC-methanol was pipetted to the eluate and centrifuged for 2 min at
9000 x g. 200 pl Chloroform was added and again centrifuged for 2 min at 9000 x g. For
precipitation, 600 ul HPLC water was used and centrifuged for 2 min at 16000 x g. The
interphase of the two appearing phases, was further used by adding 600 pl LC-methanol. A final
centrifugation step for 4 min at 16000 x g was conducted to obtain a pellet, which is further used
for protein digestion (see 6.1.4). (Wo6rz unpublished Master thesis, 2018 [21])
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6.1.4 Protein digest (in solution)

The pellet was resuspended with 30 pl 50 mM ammonium bicarbonate (ABC), 4 ul RapiGest and
1 pl 200 mM dithiothreitol (DTT) by vortexing, followed by a 10 min incubation at 60 °C, 500 rpm.
A 30 min incubation with 1 pl iodacetamide (IAA) in the dark at room temperature (RT) was
conducted. 1 pl of 50 pg Trypsin (0.5 pug/ul) was pipetted to the probes and incubated ON at 37
°C. After adding 1.7 -1.9 ul 100% TFA (final concentration: 5 % TFA) to the mixture and an
incubation of 10 min at RT, it was centrifuged at 22 °C at 16.000 x g for 15 min. (Worz
unpublished Master thesis, 2018 [21])

StageTips are used to purify the samples with 80/5, 50/5 and 0/5 solutions of 5 % TFA and 80
%, 50 % ACN or HPLC water. The following order was used per sample: 20 pl 80/5 solution was
added to the Stage Tip matrix, followed by a 20 pl 0/5 solution washing step. The sample was
added, followed by 20 pl 0/5 solution. Elution was implanted with 20 pl 50/5 solution and 20 pl
80/5. A SpeedVac for volume reduction was used to a maximum of 5 pl. Approximately 10 pl 0.5
% TFA was added to the sample to gain a total volume of 15 pl. 5 pl of this solution was

measured using mass spectrometry. (Wo6rz unpublished Master thesis, 2018 [21])

6.1.5 On-bead digest

After Immunoprecipitation of Flag and RFP-HA samples, descripted in 6.1.1, an On Bead Digest
was performed. After the lysate-bead incubation the beads were washed 3x times with 1xTBS
(with PI2, PI3 for HA Beads) with centrifugation steps in between at 5000 x g for 1 min at 4°C.
The supernatant was removed and 60ul of a Urea-Tris buffer (pH7.5) with 0.5ug/ul Trypsin
Solution was added to the beads and incubated on a ThermoShaker with 800 rpm at 27 °C for
30 min, followed by centrifugation for 0.5min at 5000 x g. From here, the supernatant was
collected after each centrifugation step while washing the beads. The beads were washed twice
with 50ul Urea-Tris buffer with 10ul DTT. 2ul IAA was added to the supernatant and incubated
overnight in the dark at RT. On the next day, the enzymatic digestion was stopped by adding 1-
5.5ul 100% TFA. The probes were centrifuged for 15min at 16000 x g at RT before they were
stage tipped (described in 6.1.4). (Woerz et al., under review [3])

6.1.6 Tissue lysis
Porcine eyes were obtained from the slaughterhouse (Tuebingen). The eyes and the following
steps were performed on ice/4 °C. Clean porcine eyes were cut open below the ciliary muscle to
remove the lens and the vitreous body. Ice-cold PBS was added to the open eye. In the next
step, the clear retina layer was detached and immediately transferred into lysis buffer (1 x TBS,
0.5 Nonidet P40 (Roche), 1 % phosphatase inhibitor cocktail 2 and 3 (Sigma), 50x Protease
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Inhibitor Complex Complete (Roche)) on ice. Two to four retinas were pooled and stored at -80

°C until tissue specific protein complex analysis via SDS-based bait purification was conducted.

6.1.7 Tissue specific protein complex analysis via SDS-based bait
purification

Cell lysate, HA beads (Pierce ® Anti-HA Agarose, Thermo Scientific) were prepared on ice like
described in 6.1.1. 6 to 10 mg total protein of endogenously HA-tagged ALMS1 (bait) and
HEK293T wild type (control) cell lysate were added to the beads and incubated for 1 h at 4 °C,
35 rpm on an end-over-end shaker. After centrifugation at 10.000 x g for 10 min at 4 °C, the
supernatant was discarded, and the beads were washed twice with wash buffer (with 1 % PI2
and 1 % PI3). The beads were incubated once with 0.01 % SDS for three minutes at room
temperature, followed by 1 min at 5000 x g centrifugation at 4 °C. The supernatant was
discarded, and the beads were washed three times with wash buffer. A minimum of 2 mg tissue
lysate (porcine retina, 2 - 4 mg) were added to the washed beads and incubated for 90 min at 4
°C on an end-over-end shaker. After centrifugation, the beads were washed once with wash
buffer and three times with 1x TBS (with 1 % PI2 and 1 % PI3). The further procedure to digest

proteins on beads till stage tipping can be read in 6.1.5.

6.1.8 Mass spectrometry (LC-MS/MS) analysis

An Ultimate3000 RSLCnano (Thermo Scientific) was coupled with a nano spray ion source to
the Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) or Q Exactive Plus (Thermo
Scientific). The tryptic peptide mixtures were loaded onto a nano trap column (Q Exactive Plus:
300 pum i.d. x 5 mm precolumn, packed with Acclaim PepMap100 C18, 5 um, 100 A. Thermo
Scientific; Orbitrap Fusion: 2 mm x 10 mm, yPAC™ Trapping column, 300 nm, 100-200 A,
PharmaFluidics). For injection the flow rate of 30 pL/min in 0.1 % trifluoroacetic in HPLC grade
water. The peptides were eluted after 3 min and separated on an analytical column (Q Exactive
Plus: 75 pm i.d. x 25 cm, Acclaim PepMap RSLC C18, 2 um, 100 A. Thermo Scientific; Orbitrap
Fusion: 315 ym x 50 cm, yPAC™ nano-LC columns — 50 cm uPAC™ C18, 300 nm, 100-200 A,
PharmaFluidics). The flow rate was at 300 nL/min over 82 min with a linear gradient from 2 % to
30 % of buffer B (80 % acetonitrile and 0.08 % formic acid in HPLC water) in buffer A (2 %
acetonitrile and 0.01 % formic acid in HPLC water). A short gradient from 30 % to 95 % buffer B
in 5 min enables the elution of remaining peptides. The subsequent analysis of the eluted
peptides was performed on the Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) or
Q Exactive Plus (Thermo Scientific). With the Q Exactive Plus, ten of the most intense peptide
ions, from the high-resolution MS prescan with a mass range between 335 and 1500, were
selected for fragment analysis due to their intensity (at least 200 counts) and their charge (at

56



least double charged). The Orbitrap Fusion was run in top speed mode with 3s- cycle time. The
HCD value of 26 (Q Exective) and 30 (Orbitrap Fusion) for a normalized collision energy was
used. The fragments were detected with a resolution of 17,500 (Q Exactive) or in the ion trap
(Orbitrap Fusion). The lock mass option was activated and set to a background signal with a
mass of 445.12003. 20 or 60 s dynamic exclusion was set to exclude every ion, that was
selected for fragmentation. (W6rz unpublished Master thesis, 2018 [21], Woerz et al., under

review [3])

6.1.9 Experimental design and statistical rationale
MS/MS data were analyzed using MaxQuant software (version 1.6.1.0). Trypsin/P was selected
as the enzyme for digestion, allowing for a maximum of two missed cleavages. For variable
modifications, methionine oxidation and N-terminal acetylation, while for fixed modifications,
cysteine carbamidomethylation were chosen. Label-free quantification with a with the minimum
ratio count of two and no fast LFQ were used for data analysis. The re-quantify was set. The
human SwissProt database (release 2014-11, 2021-05) and the sus scrofa proteome database
(released in 202110) was selected for peptide and protein identification. MaxQuant contaminant
search was applied to excluded contaminants. A minimum peptide number of 1 and a minimum
peptide length of 7 was tolerated and accepted. Unique and razor peptides were chosen for
guantification. MaxQuant settings of each experiment can be found in 10.7.1, 10.7.3, 10.10.1,

10.10.3, respectively. (Woerz et al., under review [3])

The Perseus software (version 1.6.5.0) was applied for statistical analysis. A minimum of four to
six or five to eight biological replicates and controls were available for statistics. For sfGFP-
tagged ALMS1 eight biological replicates, for HA-tagged ALMS1, as well as for CEP70::NSF six
biological replicates. Potential contaminants, peptides only identified by site or reverse sequence
were excluded for all data. Within the groups, minimum half of the samples should have valid
values (sfGFP: 5, and Flag: 4). Furthermore, mean, standard deviation and coefficient of
variation values of the groups was intended. Identified proteins were analyzed and classified in
two Tier system. Tier 1 interactors were stringently analyzed with significance A (Benjamini-
Hochberg FDR < 0.05) and Student’s t-test (Permutation based FDR <0.05). Tier 2 contains
additional proteins with a less stringent analysis (Significance A Benjamini Hochberg FDR < 0.05
and Student’s t-test p-value p < 0.05). The two-sample-test was applied to identify stable
proteins, that are enriched within groups. Network was created using experimental and
functional interactions extracted from curated database using STRING [121] and visualized in

Cytoscape 3.9.1 (https://cytoscape.org/) [122]. (Woerz et al., under review [3])
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6.2 Immunoblotting

HEK293T and hTERT-RPE1 WT, KO and/or tagged single clone cells were seeded in 10 or 14
cm petri dishes. Confluent cells were starved overnight (HEK293T), while retinal epithelial cells
were starved for three days with Dulbecco’s Modified Eagle’s Medium (DMEM-high glucose)
without supplements. Cells were lysed with lysis buffer (0.5 % Nonidet-P40, 2 % protease
inhibitor mixture (Roche) and 1 % phosphatase inhibitor cocktail 1 and Il (Sigma Aldrich). The
lysate was incubated for 30 min. on an end over end rotator (NeoLab) at 4 °C, followed by a
centrifugal step for 10 min at 10,000 x g at 4°C. The supernatant was used for protein
concentration measurement with a Bradford Assay (see 6.1.2) to get an equal amount of protein
per experiment. Lysates were stored at -20°C (short time), -80 °C (long term) or directly used for
Immunoblotting. A SDS-PAGE (8-12 %) was done and the separated proteins were transferred
onto a PVDF membrane (GE Healthcare) for 90 min, 90 V at 4 °C. The PVDF membranes were
blocked with 5 % fat-free dry milk or 1-5 % BSA dissolved in 1x TBST depending on the used
antibody. Followed by an incubation with primary antibodies over night at 4 °C and secondary
antibodies for 1 h at room temperature. The PVDF membrane was incubated with Pierce™ ECL
Plus Western Blotting solution 40:1 (Thermo Scientific) for 2 min in the dark and the specific
proteins were visualized using the Western Blot and Chemi Imager Fusion FX (Vilber). Images
were edited by using Adobe Photoshop CS5 and Adobe lllustrator CS5.

Quantification of protein level was performed using ImageJ. Lanes were elected and a profile
plot generated, which shows the densities of bands. The area of these bands was measured,
and the values were normalized against the loading control. These relative densities of one blot

can be further used to compare the intensities of bands in different samples.

6.3 Methods of nucleic acid analysis

6.3.1 Spectrophotometric measurement of DNA and RNA concentration
The (plasmid-) DNA and RNA concentration was measured with a NanoDrop (PegLab). 2 pl
Plasmid-DNA or RNA was transferred onto the NanoDrop and the concentration was determined
via the optical density at wavelength 260 nm for DNA and 230 nm for RNA. The DNA/ RNA
concentration was indicated in ng/pl. To determine the purity of plasmid DNA, the plasmid-DNA

OD2601280 Was evaluated. (W0orz unpublished Master thesis, 2018 [21])

6.3.2 Polymerase chain reaction (PCR)
To amplify specific DNA fragments in - vitro, the Polymerase Chain reaction (PCR) was
conducted. A Thermocycler (Cole-Parmer GmbH, BioRad T100™ Thermal Cycler) for
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amplification of target DNA was used. The pipette scheme is described in Table 3 and the

Thermocycler condition in Table 4. (W6rz unpublished Master thesis, 2018 [21])

Table 3 PCR reaction pipette scheme

Components

Green Buffer (10x)
dNTP (10 mM)
Dream Taq

Primer reverse (1:10)
Primer forward (1:10)
DMSO (1 %)

ddH20

Template DNA

Total

Volume per approach (ul)

2
0.2
0.3
1
1
0.2

Add to total volume of 18-19 ul

1-2
20

Table 4 PCR thermocycler condition (DreamTag polymerase)

Time
5 min
30 sec
40 sec
2 min
5 min
Hold

Primer pair

ALMS1 ex 23 for + sfGFP
rev;

ALMS1 ex 23 for + ALMS1
ex 23 rev

ALMS1 ex 8 for und rev

ALMS1 ex 10 for + rev
CEP70 ex 6 for + rev

Temperature (°C)
95

95

55-62

72

72

4

Temperature (°C)
Annealing: 62.8 for 10 s

Annealing: 60.7

Annealing: 62°C

Annealing: 62°C
Annealing: 60.7

Cycles

X 40

Further information

Elongation time: 2 min

Elongation time: 3 min

Add 1 % DMSO and 4 pl of
Green Buffer (10x) and 0.4
pl dNTP, Elongation time: 1
min

Elongation time: 1 min

Elongation time: 40 sec
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6.3.3 Gel electrophoresis
PCR products were separated for up to 40 min at 100 V using agarose gel electrophoresis. A gel
of 1 to 2 % was used to separate DNA fragments by their size of 200 bp - ca. 2000 bp. Agarose
powder was solved in 1x TBE and mixed with 4 pl Ethidium bromide to detect DNA. (Wé6rz
unpublished Master thesis, 2018 [21])

6.3.4 RNA Isolation
RNA was isolated from hTERT-RPEL single clone cells after no starvation and three days of
starvation by using TriFast (VWR) under the hood. All steps were performed with filter tips, on
ice/4 °C and under the hood. Cells were first washed with 5 ml PBS. 1 ml TriFast (VWR) was
pipetted onto a 10 cm petri dish, equally dispersed and incubated for 5 min at room temperature
and in the dark. Cells were scratched off the plate and transferred into a 1.5 ml Eppendorf tube.
200 pl chloroform was added to separate proteins from the nucleic acid. The mixture was
vortexed strongly, followed by a 5 min incubation at room temperature. Samples were
centrifuged for 5 min at 12.000 x g at 4 °C. The upper phase, that includes the RNA, was
transferred in a new 1.5 ml Eppendorf tube with 500 pl isopropanol to precipitate the RNA. The
solution was vortexed strongly, incubated for 10 min on ice and centrifuged for 10 min at 12.000
X g at 4°C. The supernatant was discarded, and the white pellet was washed twice with 1 ml 75
% ethanol with centrifugal steps in between at 12.000 x g at 4 °C for 10 min. The pellet was air
dried under the hoof at room temperature until the pellet could be resuspended with 30 pl
nuclease-free water and incubated at 56 °C for 10 min at 300 rpm. The RNA concentration of
the samples was measured with NanoDrop® ND-1000 Spectrophotometer (PeQLab) and the
final concentration of 0.1 pg/pl was calculated for cDNA synthesis. (Woerz et al., under review

[3])

6.3.5 cDNA synthesis
All steps for cDNA synthesis were performed with filter tips and at room temperature. The
described volume is for one sample. 7 pl nuclease free water, 1 pl hexamer (500ug/ml) and 20pl
RNA (0.1 pg/ul) were mixed carefully, incubated at 70 °C for 5 min and quickly transferred onto
ice for 5 min. The solution was shortly centrifuged. 10 yul M-MLV RT 5x buffer, 2.5 yl dNTPs
(mM), 8.5 pl nuclease-free water and 1 pl M-MLV polymerase (reverse transcriptase) was
carefully mixed on ice. Both solutions were now combined by carefully pipetting up and down,
followed by a short centrifugal step. CDNA synthesis was performed according to the following

incubation steps: 10 min at 23 °C, 50 min at 50 °C and 15 min at 70 °C to deactivate the reverse
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transcriptase. CDNA was stored at -20 °C or at -80 °C for long term storage. (Woerz et al., under

review [3])

6.3.6 Real-time PCR (qPCR)
The expression level of a gene of interest can be quantified using real time PCR (qPCR).
Mastermix with SYBR Green and gqPCR conditions are listed in Table 5 and Table 6. The PCR
was performed on a BioRad gPCR Cycler (BioRad) with one or three biological replicates.
Analysis and quantification were conducted with the corresponding program from BioRad. For a
relative quantification of the results, two housekeeping genes, GAPDH (Glycerinaldehyd-3-
Phosphat Dehydrogenase) were used as a reference gene due to its constant expression level
in cells. ACp or AACt was calculated. Finally, normalization was conducted to the used control

cells. (Woerz et al., under review [3])

Table 5 Pipette schema for real-time PCR (qPCR)

Components Volume per approach (ul)
2x Sso SYBRGreen MM 5.5

Primer reverse (1:10) 0.5

Primer forward (1:10) 0.5

Nuclease-free water 35

Total 10

cDNA 1

Table 6 BioRad cycler condition for gPCR

Time Temperature (°C) Cycles

1 min 95

10 sec 95

30 sec 60 x 40

5 sec, 0.5 °Cl/cycle 65 Melting curve
5 sec, 0.5 °Cl/cycle 95

Hold 4

6.4 Cloning of plasmids

6.4.1 Oligonucleotide phosphorylation and annealing
The design of the oligonucleotides (QRNA) was done with the program CCTop and ordered from
IDT (integrated DNA Technology). The following pipette schema can be found in Table 7. The

annealing of the gRNAs was done using a thermocycler. The conditions used for
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phosphorylation and annealing of gRNAs in a thermocycler can be found in Table 8. (Wérz

unpublished Master thesis, 2018 [21], Woerz et al., under review [3])

Table 7 Pipette schema of phosphorylation and annealing of oligonucleotides

Components Volume per approach (ul)
sgRNA top (100 mM) 1

SgRNA bottom (100 mM) 1

PNK buffer 1

T4 PNK 1

ddH20 6

Total 10

Table 8 Thermocycler conditions for annealing of the oligonucleotides
37 °C 30min

95 °C 5min
Ramp down to 25°C with 5°C per minute

6.4.2 Restriction enzyme digest and ligation

Restriction enzymes were used to cleave the desired plasmid on their specific recognition site.

Afterwards, DNA ligase circulates the plasmid via inserting the desired gRNA. The ligation

approach was performed according to the following protocol in Table 9, incubated for 1 h (Table

10) and treated with PlasmidSafe exonuclease (Table 11). (W6rz unpublished Master thesis,

2018 [21], Woerz et al., under review [3])

Table 9 Pipette scheme of cloning sgRNA into PX459

Components Volume per approach (ul)
pSpCas9-vector (100 ng) 1

Diluted Oligonucleotides (1:100) 2

FastDigest Buffer 2

DTT 10 mM 1

ATP 10 mM 1

FastDigest Bbsl 1

T4 Ligase 0.5

ddH»0 11.5

Total 20

Table 10 Ligation incubation reaction
Cycle number Condition
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1-6 37°C for 5 min, 21°C for 5 min

Table 11 Exonuclease reaction pipette scheme

Component Volume per approach (ul)
Ligation reaction 11

PlasmidSafe buffer 10x 15

ATP 10 mM 1.5

PlasmidSafe exonuclease 1

Total 15

6.4.3 Cloning pJET1.2 vector
The CloneJET PCR Cloning Kit was used to introduce the sfGFP and RFP-HA tag sequence
into the pJET 1.2/blunt Cloning Vector to generate CT- ALMS1-tagged human cell lines for

affinity purification and proximity labeling.

The “Blunt-End Cloning protocol” was used to insert the tag sequences into the pJET1.2/blunt
Cloning Vector (50 ng/ul). Table 12 shows the reaction mixture that was prepared on ice. The
ligation mixture was shortly vortexed and briefly centrifuged, followed by a 30 min incubation at

RT. Afterwards, a transformation can be set up (see 6.4.5). (Woerz et al., under review [3])

Table 12 Pipette scheme for cloning reaction (pJET)

Component Volume per approach (ul)
2X Reaction buffer 10

Tag sequence 1

pJET1.2/blunt Cloning Vector (50 ng/pl) 1

T4 DNA ligase 1

Nuclease-free water 7

Total 20

6.4.4 Gateway Cloning
Gene-specific primer, containing full-length attbl and attb2 sequences, were created and
purchased from IDT. PCRs and BP clonase (Invitrogen) recombination reactions were
performed following the provided protocols (Table 13, Table 14, Table 16). The obtained
recombinant product in the entry vector was transformed into E.Coli DH5a through heat shock.
LR Reaction (Invitrogen) was conducted to clone the DNA fragments into the desired destination
vectors (Table 15, Table 16), followed by another transformation into E.Coli DH5a. DNA isolation

was performed using the Monarch®Plasmid Miniprep Kit (BioLabs) and the PureYield® Plasmid
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Midiprep Protocol System (Promega). To confirm successful cloning, purified plasmid DNA was

sent in for sequencing (see 6.4.11). (Woerz et al., under review [3])

Table 13 PCR reaction pipette schema for adding attb sites

Components Volume per approach (ul)
5x HF Buffer 5

dNTP Mix (10 mM) 0.5

Attb1 1:10 1.3

Atth2 1.3

Template (10ng/pl) 1

Phusion Tag Polymerase 0.5

HPLC water 154

Total 25

Time Temperature (°C) Cycles
2 min 98

30 sec 96

40 sec 66 X 25

2 min- 2 min 30 sec 72

5 min 72

Forever 16

Table 14 BP reaction pipette schema and incubation time

Components

Vector (pDONR201,100 ng/ul)
PCR Product 1% PCR

BP Clonase I

Total

Table 15 LR reaction pipette schema
Components

Vector (pEST,100 ng/ul)

Midipreped pDONR + Insert (100 ng/pl)
LR Clonase |

ddH.0

Total

Volume per approach (ul)
1

3
1
5

Volume per approach (ul)
1

1
1
3
5

64



Table 16 Incubation procedure for BP and LR reaction
Temperature (°C) Time per cycler

25 1-4 hrs or ON (depending on the size of
the protein of interest)

6.4.5 Bacterial transformation
Chemically competent E.coli DH5a. or ccdB survival were used for plasmid amplification. 1 to 5
pl plasmid DNA was mixed with 50 pl competent E.coli or 25 pl ccdB survival bacteria. After 45
min on ice, a heat shock for 45sec at 42 °C was conducted. The transformed bacteria were

placed on ice for 2 min, before adding 250 pl S.0.C medium. Incubation for 60 min at 37 °C with
160 rpm in a shaker incubator was performed. The bacteria cell suspension was plated onto LB
agar plates and incubated for 12 to 24 h at 37 °C. Single colonies were transferred into baffled
flasks with LB medium and antibiotics (100 pg/ml). It was incubated at 160 rpm, 37 °C in a
shaking incubator overnight. (Wdrz unpublished Master thesis, 2018 [21])

6.4.6 Bacterial glycerol stock
500 pl 80 % Glycerol and 500 ul competent E.coli cell suspension were thoroughly mixed in a
cryo tube. The glycerol stock was stored long-term at -80°C. (W6rz unpublished Master thesis,
2018 [21])

6.4.7 Genomic DNA Isolation
To isolate und purify genomic DNA, the short protocol “Tissue DNA Mini Kit” from “PeqGold
Tissue DNA Mini Kit” by VWR was used.

First, the pellet of human cell lines was resuspended with 400 ul alkaline lysis buffer, 20 ul
proteinase K and 15 pl RNase (20 mg/ml) followed by an incubation for 15 min at 50 °C in a
Thermo-Shaker (Universal Labortechnik). Second, the solution was mixed with 200 pul DNA
binding buffer and transferred on a DNA binding column. After centrifugation, 650 pl ethanol-
containing DNA wash buffer was used twice, before the purified DNA was eluted with 50 pl
nuclease-free water. DNA was stored at -20 °C. (W0rz unpublished Master thesis, 2018 [21])

6.4.8 Plasmid DNA purification (Miniprep)
Isolation of plasmid DNA from E.coli DH5a was performed with the Monarch® Plasmid Miniprep
Kit according to the protocol provided by New England BioLabs® Inc..
All centrifugal steps were performed at 16.000 x g. 1 to 1.5 ml bacterial culture was centrifuged
for 30 seconds. The pellet was resuspended carefully using 200 ul resuspension buffer. 200 pl

plasmid lysis buffer was added and inverted gently until the solution becomes clear and viscous.
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After 1 min incubation, 400 pl plasmid neutralization buffer was added and gently inverted until
the color is uniformly yellow and has a precipitated form. This solution was incubated for 2 min
and subsequently centrifuged for 5 min to clarify the lysate. Afterwards, the supernatant was
transferred onto a spin column and centrifuged for 1 min. The silicate membrane was washed
once with 200 pl plasmid wash buffer 1 to remove RNA, proteins and endotoxins and centrifuged
for 1 min. 400 ul plasmid wash buffer 2 (with ethanol) was added with a subsequent 1 min
centrifugation step. The spin column was transferred into a new 1.5 ml Eppendorf tube. 40 pl
elution buffer (50 °C) was added onto the silicate membrane and incubated for 1 min. A final

centrifugation step for 1 min was conducted. (Wo6rz unpublished Master thesis, 2018 [21])

6.4.9 Plasmid DNA Purification (high quality)

Isolation of high-quality plasmid DNA from bacteria was conducted according to the
manufacturer protocol from ProMega Service GmbH. Thereby, the PureYield™ Plasmid
Midiprep system was applied.

First, the overnight culture was centrifuged at 4000 x g for 10 min. The pellet was resuspended
with 3 ml resuspension buffer and mixed with 3 ml lysis buffer. After 3 min at RT, 5 ml
neutralization buffer was added. The suspension was centrifuged at 12000 x g for 15 min at RT.
The supernatant was transferred onto a silicate membrane. Washed with 5 ml endotoxin
removal buffer (Isopropanol) and 20 ml ethanol containing washing buffer. 400 - 500 pu nuclease-

free water was used for elution of the plasmid DNA. (W&rz unpublished Master thesis, 2018 [21])

6.4.10 Purification of DNA from PCR
PegGold Cycle-Pure Kit by PEQLAB Biotechnologie GmbH, VWR was used to purify PCR
products. Thereby, the short protocol “Cycle Pure Kit” protocol was followed. 20 pl PCR product
was mixed with 80 pl CP buffer (4 times) and pipetted on a PerfectBind DNA Column. After
washing twice with an ethanol-containing washing buffer, the purified PCR product was eluted

with up to 40 pl deionized water or elution buffer. (W6rz unpublished Master thesis, 2018 [21])

6.4.11 Sanger sequencing
The constructs were sequenced by the company Eurofins Genomics
(https://eurofinsgenomics.eu/de) and Microsynth  Seqglab  (https://srvweb.microsynth.ch/).
Eurofins requirement included a mix of 5 pl purified PCR product or plasmid DNA and 5 pl of the
appropriate primer. For sequencing with Microsynth, 3 pl Primer and 9 pl 100 ng/pul DNA
(plasmid, PCR product) were required. (W&rz unpublished Master thesis, 2018 [21])
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6.4.12 Purification of genomic DNA extraction (QuickExtract™)
Approximately 200 pl cell suspension was centrifuged for 3 min at 500x g. After supernatant was
removed, the pellet was resuspended with approx. 200 pl QuickExtract™ DNA Extraction
Solution (Lucigen) by vortexing for 15 seconds. The mixture was incubated for 6 min at 65 °C in
a Thermo Shaker. Vortexed again for 15 seconds and incubated at 98 °C for 2 min. After cooling

down, the extracted genomic DNA was stored at -20 °C until usage. 1to 2 pl of this DNA was

used for a PCR mastermix. (W6rz unpublished Master thesis, 2018 [21])

6.5 Cell culture

6.5.1 Thawing frozen human cell lines
Vials of HEK293T and hTERT-RPEL cells were thawed at 37 °C and added under a sterile
bench into 10 cm petri dishes with 500 ml DMEM - high glucose, FBS (v/iv = 10 %) and 100x
P/S (10.000 U/ml, v/iv = 0,05 %). After cells attached on the surface, the medium was changed
with 10 ml standard medium. The cells were grown under constant conditions (37 °C, 90 %
humidity, 5 % CO,) in an incubator. (W&rz unpublished Master thesis, 2018 [21])

6.5.2 Cell lines maintenance: splitting and seeding cells
The cells were splitted two to three times a week under sterile conditions at a confluency of 80 to
95 %. Therefore, cells were washed with 5 ml PBS (Dulbecco’s Phosphate-Buffered, Saline,
without CaCl, and without MgCl,) and detached with 0.05 % Trypsin-EDTA (1 ml for HEK293T, 2
ml for hTERT-RPEL) for three to five minutes at 37 °C. 8 to 9 ml warm standard medium was
added (total volume 10 ml per 10cm dish). HEK293T were splitted 1:20 or 1:10 and hTERT-
RPEL1 cells 1:10 or 1:5 for maintenance. Seeding cells were performed by counting cells using
10 pl diluted cell-medium suspension on a TecanReader chip. A TecanReader (Tecan Group
AG) calculated cells/ml, which was used for calculating the desired number of cells per 10 cm
dish or 24, 12 or 6 well plate. In general, cultured human cell lines were used at or post passage

3 for experiments. (W6rz unpublished Master thesis, 2018 [21])

6.5.3 Freezing of cultured cells
Frozen cells were stored in cryomedium (10 % DMSO in FBS) in liquid nitrogen (-192 °C).
Therefore, cells from a 10 cm petri dish were detached before (see 6.4.2) and mixed with
standard medium. Cells were transferred into a Falcon and, centrifugation for 3 min at 500 x g.
The pellet was resuspended in 4 ml cryomedium and transferred in four PP cryo tubes (1 ml total
volume per tube). The freezing procedure was followed in the exact order: 4 °C for 10 min, -20
°C for 60 min, -80 °C overnight and finally stored in liquid nitrogen. (W&rz unpublished Master

thesis, 2018 [21])
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6.5.4 Insulin treatment of cells
hTERT-RPEL cells were seeded in a 6 well plate. 100% confluent cells were starved for 48 — 72
hrs with DMEM without supplements. A subsequent insulin treatment (1 pg/ml) for 15 min at 37
°C, 5 % CO:.. Cells were washed with PBS before lysis (see 6.1.1). Lysate was used for western
blot (see 6.2).

6.5.5 CRISPR/Cas9 Knock-In of tags in the ALMS1 gene
To endogenously tag ALMS1 at the CT different tags with or without linker sequences were
designed. CRISPR/Cas9 method was used to insert a 711 bp sfGFP and a 746 bp RFP-HA tag
into the ALMS1 gene in HEK293T cells. Single clones were selected, expanded, and verified
first with PCR, gel electrophoresis, followed by Sanger sequencing. Proper tag insertion was

verified via immunoprecipitation (IP). (Woerz et al., under review [3])

6.5.6 Transfection of human cell lines
Transfection of hTERT-RPEL1 cells to introduce indels was conducted according to the
manufacturer protocols (Lipofectamine™ 3000 Reagent Protocol, jetPRIME® transfection
reagent Short protocol-DNA transfection). For HEK293T cells, the transfection reagent PEI was
used. (Worz unpublished Master thesis, 2018 [21])

350.000 hTERT-RPE1 or 300.000 HEK293T cells per 2 ml were seeded into wells of a 6 well
plate, 80.000 cells/ml in a 24 or 90.000 - 100.000 cells/ml in a 12 well plate before transfection.
The cells were transfected after 6 h at a confluency of 60 - 70 %. (Wo6rz unpublished Master
thesis, 2018 [21])

6.5.6.1 Lipofectamine 3000

Lipofectamine™ 3000 reagent and DMEM were mixed. Plasmid-DNA and P3000 Reagent were
transferred to new DMEM. Subsequently, the diluted Lipofectamine™ 3000 reagent was
transferred to the diluted plasmid DNA and incubated for 10 min at RT. The whole DNA-lipid
complex solution was transferred dropwise onto the cells and incubated for 48 - 72 h at 37 °C, 5
% CO,. Table 17 shows the used plasmid-DNA concentration and volumes. (W6rz unpublished
Master thesis, 2018 [21], Woerz et al., under review [3])

Table 17 Transfection pipette scheme with Lipofectamine3000

Culture Cell DMEM (high Lipofectamine® P3000™ DNA

plates number glucose) 3000 Regent per Regent concentration in
without nFBS  well per well total [ng]
and P/S) (ul) (2pl/ug) (2 pi/pg)

6 well 300.000- 2x 125 5 2 1000
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350.000

6.5.6.2 JetPRIME®

The transfection reaction was conducted according to the manufacturer protocol “jetPRIME®
transfection reagent Short protocol - DNA transfection” from Polyplus. jetPRIME® buffer was
mixed with 1000 ng DNA for 10 sec and centrifuged. 2 pl/pug jetPRIME® reagent was added,
vortexed and centrifuged again. After 10 min incubation, the diluted DNA was transferred
dropwise on the cells and incubated for 24 - 48h at 37 °C, 5 % CO,. An overview of the
transfection approach can be found in Table 18.

Table 18 Transfection with jetPRIME- overview

Culture Cell Volume of Volume of JetPrime® DNA concentration
plates number  JetPrime® buffer (ul) reagent (ul) per well in total [ng]

per well
6 well 350.000 200 2 1000

6.5.6.3 PEI transfection

HEK293T cells were transfected with PEI (in-house made). PEI was mixed with the appropriate
amount of DNA and incubated for 10 min before pipetting the whole solution dropwise onto the
cells. The amount of used PEI and DNA can be seen in Table 19. The cells were incubated for
48 - 72 h at 37 °C, 5 % CO.. (Woerz et al., under review [3])

Table 19 Transfection with PEl-overview

Culture Cell number Volume of PEI DNA concentration in total
plates (Cells/ml) (uh) [ng]
14 well Approx. 4 Mio 1000 8000

6.5.6.4 Knockdown of CEP70 using JetPRIME

HTERT-RPE1 control and KO cells were used at a 50 % cell density for CEP70 knock-down.
Customized siRNAs were purchased from IDT. The manufacturer protocol “jetPRIME®
transfection reagent Short protocol — siRNA transfection” from Polyplus was followed. An
overview of used volumes can be seen in Table 20. The approach is described in 6.5.6.2 and

the cells were incubated for 24 h - 72 h. (Woerz et al., under review [3])

Table 20 CEP70 knockdown procedure using siRNA and JetPrime

Culture Cell Volume of Volume of JetPrime® siRNA
plates number  JetPrime® buffer (ul) reagent (pl) per well concentration in
per well total [ng]
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12-well 150.000 100 3 152-762
6-well 300.000 200 4 306-1524

6.5.7 Antibiotic selection of transfected human cell lines
Transfected cells were gained by antibiotic selection with puromycin. The desired concentration
per human cell line and incubation time can be found in Table 21. Puromycin treated cells were
stored in the incubator at 37 °C, 5 % CO.. Due to an intrinsic puromycin resistance of hTERT-
RPEL1 cells, a higher puromycin concentration was used. (Wo6rz unpublished Master thesis, 2018

[21], Woerz et al., under review [3])

Table 21 Conditions for Puromycin treatment of transfected cells

Human cell lines Puromycin concentration (ug/ul) Incubation time (d)
HEK293T 2-3 3
hTERT-RPE1 35-40 5

6.5.8 Generation of single clones

All steps for single clone selection were performed under a sterile bench. 1.000-4.000 cells per
100 pl were seeded in a 14 cm dish with 20 ml standard medium. Cells were then incubated for
three to five days. Single colonies were washed with PBS and slightly detached with diluted 0.05
% trypsin (1:20 for HEK293T or 1:10 for hTERT-RPEL cells) in PBS. Single clones were picked
using a microscope (Zeiss) and added in a 24 well plate with 0.5 ml DMEM. The cells were
expanded until freezing. DNA was extracted (6.4.12) and used for indel verification (6.4.12).
(W6rz unpublished Master thesis, 2018 [21], Woerz et al., under review [3])

6.5.9 Proliferation assay- Crystal violet

The Crystal Violet Assay was used to investigate the proliferation characteristics of human cell
lines with their viability.

7.000 cells/per well of 24 well plates were seeded in triplicates on day zero. The following steps
were performed under unsterile conditions. 0.5 ml of 0.2 % crystal violet (CV, Sigma Aldrich) in
20 % ethanol per well were carefully added to fixate and stain the cells at 6 hrs, 24 hrs, 48 hrs
and 72 hrs after plating. Wells were washed 3 times with PBS to excess unbound dye. The 24
well plates were air dried at least ON. 1 ml 10 % acetic acid/ well was added to the air-dried
wells to solubilize the stain by shaking with 200 rpm for 20 min at RT. The crystal violet
absorption is determined using TecanReader at a wavelength of 585 nm. Excel (Microsoft, 2016)

was utilized to compute the proliferation rate. (Woerz et al., under review [3])
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6.6 Localization studies

6.6.1 Immunofluorescence staining
Cells were plated onto autoclaved coverslips in a 12 well plate for localization studies and
incubated for 48 - 72 h at 37 °C, 5 % CO.. Single clones of transfected hTERT-RPE1 and
HEK293T cells were carefully washed with PBS and starved with starvation medium for 48 hrs to
72 hrs (hnTERT-RPEL) or less than 1 day (HEK293T) to induce cilia assembly. The following
steps were conducted at RT and under non-sterile conditions. Furthermore, it was crucial to

keep the coverslips moist. (Wdrz unpublished Master thesis, 2018 [21])

Cells were fixated with 4 % PFA for 15 min or/and with -20 °C 100 % methanol for 5 min. The

coverslips/cells were washed twice for 5 min with PBS and transferred with the cell side down
onto a PBS drop on a parafim in a humidity chamber for another 5 min. Cells were
permeabilized for 5 min with 50 pl 0.3 % PBST (Triton) and blocked with 50 yl Normal Goat
Serum (10 % NGS, 1 % BSA in 0.1 % PBST) or 1 - 5 % BSA (in PBS). 50 pl primary antibody (in
NGS or BSA; see 5.12.1) was incubated for 1 h at RT or overnight at 4 °C. Cells were washed
5x times for 5 min with PBS before and after the 1 h incubation step with 50 ul secondary
antibody (1:350 Alexa anti-mouse and rabbit in PBS; see 5.12.2). DNA was stained with 30 pl
DAPI (1:10.000) for 5 min. Cells were washed twice for 5 min with PBS. The coverslips were
once washed with A. bidest and were fixed (cell side downwards) onto a microscope slide with
Fluoromount-G® (SouthernBiotech). The microscope slides were kept at 4 °C in the dark. The
Zeiss Axio Imager Z1 ApoTome microscope (Zeiss) with AxioCam MRm camera and 40x (NA
1.3) and 63x (NA 1.4) oil immersion objective lenses was used to get images. Images were
gained as Z-stacks and further processed and analyzed with Zeiss ZEN 3.0 Blue Edition. (Wé6rz
unpublished Master thesis, 2018 [21], Woerz et al., under review [3])

6.6.2 Ciliary length and ciliation measurement
To determine the ciliary length and ciliation, three biological replicates with four technical
replicates were included. Ciliary staining was performed using ARL13B, while nuclei were
stained with DAPI. Ciliary length and ciliation measurement was conducted either by hand or by
using automated image analysis with the plugin ALPACA 1.0.1 [123] for Fiji [124]. The statistical
analyses were conducted using unpaired Welch t-test (GraphPad Prism 5 software), considering
unequal variances. Three asterisks indicate p-value < 0.001. The error bars represent mean with

SD. (Woerz et al., under review [3])

71



6.6.3 Intensity measurement
Intensity measurement was either performed by hand using Zen software (Zen blue) or
automated using Fiji program. First the integrated density, derived from the mean intensity of the
desired staining and the area was calculated. Furthermore, the mean intensity of the background
and area were multiplate and subtracted from the integrated intensity to calculate the CTCF
value. Analysis was conducted using Anova (Tukey) (GraphPad Prism 5 software). Error bars

presents the mean with SD. Three asterisks indicate p-value < 0.001.(Woerz et al., under review

[3])
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7 Results
The Alstrom Syndrome (ALMS, AS, OMIM #203800) is a rare multi-systemic autosomal-

recessive disease, that affects individuals in early childhood. More than 300 mutations in the
ALMSL1 gene are identified, that causes a variety of symptoms, such as the loss of vision during
school age. Since 1959, where the disease was first described in three children by Carl-Henry

Alstrom, the underlying molecular mechanism of this disease is still elusive.

New advances in research, such as the CRISPR/Cas9 method, made it possible to investigate
the ALMS1 gene by introducing indels (insertion, deletion) and study the native and mutated
ALMS1 protein on a physiological level. The experimental workflow of this study is depicted in
Figure 5. It shows the protein complex and phenotypic analysis to identify and investigate the
interactome of ALMS1 and its role in cilia biology. By combining these two methods it is possible
to connect probable protein interaction with an occurring phenotype and exclude coincidences.
For protein complex analysis, tags were inserted into the C-terminal (CT) end of the ALMS1
gene in HEK293T cells using CRISPR/Cas9 mediated homology-directed repair (HDR).
Endogenously tagged ALMSL1 single clones were further used for protein complex analysis using
liquid chromatography coupled to mass spectrometry (LC-MS/MS) to identify the ALMS1
interactome. Potential ALMS1 interactors were validated either with protein complex analysis
and/or phenotypic analysis, such as the centrosomal protein 70 kDa (CEP70). Thereby, CEP70
was fused to a N-terminal Strep/Flag tag (NSF-CEP70) and used for protein complex analysis.

For phenotypic analysis, CRISPR/Cas9 mediated ALMS1 knock-outs (KO) in hTERT-RPE1 cells
were generated. These cells and a control were then used for validation of potential ALMS1
interactors identified by proteomic analysis as well as to investigate BB, cilia and cilia-related
functions and morphology. Therefore, localization studies, mMRNA level and/or protein level

analysis were applied to decipher the role of ALMSL in cilia biology.
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Figure 5 Schematic experimental workflow

This overview presents the experimental workflow including protein complex and phenotypic analysis. CRISPR/Cas9
plasmids containing sgRNA targeting specific regions of the ALMS1 gene were used for genome editing to create
knock-outs (KO). Additionally, an insertion of a desired sequence, such as sfGFP tag, on endogenous level can be
performed by combining sgRNA and a repair construct. After antibiotic selection, cells were verified by Sanger
sequencing. Cells harboring a protein tag were further used for immunoprecipitation (IP), followed by mass
spectrometry and database dependent analysis to identify potential interaction partners of ALMS1. Localization
studies of ALMS1 KO and control cells were performed to identify the role of ALMS1 in cilia biology. The combination
of potential interaction partners and an observed phenotype enables the generation of hypotheses regarding an
unknown protein function, facilitating further investigation. Figure was reproduced and modified after Worz
unpublished Master thesis from 2018 [21].

7.1 Generation of ALMS1 deficient human retinal epithelial cell lines
Cas9 mediated ALMS1 KO in retinal pigmented epithelial cells ("nTERT-RPE1) were generated
to investigate the role of ALMS1 in cilia biology. The plasmid PX459 with specific SgRNAs
targeting exons (ex) 8 and 10 were used single and simultaneously for transfection, followed by
puromycin selection and single clone selection, as described before [125]. Extracted DNA was
used for amplification of the region of interest via PCR and verified by Sanger sequencing.
Indels, that contain base pair (bp) insertion and/or deletion were identified (Table 22, Figure 6).
In one single clone, a GG deletion occurred in ex 8 (c.7383_7384delGG, p.Glu3462Argfs*7),
while in another single clone a T insertion in ALMS1 ex 10 (c.8533_8534insT, p.Ser2846fs*) was
introduced. By combining two sgRNAs, mutant cells harboring two mutations were generated.
One single clone showed a homozygous 14 bp deletion in ex 8 and an A insertion in ex 10
(c.7370_7384del14, p.Asp2458Argfs*7,c.8535 8536insA, p.Ser2846Lysfs*38). The second
single clone harbors a G insertion in ex 8 and heterozygous 199 bp insertion in ex 10
(p-Glu2462Glyfs*8, p.Ser2846Argfs*10) (Table 22, Figure 6).
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All presented ALMS1 KOs led to frameshift mutations resulting in a predicted early stop codon.
Therefore, these generated ALMS1 KOs, especially the ALMS1 ex 8-10 KO 2, were further used
to investigate the role of ALMS1 in cilia biology.

Table 22 CRISPR/Cas9 mediated KO in ALMS1 gene in human cells
HTERT-RPEL cells transfected with CRISPR/Cas9 plasmid without sgRNA showed no alteration in the ALMS1 gene
and is therefore used as a control. Several KOs in the ALMS1 ex 8 and/or ex 10 are created, leading to frameshift
mutations and a predicted early stop codon. HGSC nomenclature version 2005 was used [126]. Ex = exon.

ALMS1
targeted
region

Cas9 empty
ALMS1 exon 8

ALMS1 exon 10

ALMS1 exon 8
and
ALMS1 exon 10

ALMS1 exon 8
and
ALMS1 exon 10

Induced indel

No alterations

GG deletion leading to a frameshift
mutation with an early stop codon
T insertion leading to a frameshift
mutation with an early stop codon
14 bp deletion in exon 8 and A
insertion in exon 10 leading to
frameshift mutations with early stop
codons

G insertion in exon 8 and 199 bp
insertion in exon 10 leading to
frameshift mutations with early stop
codons

Mutation
nomenclature

€.7383_7384delGG
p.Glu3462Argfs*7
€.8533_8534insT

p.Ser2846fs*

€.7370_7384del14,
p.Asp2458Argfs*7
€.8535_8536insA,
p.Ser2846Lysfs*38

€.7382_7383insG
p.Glu2462Glyfs*8;
€.8536_8537ins199
p.Ser2846Argfs*10

Name for
simplicity

Control
ALMS1 ex 8
KO

ALMS1 ex 10
KO

ALMS1 ex 8-
10 KO 1

ALMS1 ex 8-
10 KO 2
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Figure 6 Verified CRISPR/Cas9 induced indels in the ALMS1 gene in human retinal epithelial cells

A, A simplified schema of the ALMS1 gene harboring 23 exons is presented. CRISPR/Cas9 mediated ALMS1 KOs
were generated in ALMS1 ex 8 and/or ALMS1 ex 10, indicated by two exon-specific SgRNASs.

B, An electropherogram of hTERT-RPE1 ALMS1 native sequence (top panel) and an CRISPR/Cas9 mediated ALMS1
ex 8 KO with their respective nucleotide and amino acid sequences are depicted. A homozygous GG deletion was
introduced, leading to a frameshift mutation and an early stop codon (*) (c.7383_7384delGG, p.Glu3462Argfs*7).

C, A CIRPSR/Cas9 mediated ALMS1 ex 10 KO single clone harboring a homozygous T insertion, leading to a
frameshift mutation with an early stop codon (*) (c.8533_8534insT, p.Ser2846fs*). ALMS1 wt sequence is depicted on
the top panel, while ALMS1 KO sequence on the lower panel.

D, By combining two sgRNAs a ALMS1 KO in ex 8 and ex 10 in the same cells were verified. In ALMS1 ex 8 a 14 bp
deletion occurred (c.7370_7384dell4, p.Asp2458Argfs*7), while an A insertion was introduced in ALMS1 ex 10
(c.8535_8536insA, p.Ser2846Lysfs*38).

E, Another single clone with indels in ALMS1 ex 8 (c.7382_7383insG, p.Glu2462Glyfs*8) and ex 10
(c.8536_8537ins199, p.Ser2846Argfs*10) was verified by Sanger sequencing.
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On the top panels, the ALMS1 native sequence of ex 8 or ex 10 are presented throughout A-C. Red arrows indicate
the region, where indels occurred. Overview was created with Benchling [Biology Software], 2023, retrieved from
https://benchling.com. Figure was modified and adapted after Woerz et al., under review [3].

7.2 ALMS1 loss in hTERT-RPEL1 single clones show variances in
ciliary length

To further verify CRISPR/Cas9 mediated ALMS1 KOs, immunofluorescence staining was
conducted. The ciliary marker, ARL13B, and the basal body/centrosomal protein ALMS1 were
used for co-immunostaining. ARL13B is a small GTPase, that can be found on the ciliary
membrane and plays an essential role in ciliogenesis and in Sonic Hedgehog signaling [35].
Here, ARL13B was used to visualize cilia, to show ALMS1 localization at cilia and to further
identify changes in ciliary length upon ALMSL1 loss.

In three out of four ALMS1 KO cells, including ALMS1 ex 10 KO and ALMS1 ex 8-10 KO 1 and
2, no localization of ALMS1 at the basal body of cilia was detected (Figure 7). In contrast, the
ALMS1 ex 8 KO showed a reduced localization of ALMS1 at the BB, hinting towards a truncated
ALMS1 protein with normal looking cilia compared to the control (Figure 7, right panel). To
identify a potential defective ARL13B transport to the ciliary membrane resulting in shorter cilia,
another ciliary marker, the acetylated tubulin was co-stained with ARL13B. Acetylation of tubulin
is a post-translational modification of tubulins, regulating primary cilia and marking microtubule

structures, such as the axoneme of cilia and the cytoskeleton of cells [127,128]. Acetylated

tubulin showed also shorter cilia, with no difference in acetylated tubulin signal in control and
ALMS1 ex 10 and ex 8-10 KO 1 and 2 cells (Figure 7).
Control ALMS1ex 10 KO ALMS1 ex 8-10 KO 1 ALMS1 ex8-10KO2 ALMS1 ex 8 KO

ARL13B

ALMS1

ARL13B
Acetylated Tubulin

Figure 7 CRISPR/Cas9 mediated ALMS1 loss in hTERT-RPEL cells

The picture shows from left to right, the CRISPR/Cas9 control (Control),the ALMS1 ex 10 KO, the ALMS1 ex 8 KO
and 10 KO 1, and KO 2. ARL13B (magenta, green) and acetylated tubulin (magenta) were used as ciliary marker.
ALMS1 and the centrosomal protein CEP250 are depicted respectively in green. Scale bar measures 5 pum. Figure
was taken and modified after Woerz et al., under review [3].
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Next, ciliary length and ciliation were investigated with three biological replicates to identify a role
of ALMS1 in cilia formation. Therefore, the ciliary marker ARL13B was used for measurements.
In previous studies, significant variations in ciliary length between ALMS1 knockdown or KO
models and ALMS-patient derived fibroblasts compared to controls were revealed
[16,18,66,117].

In a first experiment, cells were starved for three days, and ciliary length was determined by
hand due to high fluorescent background. 645 cilia were counted and measured for control, 681
cilia for ALMS1 ex 8 KO, and 476 cilia for ALMS1 ex 10 KO. Analysis was conducted using
GraphPad Prism5 and an unpaired t-test with Welch’s correction. While ALMS1 ex 8 showed no
difference in ciliary length (ALMS1 ex 8 KO: t(1309) = 0.1096, p = 0.9127), ALMS1 ex 10 KO
exhibit mild but significantly longer cilia (ALMS1 ex 10 KO: t(969) = 5.877, p < 0.0001) compared
to the control cells. Furthermore, ALMS1 ex 10 KO harbors longer cilia (ALMS1 ex 10 KO: t(969)
= 6.142, p < 0.0001) as ALMSL1 ex 8 KO cells (Figure 8 A left panel). The mean of ciliary length
of ALMS1 ex 8 KO was 4.035 um £ 0.04388, of ALMS1 ex 10 KO 4.494 um + 0.06052 and of
control 4.042 um + 0.04749. The ciliation was conducted by counting nuclei per cilia. There was
a mild, but significant difference between the control (82.50 % + 1.848) and ALMS1 ex 8 KO
(71.75 £ 3.544), while ALMS1 ex 10 KO (59.25 % + 2.839) showed a significant decrease in
ciliation (p < 0.001) compared to the control and a mild decrease to the ALMS1 ex 8 KO cells
(Figure 8 A right panel). With these results, ALMS1 ex 8 KO was excluded from this study and
only KOs harboring a complete loss of ALMS1 were further investigated.

In a later experiment, cells were starved for two days and ciliary length measurement was
performed using ALPACA (Accumulation and Length Phenotype Automated Cilia Analysis)
[123]. 905 cilia were counted in control cells, 535 cilia for ALMS1 ex 8-10 KO 1 and 549 cilia in
ALMS1 ex 8-10 KO 2 cells and analyzed using unpaired t-test with Welch’s correction. ALMS1
KOs showed mild but significantly shorter cilia (ALMS1 ex 8-10 KO 1: t(1384) = 10.68, p <
0.0001 ; ALMS1 ex 8-10 KO 2: t(1445) = 17.11, p < 0.0001) compared to the control cells
(Figure 8 B right panel). The mean of ciliary length of ALMS1 ex 8-10 KO 1 was 2.805 pm %
0.02982 and 2.562 pm + 0.02653 for ALMS1 ex 8-10 KO 2 cells, while the mean of control cells
was 3.272 um + 0.03188 pum. Furthermore, the number of cilia in relation to the number of nuclei
was counted (ALMS1 ex 8-10 KO 1: t(18) = 3.489, p < 0.0026); ALMS1 ex 8-10 KO 2: t(20) =
3.927, p < 0.0008), resulting in a significant decrease of ciliation between ALMS1 ex 8-10 KO 1
(68.84 % £ 1.581), ALMS1 ex 8-10 KO 2 (54.91 % + 3.178) and control cells (68.84 % + 1.581)
(Figure 8 B left panel) (Woerz et al., under review [3]). No significant difference in ciliation was
observed between ALMS1 ex 8-10 KO 1 (55.88 + 3.362) and KO 2 (54.91 + 3.178).
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In addition, the viability and proliferation rate using crystal violet were examined in ALMS1 KO
and control cells for O hrs, 24 hrs, 48 hrs and 72 hrs. Within the first 48 hrs, no difference in
proliferation rate was observed (Figure 8 C). The ALMS1 KO cells showed a mild, yet significant
slower proliferation rate (p-value < 0.01, 0.1788 + 0.05159) at 72 hrs compared to the control
(0.2122 + 0.08163).

79



15+ ek 100 % 5

'E' ns ek o\'_'g

=1 = 804 — ——

s 3 1

5 S 60 —

= c U —
> o

e Q 401
= 8
) 5 204

0 . : .
» O O
& ot Qo
[+) 4 N
< N oF
&) N
¥ ¥
¥ W
B
dekk *kd
kkk *kk 100- *k n-s
T Y S
— 5 80
| 3 —_
= 8 1] i —_—
[o)] g 60
[
2 4 @ ——
) g a0 L
o Ko
T 5 T 20-
0 r ' . [} r . .
N % . %
(s) (o) o o
& & oF & © K
< N 4 N N
% Q & &
& & o o
N N N N
) 9 =) (=)
R N & N
v v v s
C sk

™ 0.6+ —

o 059 — Control (Cas9) - ﬁ

© o ALMS1 ex 10 KO 2

o — ALMS1 ex 8-10 KO 1 Q

% 03] — ALMS1ex8-10KO?2 =}

- -

: 2

c 0.2+ <

= 5

T 0.1+ o

& >

£ 5

S 00 : r .

s 0 24 48 72

time (h)

Figure 8 ALMS1 deficient cells exhibit variances in ciliary length as well as slower proliferation rates

A, HTERT-RPE1 control and ALMS1 KO single clones were starved for three days and used to assess the ciliary
length. 645 of control, 681 of ALMS1 ex 8 KO and 476 of ALMS1 ex 10 KO are measured with their respectively ciliary
length (left in um) and ciliation (right in %). B, Ciliary length was determined after 48 hrs of starvation from 905 cilia for
control, 535 for ALMS1 ex 8-10 KO 1 and 549 cilia for ALMS1 ex 8-10 KO 2. On the x-axis the control and the ALMS1

KO single clones are depicted. On the y-axis the ciliary length (um) in the left graph and the ciliation (%) in the right
graph is shown.
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Analysis of three biological replicates (n=3) with respectively four ApoTOME pictures (magnification 40x) was
conducted. An unpaired t-test with Welch’s correction test was used. Error bars imply SEM. Ex = exon.

C, Control as well as ALMS1 deficient cells are presented with their proliferation rate at four different time points (0
hrs, 24 hrs, 48 hrs, 72 hrs). n=4.

P- values < 0.001 are indicated by ***, p- value < 0.01 by **, and p- value < 0.05 by *, and p-value > 0.05 are defined
not significant (ns). Error bars represent SD. Figure was modified after Woerz et al., under review [3].

As ALMSL1 is a BB protein, centrosomal instability upon ALMS1 loss might lead to ciliary stability,

transport and signaling defects, which was further investigated.

7.3 ALMSI1 loss shows unaffected y-tubulin

To decipher any centrosomal/BB defects upon ALMSL1 loss, | first investigated the localization of
two major components of centrosomes, the y-tubulin (TUBGCP1 (TUBG1) and TUBGCP2
(GCP2)). Both y-tubulin proteins are important for microtubule nucleation as well as cell
proliferation and linked to brain malformations (TUBG1 (TUBGCP1) OMIM #615412, TUBGCP2
OMIM #617817) [46,129,130]. Again, ARL13B (magenta) was used as a ciliary marker and the
basal body was stained with TUBGCPL1 (Figure 9 A, upper panel, green) and TUBGCP2 (Figure
9 A, lower panel, green) in control and ALMS1 deficient cells (one biological replicate). Initially,
immunostaining revealed no difference due to the differences of the background in all cells.
However, quantification of y-tubulin intensity displayed a high variability of the intensity of both y-
tubulin proteins, despite the background deduction (Figure 9 B, C). Furthermore, TUBGCPL1 on
protein level showed marginal differences in the intensity (Figure 9 D, E). GAPDH was used as a
loading control. These results suggested y-tubulin upstream of ALMS1 and an ALMS1

independent localization of y-tubulin to the BB, that was also seen by Knorz et al. [18].
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Figure 9 ALMS1 KO cells showed unaffected y-tubulin

A, Immunostaining pictures of hTERT-RPE1 control cells, ALMS1 ex 10 KO, ALMS1 ex 8-10 KO 1 and KO 2 are
presented. TUBGCP1 (upper panel) and TUBGCP2 (lower panel) were depicted in green, while the ciliary marker
ARL13B was marked in magenta. Intensity measurement of TUBGCP1 (B) and TUBGCP2 (C) in control and ALMS1
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deficient cells were shown, respectively. Results were visually displayed using a scatter dot blot, where each dot
representing one cilium. For statistical analysis, the mean was applied. P-values < 0.001 are represented by ***, p-
value < 0.01 by **, and p-value > 0.05 by *, and p-value above 0.05 are considered not significant (ns). Error bars
represent the SD. Exon = ex. Fiji was used. D, Protein level of TUBGCPL1 and the house keeping gene GAPDH were
reviewed with western blot. E, Quantification of TUBGCPL1 protein level was performed by measuring its intensity in
hTERT-RPEL1 control cells, ALMS1 ex 10 KO, ALMS1 ex 8-10 KO 1 and KO 2 (n = 1). The values were normalized
against GAPDH (loading control). The mean was used for statistical analysis. Figure was modified after Woerz et al.,
under review [3].

For further investigation of ALMSL1 in cilia biology, one ALMS1 KO (ALMS1 ex 8-10 KO 2) will be

shown in microscopy pictures, due to complete loss of ALMS1 in all ALMS1 KO cells.

7.4 ALMSI1 deficient cells shows CEP250 decrease

To investigate other centrosomal-related proteins in ALMS1 deficient cells, immunofluorescence
staining was performed with one biological replicate, respectively. Cilia were stained with
ARL13B. The centrosomal protein CEP250 can be found at the BB in photoreceptors and is
responsible for centrosome cohesion during interphase [69]. CEP250 was already linked to
ALMS1, whereby CEP250 was reduced in ALMS1-depleted cells [18]. CEP250 staining revealed
a high variability in signal while comparing control and ALMS1 deficient cells, whereby it seemed
more reduced in ALMS1 deficient cells (Figure 10, left panel, Figure 11).

Further, the investigation also focused on rootletin (CROCC), the primary constituent of the
ciliary rootlet. Rootletin plays a crucial role in connecting centrioles and ensuring accurate
positioning of the basal body (BB) to facilitate ciliogenesis [131,132]. A similar rootletin
localization was observed in ALMS1 KO and control cells, hinting towards an unchanged
centriolar linker, that connects the mother and the daughter centriole resulting in proper
centrosome cohesion and cilia stability (Figure 10, middle panel). Next, the centriolar satellite
member PCM1, which is important for centrosome assembly and function by facilitating
localization of centrosomal proteins, such as CEP250 to the BB, was investigated [133,134].
Immunostaining revealed an unaffected centriolar satellite member PCM1, suggesting no
functional relation of ALMS1 and PCM1 (Figure 10, left panel).
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CEP250 ARL13B Rootletin  ARL13B PCM1 ARL13B

Control

ALMS1 ex 8-10 KO 2

Figure 10 Centrosomal protein investigation in ALMS1 KO cells

Immunofluorescence staining in hTERT-RPEL control (upper panel) and ALMS1 deficient cells (lower panel) was
performed. Co-staining was conducted with ARL13B (magenta) and CEP250 (green, left panel), rootletin (green,
middle panel) or PCM1 (green, right panel). DNA was stained in blue. Scale bar marks 5 pm. 40x magnification,
ApoTome., n = 1. Figure was modified after Woerz et al., under review [3].
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Figure 11 CEP250 is modestly reduced in ALMS1 ex 8-10 KO 2

CEP250 intensity measurement was conducted by hand, using Zen software. Unpaired Welch t-test was applied for
analysis (GraphPad Prism 5 software). One biological replicate of control and ALMS1 ex 8-10 KO 2 were used. Two
asterisks indicate a p-value < 0.01. Error bars imply SD.

7.5 Shorter cilia in ALMS1 deficient cells exhibit compressed
transition zone

To investigate a potential role of ALMS1 in ciliary structure, stability and trafficking

immunofluorescence staining was conducted. Control, with unaffected ciliary length, and ALMS1

deficient cells harboring shorter cilia were used. ARL13B was again used as a ciliary maker.

Polyglutamylated tubulin, which is present at the proximal compartment of cilia, and is important

for microtubule stability, was stained with GT335 [135]. Similar signals in control and ALMS1 KO
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cells, suggesting comparable ciliary stability despite an ALMS1 loss (Figure 12, left panel). To
assess intact ciliary trafficking, the intraflagellar transport protein IFT88, a reliable indicator was
examined. ALMS1 deficiency showed no effect on IFT88 signal compared to the control,
suggesting an unaffected transport system and related ciliary function (Figure 12, middle panel).
Furthermore, Retinitis Pigmentosa GTPase Regulator (RPGR) protein, which localizes primarily
to the transition zone, was checked due to its disease relevance in Retinitis pigmentosa (RP),

including vision loss. A compressed RPGR was observed in ALMS1 KO cells compared to the

control (Figure 12 right panel). The length of RPGR was measured using the plugin NeuronJ for
Fiji [124].
GT335 ARL13B IFT88 ARL13B RPGR ARL13B

Control

ALMS1 ex8-10 K6

Figure 12 ALMS1 shows compressed transition zone with unaffected polyglutamylated tubulin and ciliary
trafficking

Immunofluorescence microscopy pictures visualize cilia with ARL13B (magenta), polyglutamylated tubulin GT335
(green, left panel), intraflagellar transport protein IFT88 (green, middle panel) and transition zone protein retinitis
pigmentosa GTPase regulator RPGR (green, right panel) in hTERT-RPE1 control and ALMS1 KO cells. DNA is
shown in blue. Scale bar represents 5 um. One biological replicate is presented. Figure was modified after Woerz et
al., under review [3].

ALMS1 KO cells, that harbor shorter cilia (Figure 8 ) showed a compressed transition zone
(2.047 pm £ 0.08260, n=127) compared to the control (3.580 pm + 0.1056, n=105) (Figure 13).

Significance was evaluated using Welch unpaired t-test.
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Figure 13 ALMS1 KO cells with shorter cilia show a compressed RPGR
Length measurement of RPGR was performed by hand, using plugin Neurond for Fiji [124]. Unpaired Welch t-test was

applied for analysis (GraphPad Prism 5 software). One biological replicate of control and ALMS1 KO cells stained with
RPGR were compared. Three asterisks indicate a p-value < 0.001. Error bars imply SD.

Phenotypical characterization of the generated ALMS1 KO cells revealed, that a loss of ALMS1
does not affect the localization of typical ciliary markers for stability (GT335) and intraflagellar
transport (IFT88). However, the transition zone (RPGR) is significantly compressed, in ALMS1
KO cells compared to the wildtype, in addition to the previously described reduced ciliary length(
Fig). Both findings definitively suggest a function of ALMS1 in ciliary context and needs to be

further investigated.

7.6 Centrosomal and BB localization of endogenously tagged ALMS1

Following the phenotypical characterization of ALMS1 KO cells compared to control cells, the
aim was to understand the mechanism leading to the observed phenotype. Therefore, protein
complex analysis was conducted to gain novel and comprehensive insights into the involvement
of ALMSL1 in cilia and cilia-related processes. This approach enabled the identification of
interaction partners for ALMS1, which can be further investigated for functional validation in a
cilia specific context. Since, proteins usually fulfil their biological role as complex rather than
isolated. The identification of protein-protein interactions is crucial to understand their
physiological function. Even minor deviation can result in perturbations of the system and
potentially cause various diseases. Consequently, a protein complex analysis using liquid
chromatography coupled to mass spectrometry (LC-MS/MS) was performed to get further and
novel hints towards the molecular function of ALMS1. Previous investigations of ALMS1
(ENSG00000116127) have faced challenges due to its large size with 461 kDa, hindering the
study of full-length protein [118,136]. The advent of CRISPR/Cas9 technology has significantly
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contributed to our understanding of protein function by enabling the precise tagging of
endogenous proteins. Therefore, endogenously tagged ALMS1 at the C-terminus (CT) were
generated using the CRISPR/Cas9 method in human embryonic kidney (HEK293T) cells (Figure
14).

In a first step, specific SQRNA targeting the nucleotide sequence, followed by the PAM sequence
before the stop codon of ALMS1 at the CT end, was designed (Figure 14 A). Therefore, the
online tool CCTop [137] was used and the sgRNA chosen, that had the lowest off target effects
prediction in other exonic regions (see 10.2, Appendix Table 23). The sgRNA was cloned into
the pSpCas9(BB)-2A-Puro vector (PX459, was a gift from Feng Zhang) [125,138] (Woerz et al.,
under review [3]). For proper superfolder Green Fluorescent Protein (sfGFP, 711 bp long) tag
insertion at the CT, a repair construct was created, and subcloned into the pJET plasmid. A
benefit of this tag was to visualize tagged ALMS1 at the centrosome and at the BB of cilia and
use it for affinity purification. The sfGFP construct harbors homology arms of approximately 355
basepairs (bp), flanked by the sgRNA-targeting sequence for in vivo linearization leading to
higher repair efficiency [139]. Furthermore, two wobbled base pairs in the sgRNA targeting
region were introduced to prevent renewed cutting of Cas9 (Figure 14 B, bold letters). Both
plasmids (sgRNA containing PX459 and tag containing pJET) were used simultaneously for
transfection of the cells. After antibiotic and single clone selection, an initial screening for a
positive tag insertion in the ALMS1 gene was conducted using purified genomic DNA for PCR
and gel electrophoreses (see 10.4). Control cells showed one band at approximately 930 bp,
while homogenously tagged cells presented one prominent band at the expected size of
approximately 1614 bp (Appendix Figure 37 A). Lastly, Sanger sequencing revealed a
successful insertion of the sfGFP tag into the CT end of the ALMS1 gene (Figure 14 B; see 10.4
Appendix Figure 37 B). Seven homozygously sfGFP tagged ALMS1 single clones and eleven
heterozygously sfGFP tagged ALMSL1 cells out of 49 single clones were identified (see 10.4
Appendix Figure 37 C).
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Figure 14 Workflow of CRISPR/Cas9-mediated endogenous tagging of ALMS1

A, The upper panel illustrates the ALMS1 gene with 23 exons (blue) and introns (grey). The desired location for
inserting the tag at the C-terminal (CT) end of ALMS1 is indicated. A native ALMS1 fragment is shown with the sgRNA
binding site (grey) and PAM sequence (blue) downstream of the stop codon (red). Cas9 cuts (lilac) three nucleotides
upstream of the PAM sequence.

B, Tag insertion was facilitated by a simultaneous transfection of CRISPR/Cas9 vector containing the clones sgRNA
and a repair construct. The repair construct includes the super folder green fluorescent protein (sfGFP) along with
homology arms. Single clones of endogenously sfGFP-tagged ALMS1 were confirmed by Sanger sequencing. Both
plasmids are used for genome editing leading to endogenous tagging of ALMS1 (lower panel). The lower panel shows
the results of the sequencing, displaying fragments of the ALMS1 native sequence, ALMS1 with the inserted sfGFP
sequence, the sfGFP sequence itself, and the consensus sequence.

ROI = region of interest, [..] = continuous sequence. The CT nucleotide sequence of ALMS1 is depicted with the
specific sgRNA (grey), PAM sequence (blue) and stop codon (red), Cas9 (lilac), sfGFP (green), puromycin (pink),
protospacer (brown). Figure was taken and modified after Woerz et al., under review [3].

Next, | investigated the localization of the sfGFP tagged ALMS1 (ALMS1-sfGFP) at the basal
body and the centrosome (Figure 15 A). Therefore, homozygous single clones of untagged
ALMS1 and ALMS1-sfGFP were co-stained with the ciliary marker ARL13B and an ALMS1
antibody (Figure 15 B, C). Untagged ALMS1 showed ALMS1 at the BB of ciliated cells (Figure
15 B) and ALMS1-sfGFP localize at the basal body of primary cilia, suggesting that tag insertion
does not disturb ALMS1 localization (Figure 15 C) (Woerz et al., under review [3]). Furthermore,

ALMS1-sfGFP can be found in mitotic cells, exemplary at the spindle poles in metaphase,
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anaphase, and telophase (Figure 15 D-F) (Woerz et al., under review [3]). Taken together, data
indicate a successful tag insertion into the ALMS1 gene in HEK293T cells, while maintaining
proper ALMSL1 localization at the centrosome and BB, hence provide the ideal system to study

ALMS1 interacting proteins.
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Figure 15 Fluorescent-tagged ALMS1 localizes to the basal body of cilia and to the centrosome during mitosis
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A, Schematic overview of the ALMS1 gene and the inserted sfGFP tag at the C-terminus (CT) of ALMS1 are
presented.

B, HEK293T native cells (no tag) were co-stained with the ciliary marker ARL13B (magenta) and the basal body
marker ALMS1 (green) antibody. Native ALMS1 localizes at the basal body of cilia (GO phase). DAPI is depicted in
light blue. The scale bar measures S5um.

C, Endogenous tagged ALMS1-sfGFP (green) localizes at the basal body (magenta) of cilia (magenta) in resting cells
(GO phase). DAPI is depicted in light blue. The scale bar measures 5um.

D-F, ALMS1-sfGFP (green) during different mitosis phases (Metaphase (D), Anaphase (E) and Telophase (F)) are
shown. DAPI is represented in light blue. The scale bar measures 5um.

Figure was taken and modified after Woerz et al., under review [3].

7.7 Endogenous complex analysis revealed a new ALMS1
interactome
Receiving and investigating potential interaction partners of ALMS1 helps to narrow down the
(patho-) mechanism of the ALMS1 protein. Therefore, eight biological replicates of ALMS1-
sfGFP and control cells were used for protein complex analysis. HEK293T wildtype cells
expressing untagged ALMS1 were used as a control, to identify false positive proteins binding to
the beads unspecifically. Label free quantification of mass spectrometry (MS) data was
conducted by using MaxQuant [140], followed by a statistical evaluation using Perseus [141].
First, proteins only identified by site, potential contaminants and reversed peptide sequences
were filtered out of the proteomic dataset. Control and ALMS1-sfGFP replicates were grouped
for comparison. The groups were filtered in at least five out of eight samples and should display
valid number. Subsequently, missing values were replaced with the value zero for all LFQ
intensities. The median values for each group were set and the ratios between specific ALMS1-
sfGFP sample and control were determined. Further, the LFQ intensities and calculated ratios
were transformed with the log2(x) (Figure 16 A) (W6rz unpublished Master thesis, 2018 [21]).
ALMS1 interactors were identified due to enriched proteins with an outlier test significance A <
0.05 (Benjamini-Hochberg FDR < 0.05) and significantly enriched proteins Student’s t-test p <
0.05 (Permutation-based FDR < 0.05 or p-value < 0.05) in all samples. Proteins, that are
analyzed more stringently with the Permutation-based FDR are grouped into Tier 1, while
proteins with a less stringent statistical test (p < 0.05) are included into Tier 2, as done before
(Appendix Figure 37 D) [142,143]. Proteins, that are found with both tests were deemed to be
specifically enriched in ALMS1-sfGFP samples compared to the control (Woerz et al., under
review [3]). The ALMS1 protein was found with a high sequence coverage of 50.6 % in ALMS1
sf-GFP cells (Woerz et al., under review [3]). 32 proteins were grouped into Tier 1 (see 10.7.2
Appendix Table 26). Tier 2 contains in total 79 proteins (Figure 16 B, see 10.7.2 Appendix Table
27). To understand the biological relevance and gain insight into the underlying biological
processes of these proteins, the Gene Ontology (GO) enrichment analysis by the Gene
Ontology Consortium was applied [144,145] (Woerz et al., under review [3]). By examining the

enrichment of ALMS1-associated proteins within cellular components, valuable insights can be
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gained into the potential involvement of ALMS1 in centrosomal and basal body function (Figure

16 C). A total of 15 proteins participate in microtubule cytoskeleton function, with nine of them

being categorized as centrosomal components and grouped together with ALMS1 (TUBGCP2,
CEP170, FLIl, DYNC1LI2, TACC3, GNAI3, CEP70, BOD1L1, GSK3B) (Woerz et al., under

review [3]). This result suggests that these proteins, including ALMS1 have a shared

involvement in the organization and regulation of centrosome, that plays a crucial role in

microtubule dynamics and cellular processes such as cell division and intracellular transport

(Woerz et al., under review [3]).
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Figure 16 Protein complex analysis identified novel ALMS1 interactors
A, Native HEK239T and ALMS1-sfGFP cells were prepared for affinity purification, with a subsequent mass
spectrometry and data dependent analysis with MaxQuant and Perseus. Finally, the ALMS1 network was identified.
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B, The scatter plot visualizes on the x axis the ratio of mean ALMS1-sfGFP/mean and the y axis the logz intensity.
Eight biological replicates of ALMS1-sfGFP and control samples were used for MS and data dependent data analysis,
respectively. Proteins, that did not pass the Student’s t-test and/or significance A are denoted by grey filled circles.
The bait protein ALMSL1 is depicted in green, while potential ALMS1 interaction partners are marked in blue (Tier 2).
C, The graph represents cellular processes identified with GO enrichment analysis of ALMS1 interactors using the
knowledgebase provided by the Gene Ontology Consortium (http://geneontology.org/) (Woerz et al., under review [3]).
The results are sorted based on the number of proteins present in the dataset and are assigned to specific GO
categories. Red marked processes include microtubule cytoskeleton and centrosomal/spindle pole function. A detailed
overview is deposited in 10.7.2 Appendix Table 28. Figure was taken from Woerz et al., under review [3].

Moreover, the Tier 2 interaction partners were categorized into functional clusters, highlighting
their involvement in various cellular process. These processes include cell proliferation,
cytoskeletal organization, posttranslational modification, signaling and transport (Figure 17)
(Woerz et al., under review [3]). Additionally, the Tier 2 proteins exhibit functions in metabolic
processes, mitochondria, autophagy, and gene expression (Figure 17). Notably, we identified a
total of seven interactors that have already been associated with cilia biology including HDAC2,
TUBGCP2, GSK3B, KLC2, CEP70, GNAS, and STAM [72,146-151]. These results suggest a
multifunctional role of ALMS1 in both cellular and ciliary processes, supporting the observation

made by Alvarez-Satta in 2015 [17] (Woerz et al., under review [3]).
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Figure 17 Network of novel ALMS1 interaction partners

A detailed protein network of potential interaction partners of ALMS1 and their respective roles in cellular processes is
presented. Proteins within the network are categorized into a stringent Tier 1 (Significance A (Benjamini-Hochberg)
FDR < 0.05 and Students t-test p < 0.05) and less stringent Tier 2 (Significance A (Benjamini-Hochberg) FDR < 0.05
and Students t-test p-value < 0.05) category. 32 proteins are grouped into Tier 1 (border paint), and additionally 47
proteins in Tier 2 (no border paint). To avoid redundancy, proteins that fulfill multiple functions are listed only once
with their primary function, as documented in the UniProt Knowledgebase (using the 2023 _02 released version,[152].
The network was constructed using experimental and functional interactions obtained from a curated database
utilizing STRING [121]. The resulting network was visualized using Cytoscape [122], providing a comprehensive
overview of the ALMS1 interaction network and its associated functions in cellular processes. Figure was taken from
Woerz et al., under review [3]

Next, analysis of potential ALMS1 interactors, such as AKAP8L, GSK3B and CEP70 were

HEATR3 SLC4A1AP NT5DC2

conducted using ALMS1 deficient cells.
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7.8 ALMS1 exhibit no influence on AKAPS8L expression

A novel ALMSL1 interactor, A-kinase anchor protein 8-like (AKAP8L), has been identified.
AKAPSL is known to play an essential role in cell cycle G2/M transition and in de-acetylation of
histones during mitosis [153,154]. To check whether the AKAPS8L protein is altered in hTERT-
RPEL control and ALMS1 KO cells, western blot analysis was conducted. The analysis targeted
AKAPS8L protein (~95 kDa) along with the housekeeping gene GAPDH (37 kDa) as a loading
control (Figure 18). No difference in signal intensity was observed between the control cells and
the ALMS1 KO cells (depicted here are three ALMS1 KO samples). This suggests that loss of
ALMS1 does not significantly influence the expression levels of AKAPSL.
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Figure 18 AKAPSL expression level unaffected upon ALMS1 loss

A Protein level of AKAP8L and GAPDH as a loading control was investigated using Western blot. hTERT-RPE1
control and three ALMS1 KOs are depicted. B Protein level intensity measurement of AKAP8L in hTERT-RPE1
control and three ALMS1 KO cells were conducted. For statistical analysis the mean was calculated. P values > 0.05
are not significant (ns).

7.9 ALMSI1 does not influence insulin marker expression

Metabolic involvement of ALMS1 was postulated based on the development of Type 2 Diabetes
in Alstrém syndrome patients. Insulin, a signaling molecule, binds to the insulin receptor, a type
of tyrosine kinase receptor, thereby activating the pathway responsible for glucose uptake.
Furthermore, ALMS1 was previously linked to GLUT4 transportation [16,155]. In this particular
study, hTERT-RPE1 cells were utilized, which, according to human protein atlas data
(https:/lwww.proteinatlas.org/ENSG00000181856-SLC2A4/cell+line), lack expression of GLUT4,
making it challenging to directly investigate its involvement. Nevertheless, the investigation
aimed to explore the potential role of ALMSL1 in insulin signaling via other GLUT transporters.
Describing an alternative cilia independent mechanism of how mutated ALMS1 results in this

severe disease.

Initially, hTERT-RPEL cells were first subjected to insulin treatment to evaluate their response

and ascertain the activation of insulin signaling pathways. This investigation aimed to determine
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the sensitivity of hnTERT-RPEL cells to insulin and assess the subsequent activation of insulin

signaling cascades.

This was achieved by treating control and ALMS1 KO cells, both in the presence and absence of
insulin, and subsequently examining downstream signaling effects. It is important to note that
this preliminary experiment involved only one biological replicate for each condition. An
important kinase in the insulin signaling pathway is the protein kinase B/AKT. AKT gets
phosphorylated twice on threonine 308 (Thr308) and serine 473 (Ser473) by 3-
Phosphoinositide-dependent protein kinase 1 (PDK-1) and is subsequently activated, inducing
inter alia glucose metabolism [156—158]. Control and ALMS1 KO cells without insulin stimulation
showed a gradual and mild increase of AKT total protein level from left to right (Figure 19 upper
left panel). Upon insulin stimulation an increase of total AKT was observed, with similar results
for control and ALMS1 ex 10 KO, while comparing control to ALMS1 ex 8-10 KO 1 and KO 2
seemed to show a mild increase of AKT total (Figure 19 upper right panel). Furthermore, pAKT
(Serda73) was investigated, showing a mild increase in the ALMS1 KO cells compared to the
control. Insulin-induced phosphorylation of AKT at Ser473 showed in control and ALMS1 KO
cells similar results (Figure 19 lower panel). This outcome needs to be interpreted with caution
because only one biological replicate was used, and additional prospective experiments needs
to be adjusted considering GAPDH oversaturation. Nevertheless, this initial experiment
indicates, that hTERT-RPEL cells react sensitive to insulin stimulation and that ALMS1 might

interact with other GLUT transporter, which needs further und future investigation.
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Figure 19 ALMS1 shows in a first experiment no direct influence on AKT

Protein level of AKT total and pAKT (Ser473) in insulin stimulated and unstimulated hTERT-RPE1 control and ALMS1
ex 10 KO, ALMS1 ex 8-10 KO 1, ALMS1 ex 8-10 KO 2 and the respective loading control GAPDH is depicted. One
biological replicate was used.
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One novel and potential ALMS1 interactor, GSK3B, that was connected to insulin signaling was
found within Tier 2 identified proteins (Figure 17), harboring a negative regulatory function on
glucose homeostasis and was thought to facilitate development of insulin resistance by
influencing transcription factors [159,160]. Protein level investigation using western blot was
performed. Thereby, lysate of nTERT-RPEL control and ALMS1 KO cells, treated without or with
insulin were generated. First, GSK3A/B total was examined. No signal difference in insulin
untreated cells were observed among control and ALMS1 KO cells, while one ALMS1 KO
(ALMS1 ex 8-10 KO 2) revealed a decrease in GSK3 alpha and beta (Figure 20 upper panel). In
the untreated control cells, either no band or fainted bands were detected for pGSK3B, whereas
the ALMS1 KO cells displayed a slight increase in band intensity. Interestingly, when the cells
were treated with insulin, similar band intensities were observed in both control and ALMS1 KO
cells (Figure 20 lower panel).

As GSK3B is also known to be involved as a negative regulator in Wnt signaling, a future
experiment could involve studying the involvement of ALMS1 and GSK3B in Wnt signaling.
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Figure 20 ALMS1 shows no explicit function on GSK3B

Western Blot analysis with one biological replicates of insulin treated and untreated hTERT-RPEL control, ALMS1 ex
10 KO, ALMS1 ex 8-10 KO 1 and ALMS1 ex 8-10 KO 2. GSK3 total, pGSK3B and the loading control GAPDH is
depicted.

Another important protein in glucose homeostasis, is the cAMP-responsive element-binding
protein (CREB). It has an important role in various processes such as efficient glucose sensing
and insulin exocytosis [161]. Therefore, the total protein level of CREB was investigated with
insulin unstimulated and stimulated conditions in control and ALMS1 KO cells (one biological
replicate). No clear results could be confirmed for ALMS1 ex 10 KO and ALMS1 ex 8-10 KO1

due to a potential blotting issue. For ALMS1 ex 8-10 KO2 no difference with and without insulin
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stimulation was observed compared to the control (Figure 21). No results for pPCREB (Ser133)

could be obtained (data not shown). GAPDH was used as a loading control.
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Figure 21 ALMS1 shows no clear influence on Creb
In insulin-treated and untreated hTERT-RPEL control, ALMS1 ex 10 KO, ALMS1 ex 8-10 KO 1 and KO2, the protein
level of Crebl and GAPDH (loading control) were investigated using Western blot. One biological replicate was used.

7.10CEP70 is a strong interaction partner of ALMS1

In protein complex analysis of ALMS1, one highly abundant interactor was identified for the first
time: the centrosomal protein of 70 kDa (CEP70, ENSTO00000264982.8, CEP70-201,
CCDS3102) protein (Figure 16 B, blue labeled). The CEP70 full length protein comprises 579
amino acids (aa). The CEP70 associates with the centrosome and BB of cilia. Previous studies
showed an important function of CEP70 on microtubule stability by influencing acetylation of
tubulin via HDACG6. Further, deficiency of CEP70 led to left-right defects and reduced ciliary
length with an unaffected basal body in zebrafish [72]. It was shown that the coiled-coil domains
of CEP70 play a role in centrosomal localization, while the TPR harboring CT end shows weak
or no importance for centrosomal localization. To better understand the interplay of ALMS1 and
CEP70, an independent protein complex analysis using overexpression constructs for full length
CEP70 fused to a N-terminal Strep-Flag tag (NSF-CEP70) and NSF-RAF1 (control) was
performed. Six biological replicates respectively were used and analyzed as described above
(Figure 22 A). Novel interaction partners of CEP70 were identified (Figure 22 B) (Woerz et al.,

under review [3]).
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Figure 22 Novel CEP70 interaction partners identified by mass spectrometry

A, The scatter plot represents the analysis of the CEP70 protein complex, comparing six biological replicates of NSF-
CEP70 (shown in cyan) and its control (NSF-RAF1, shown in grey). Mass spectrometry data was processed using
MaxQuant and Perseus. The x-axis displays the log2 ratio of the mean NSF-CEP70 to the mean NSF-RAF1, while the
y-axis represents log2 intensity. The CEP70 protein (the bait) is indicated by a cyan filled circle, the control is depicted
in grey, and Tier 2 interactors (significance A < 0.05, Benjamini-Hochberg < 0.05) associated with cilia-related
functions are marked in blue. B, Overview of potential Tier 2 interaction partners of CEP70 involved in cilia biology or
exhibiting a cilia-related function. Figure was modified after and taken from Woerz et al., under review [3].

As done before for ALMSL1 interactome analysis, proteins are subdivided in Tier 1 (Significance
A Benjamini-Hochberg FDR < 0.05 and Permutation based FDR < 0.05) and Tier 2 (Significance
A Benjamini-Hochberg FDR < 0.05 and p-value < 0.05). 202 proteins are included in Tier 1 and
225 proteins in Tier 2. Among these 225 Tier 2 proteins, 29 proteins were found with cilia-related
functions using UniProtKB (Figure 23 B, Figure 24) (Woerz et al., under review [3]). Notably, the
protein complex analysis of CEP70 revealed an interaction with another centrosomal protein
CEP135, which is already documented in the BioGRID database. CEP135 plays an important
role in regulating the localization of CEP250 and centriolar satellites. [162—164]. Furthermore,
another centrosomal protein, the CEP350 was found as a Tier 2 protein. It is described to
function as a scaffold protein being involved in centriole function and early ciliogenesis [165—
167] (Woerz et al., under review [3]). Moreover, other significantly enriched interaction partners
were identified. These proteins are involved in various cellular processes, including transport,
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mitosis, signaling processes, mitochondrial function (Woerz et al., under review [3]). Additionally,
they exhibit functions related to the eyes, nervous system, and glucose metabolism functions
(Figure 23, see 10.7.4 Appendix Table 29). Interestingly, the protein complex analysis revealed
ALMS1 with a sequence coverage of 28.3 % (Tier 1) as an interactor of CEP70, highlighting a
strong association between these two proteins (see 10.8 Appendix Figure 40) (Woerz et al.,
under review [3]). No specific clusters related to microtubules, or the centrosome were identified

using the Gene Ontology Resource.
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Figure 23 CEP70 interaction network
An overview of CEP70 protein interaction network, according to their function in cellular processes is presented.

Proteins are grouped according to their main function in cellular processes, to my best knowledge. Proteins with
unknown biological function are grouped under others. The respectively function can be found on UniProt
Knowledgebase (UniProtKB) in 2022. 202 Proteins were classified into Tier 1 (Significance A (Benjamini-Hochberg)
FDR < 0.05) and are depicted with black border paint (see also 10.7.4). Additional 23 proteins are grouped into Tier 2
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(Significance A (Benjamini-Hochberg) FDR < 0.05 and p-value < 0.05) and marked with no border (see also 10.7.4).
NACAP1 was excluded due to its pseudogene prediction. The network was created by leveraging experimental and
functional interactions derived from a meticulously curated database using the STRING platform [121],and then
visually represented in Cytoscape [122] for enhanced visualization. Figure was taken from Woerz et al., under review
[3].

7.11ALMS1 and other centrosomal proteins bind TPR-CT domain of
CEP70

The localization of CEP70 to the centrosome primarily relies on its N-terminal (NT) region, that
contains two coiled-coil domains. Conversely, the expression of the C-terminal (CT) region
harboring the TPR-domain has been reported to result in either no [74] or weak [168]
centrosomal localization. Here, the ALMS1l-specific interacting domain in CEP70 was
investigated and defined by performing deletion analysis. Therefore, region-specific forms of
CEP70 were cloned into an N-terminal Strep Flag (NSF) plasmid and utilized for affinity-based
protein complex purification, followed by data-dependent analysis [120] (Woerz et al., under
review [3]). These results were then compared to the interactome of full length CEP70,
described above, with the Scatter plot presenting the distribution of proteins found with the
different fragments (Figure 24 A). The designed fragments of CEP70 contain either the two
coiled-coil domain (CC1-2, 75-326 aa, Figure 24 C, middle panel) with 251 aa or the TPR
domain and the CT end (TPR-CT, 327-597 aa, Figure 24 C, lower panel) (Woerz et al., under
review [3]).

A both-sided statistical test was employed, considering only Tier 1 based CEP70 interactors,
that were previously defined by comparing CEP70 full length against the control. The deletion
analysis revealed a decreased binding of 122 proteins to the CC1-2 domain, while seven
proteins show a diminished binding to the TPR-CT region (Figure 24 B, see 10.7.5 and 10.7.6).
Among these proteins, exhibiting reduced binding in CC1-2 samples, a total of 19 ciliary proteins
were identified, including CEP135. Interestingly, ALMS1 was found to bind to the TPR-CT
region, but not significant or less to CC1-2, suggesting CEP70 may localize to the
centrosome/BB independently of ALMS1 (Woerz et al., under review [3]). Furthermore, five
proteins parallel to ALMS1 showed a significant reduction in binding to the TPR-CT form, namely
UBR4, ATG3, PLAA, UACA, TP53K and BAX.

In summary, the validation of CEP70-specific interactors through affinity purification of deletion
constructs provided valuable insights into the domain-specific interactions of CEP70 with its
TPR-CT and CC1-2 domains. Additionally, CEP70 was found as a significant interactor of
ALMS1 and vice versa for the first time. Furthermore, the identification of ALMS1 as an
interactor of CEP70, binding specifically the TPR-CT domain, suggests a potential ALMS1-

independent localization of CEP70 to the centrosome/BB (Woerz et al., under review [3]).
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Figure 24 ALMS1 binds TPR domain and CT end of CEP70

A, Scatter plot emphasizes the distribution of proteins that were found with NSF-CEP70 (full length). The CEP70
protein (bait) is depicted in cyan, the control in grey and significant Tier 2 proteins in blue. Six biological replicates of
NSF-CEP70 and NSF-RAF1 were respectively used. Max Quant and Perseus was used to analyze Mass
spectrometry data. B, The scatter plot highlights the distribution of proteins found with either CC1-2 (displayed in mid
cyan on the left side) or with the TPR-CT form of CEP70 (depicted in light cyan on the right side). Proteins identified
as Tier 2 interactors in the full-length CEP70 (as shown in plot A) are indicated in pink (found in both CC1-2 and TPR-
CT samples with no significant difference) or blue (exhibiting a significant difference between CC1-2 and TPR-CT).

C, A schematic overview provides an overview of the structure of CEP70 in different forms. The full-length CEP70 is
composed of 597 amino acids (CEP70), while specific CEP70 forms contain either the CC1 and CC2 domains (amino
acids 75-326, CC1-2) or the TPR domain with the CT end (amino acids 327-597, TPR-CT). An indication of a positive
identification of ALMS1 interaction with CEP70 is represented by a checkmark (v), whereas no interaction is denoted
by an "x". The design of protein domain lengths and structures in the schematic was inspired by information obtained
from the UniProt Knowledgebase (UniProtkKB) 2022 release. The abbreviations used include CC (coiled coil), TPR
(tetratricopeptide repeat), aa (amino acids), NT (N-terminus), CT (C-terminus), CEP70 (full-length CEP70), CC1-2
(CEP70 amino acids 75-326), and TPR-CT (CEP70 amino acids 327-597). Figure was taken and modified from
Woerz et al., under review [3].

Next, functional relevance of ALMS1-CEP70 interaction was investigated by performing an

epistasis experiment with the downregulation of CEP70 as well as both genes.
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7.12ALMS1 loss affect cell survival in wt hnTERT-RPEL cells

To investigate if CEP70 localization at the BB is influenced upon ALMSL1 loss, immunostaining of
CEP70 and the ciliary marker ARL13B was conducted. When comparing the localization (Figure
25 A) and the intensity (Figure 25 B) of CEP70 in hTERT-RPEL control and ALMS1 KO (ALMS1
ex 8-10 KO 2) cells no difference in CEP70 signal patterns were observed. This finding

suggests, that CEP70 may be located upstream of ALMSL1.
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Figure 25 CEP70 localization is unaffected due to ALMS1 loss in hTERT-RPEL cells

A, HTERT-RPE1 control and ALMS1 KO cells are depicted. Cilia (ARL13B) are marked in magenta, with the basal
body (CEP70) in green. B, Intensity measurement was conducted with one biological replicate and 4 technical
replicates. P-value < 0.001 are marked with *** asterisks. ApoTome, 40x magnification. Scale bar is 5 pm.

Next, ALMS1 localization to the BB upon CEP70 loss was examined by using again the
CRISPR/Cas9 system (Woerz et al., under review [3]). Therefore, specific SgRNAs targeting ex
5 and 6 of CEP70 were designed as described above and cloned into the PX459 plasmid (was a
gift from Feng Zhang). CRISPR/Cas9 mediated CEP70 KO were generated and verified by
sequencing. However, CEP70 KO could not be confirmed using western blot or
immunofluorescence staining with CEP70 antibodies, that recognize only the NT end (data not
shown). Immunostaining of potential CEP70 knockout cells showed no changes in acetylated
tubulin, which had been previously reported to be affected [70], suggesting unclear KO status

and were therefore excluded from this study (data not shown).

At the same time, to further investigate the relevance of the interaction between ALMS1 and
CEP70 in overlapping cellular processes, an epistasis experiment involving the downregulation
of both genes was performed. First, double knock-out (dKO) using the CRISRP/Cas9 system
was conducted. Initial attempts to generate dKO cells, lacking CEP70 and ALMS1 were
unsuccessful, as no dKO could be confirmed (data not shown). Additionally, a high rate of cell
loss/death was observed during the experiment. Therefore, a leveled knockdown (KD) of CEP70
was applied in wildtype (wt) and ALMS1 deficient cells.

103



In a first step, CEP70 siRNA (siCEP70) based KD was assessed using various concentrations
ranging from 5 to 50 nM and evaluated using quantitative PCR (qPCR) (Figure 26 A, one
biological replicate). There was no decrease of CEP70 mRNA level using 5 nM siCEP70, while a
gradual decrease in CEP70 expression was observed from 50 to 10 nM. A minimal CEP70
downregulation was observed with 10 nM, while a clear downregulation was observed with 30

nM and 50 nM concentrations (Figure 26, A) (Woerz et al., under review [3]).

Moreover, 10 nM to 30 nM of CEP70 siRNA resulted in a decrease in cell number (Figure 26, for
30 nM see 10.9 Appendix Figure 41). To ensure comparable results, the number of cells/mL
were automatically measured using TECAN and equally distributed for transfection. Loss of cells
in wt and ALMSL1 deficient cells transfected with scrambled (siControl) or CEP70 siRNA was
investigated after 72 hrs post-transfection (24 hrs of transfection, 48 hrs starvation) by counting
the remaining and attached cells after DAPI staining (Figure 26 B). No differences were
observed between untreated wt and siControl treated cells with 10 nM respectively. However,
significant reduction in cell number was observed when cells were treated with 10 nM CEP70
siRNA in wt cells (F(5,66) = 43,83, < 0.05) and in siControl treated wt cells (F(5,66) = 34,42, <
0.05), suggesting a potential effect on either proliferation or up-regulation of cell death upon
CEP70 loss alone. Interestingly, a significant reduction in cell number with 10 nM was detected
in ALMS1 KO untreated compared to untreated wt cells (F(5,66) = 35,25, < 0.05) or siControl
treated wt cells (F(5,66) = 25,83, < 0.05). Furthermore, ALMS1 KO treated with siCEP70 shows
a significant decrease in cell number compared to ALMS1 KO untreated (F(5,66) = 24,33, <
0.05) and ALMSL1 siControl (F(5,66) = 26,50, < 0.05) treated cells (Figure 26 B). Moreover, a
mild reduction without significance was observed between wt and ALMS1 KO cells treated with
SiCEP70, suggesting a role of both proteins in cell loss (Woerz et al., under review [3]).
Moreover, untreated and 30 nM siControl treated wt cells (F(5,102) = 23, p < 0.05), as well as wt
siCEP70 30 nM (F(5,102) = 52.89, p < 0.001), exhibited a significant decrease in nuclei count
(see 10.9 Appendix Figure 41). There was also a significant difference in nuclei count between
wt siControl 30 nM and wt siCEP70 30 nM (F(5,102) = 29.89, p < 0.01). However, no significant
difference was observed between ALMS1 KO untreated and ALMS1 KO siControl 30 nM
(F(5,102) = 13.83, p > 0.05), while there was a significant decrease compared to ALMS1 KO
siCEP70 (F(5,102) = 56.89, p < 0.001). Additionally, ALMS1 KO siControl 30 nM compared to
ALMS1 KO siCEP70 30 mM exhibited a significant decrease in nuclei count (F(5,102) = 43.06, p
< 0.001). These results indicate an increased cell loss in ALMS1-deficient cells accompanied by
CEP70 knockdown at 30 nM.
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Figure 26 ALMS1 KO and CEP70 KD in wt cells lead to cell loss

A, To initiate the knockdown experiment, a pool of three CEP70 siRNAs (siCEP70) was utilized. The concentrations of
siCEP70 ranged from 5 to 50 nM. The primer set for CEP70 targeted exons 9 to 11, while GAPDH served as the
housekeeping gene. This experiment was performed with a sample size of n=1. B, For cell loss investigation, the
nuclei were counted in three biological replicates. The staining was performed on untreated cells, cells treated with
SiCEP70, and cells treated with siControl. Both wildtype and ALMS1-deficient cells were included in the analysis. A
concentration of 10 nM CEP70 siRNA was used for transfection. The data were analyzed using an ANOVA test
(Tukey), and the error bars represent the standard deviation (SD). P-value below 0.001 are marked with *** asterisks,
p-value below 0.01 are presented with ** asterisks, p-value above 0.05 are deemed not significant. Figure was taken
and modified after Woerz et al., under review [3].

Interestingly, phenotypic analysis of ALMS1 localization at the BB in hTERT-RPE1 wt cells
treated with 10 nM siCEP70 already revealed a significant reduction of ALMS1 localization
compared to wt and siControl treated cells. This result suggests a CEP70-dependent ALMS1

recruitment or stabilization at the BB (Figure 27 A, B) (Woerz et al., under review [3]).
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Figure 27 CEP70 KD in wt hTERT-RPEL cells leads to reduced ALMSL1 at the BB

A, Images of hTERT-RPEL1 wildtype (wt) cells are presented from left to right: untreated cells, cells transfected with 10
nM siControl, and cell treated with 10 nM CEP70 siRNA. ALMS1 protein is visualized in green, and cilia are co-stained
with ARL13B in magenta. The cell nuclei were stained with DAPI in blue. Microscopy pictures are made using
ApoTome imaging at 40x magnification. Scale bar marks 5 pm.

B, Intensity measurement of ALMS1 at the BB of cilia were conducted by hand using Zen software (Zen blue).For
untreated conditions a total number of 122 BB, for siControl treated cells 112 BB and for siCEP70 treated cells 121
BB and the respectively background were taken into statistical analysis. A one-way ANOVA (Tukey) test was
performed. Error bars mark with the standard deviation (SD) are presented. Three asterisks (***) indicate p < 0.001.
Figure was taken from and modified after Woerz et al., under review [3].

7.13CEP70 KD in wt hTERT-RPEL1 cells induce apoptosis on mRNA
level

In the CEP70 network analysis, proteins were found to be linked to apoptotic events, such as the

pro-apoptotic marker BAX, that could partially explain the occurring phenotype in ALMS1 and

CEP70 deficient hTERT-RPEL cells. BAX was found to be involved in mitochondrial apoptotic

processes by inducing mitochondrial outer membrane permeabilization (MOMP), resulting in the

release of cytochrome c and other apoptotic factors [169—-176]. BAX in turn gets inhibited by the

pro survival protein BCL-2, which is under physiological conditions predominantly expressed
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(Figure 36). This allows the cell to survive and maintain proper functions. Therefore, the
association and ratio of BAX to BCL2 is of importance due to their involvement in determining
cell fate in response to an apoptotic stimuli [177]. For example, an increase in the relative level
of BAX with a subsequent decrease in BCL2 shifts the cell fate towards apoptosis [178,179]. In
the deletion analysis, it was found, that BAX and ALMS1 bind the same CEP70 region
containing the TPR domain and CT end.

An initial gPCR experiment without CEP70 downregulation was performed to investigate
BAX/BCL2 ratio in control (wt and Cas9) and three different ALMS1 KO cells (ALMS1 ex 10 KO,
ALMS1 ex 8-10 KO 1, ALMS1 ex 8-10 KO 2). Normalization was first conducted against GAPDH
and further to wt (Figure 28 A) or Cas9 control (Figure 28 B). The gPCR experiment utilized one
biological replicate with six technical replicates. Cas9 control (transfected CRISPR/Cas9 plasmid
without sgRNA; F(4,5) = -0,7484, p < 0.05), ALMS1 ex 8-10 KO 1 (F(4,5) = -1,327, p < 0.05) and
ALMS1 ex 8-10 KO 2 (F(4,5) = -1,139, p < 0.05) showed a significant increase of BAX/BCL2
ratio compared to wt, indicating apoptosis. Conversely, ALMS1 ex 10 KO (F(4,5) = 0,3042, p <
0.05) revealed a reduced BAX/BCL2 ratio compared to wt, suggesting cell survival. Since the
cells, except of wt, were transfected either with CRISPR/Cas9 plasmid with or without SgRNA,
the BAX/BCL2 expression was normalized against Cas9 control. This might help to decipher
Cas9-related effects. ALMS1 ex 10 KO (F(3,4) = 0,6013, p < 0.05) showed a significant
decrease of the BAX/BCL2 expression level compared to Cas9, while a significant increase was
observed with ALMS1 ex 8-10 KO 1 (F(3,4) = -0,3328, p < 0.05) and ALMS1 ex 8-10 KO 2
(F(3,4) =-0,2242, p < 0.05).

Further investigation focused on the interplay of BAX and BCL2 to gain insights into cell loss in
CEP70 and ALMS1 deficient hTERT-RPEL cells. A gPCR analysis was performed on wt and
ALMS1 KO (ALMS1 ex 8-10 KO 2) cells, both treated with either siControl or siCEP70 at
concentrations of 10 nM (Figure 28 C) and 30 nM (Figure 28 D). The analysis involved one
biological replicate with six technical replicates, respectively.

When comparing wt cells treated with 10 nM siControl to wt cells treated with 10 nM siCEP70
(F(3,4) = -0,4351, p > 0.05), a mild increase in the BAX/BCL2 ratio was observed, although it
was not statistically significant. Additionally, no significant difference in the BAX/BCL2 ratio was
found between wt siControl 10 nM and ALMS1 KO siControl 10 nM (F(3,4) = 0,4290, p > 0.05),
as well as between wt siControl 10 nM and ALMS1 KO siCEP70 10 nM (F(3,4) = 0,4287, p >
0.05). Comparing ALMS1 KO siControl with ALMS1 siCEP70 (F(3,4) = -0,0003603, p > 0.05)
revealed no significant difference, while a significant difference in the BAX/BCL2 ratio was
observed between wt siCEP70 and ALMS1 KO siCEP70 (F(3,4) = 0,8637, p < 0.05) (Figure 28

Q).
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At higher concentration of siControl and siCEP70 (30 nM), comparing wt siControl with wt
SiCEP70 (F(3,4) = 0,9058, p > 0.05) and with ALMSL1 siControl (F(3,4) = 0,7915, p < 0.05)
showed a reduced BAX/BCL2 ratio, indicating cell survival. A significant difference was observed
between wt siCEP70 and ALMS1 KO siCEP70 (F(3,4) = -0,7926, p < 0.05), as well as between
ALMS1 KO siControl and siCEP70 (F(3,4) = -0,6783, p < 0.05). However, ALMS1 KO siCEP70
(F(3,4) = 0,1132, p > 0.05) exhibited no significant difference in the BAX/BCL2 ratio compared to

wt siControl, suggesting cell survival or homeostasis (Figure 28 D, Figure 36).
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Figure 28 CEP70 KD in wt hTERT-RPEL cells leads to cell death

A, Normalized BAX/BCL2 expression levels were shown for two controls (wt and Cas9 control) and three ALMS1
knockout (KO) cells under ciliated conditions. GAPDH was used as the housekeeping gene for normalization. The
AACt was calculated, with normalization against wt. One- way ANOVA with Post-hoc Tukey analysis was conducted,
and error bars represent the standard deviation (SD). Statistical significance was indicated by asterisks: (***) mark p <
0.001, two asterisks (**) indicate p < 0.01, one asterisk (*) means p < 0.05 and not significant (ns) p > 0.05. One
biological replicate (n = 1), with three technical replicated, respectively.
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B, The normalized BAX/BCL2 ratio is presented for the Cas9 control and three different ALMS1 KO cell lines. GAPDH
was utilized as the housekeeping gene for normalization. The AACt method was employed to calculate the relative
expression levels, normalized against the Cas9 control. One-way ANOVA (Tukey) analysis was performed, and the
standard deviation (SD) is represented by error bars. Statistical significance is indicated using asterisks: three
asterisks (***) for p < 0.001, two asterisks (**) for p < 0.01, one asterisk (*) for p < 0.05, and non-significant (ns) for p >
0.05. The experiment consisted of one biological replicate, with three technical replicates each. Normalized
BAX/BCL2 ratio is shown for Cas9 control and three different ALMS1 KO cells. GAPDH was used as housekeeping
gene. AACt was used (normalized against Cas9 control). ANOVA (Tukey) was applied. Error bars indicate SD.
Statistical significance are shown with asterisks: three asterisks (***) p < 0.001, two asterisks (**) p < 0.01, one
asterisks (*) p < 0.05 and not significant (ns) p > 0.05. one biological replicate, with three technical replicated,
respectively were used.

C, The mRNA expression levels of BAX/BCL2 were assessed in wildtype (wt) and ALMS1 KO (ALMS1 ex 8-10 KO 2)
cells treated with either 10 nM siControl or siCEP70. The expression levels were normalized against GAPDH and
further normalized using wt siControl. Statistical analysis was performed using one-way ANOVA (Tukey) test, and the
significance levels were specified as follows: *** for p < 0.001, ** for p < 0.01, * for p < 0.05, and ns for non-significant
(p > 0.05). The experiment was conducted with one biological replicate and included three technical replicates.

D, The mRNA expression levels of BAX/BCL2 were determined in wildtype (wt) and ALMS1 KO (ALMS1 ex 8-10 KO
2) cells. The cells were treated with either 30 nM siControl or siCEP70. To normalize the data, GAPDH was used as
the reference gene, and further normalization was performed against wt siControl. Statistical analysis was conducted
using one-way ANOVA (Tukey) test, where significance levels were denoted as follows: *** for p < 0.001, ** for p <
0.01, * for p < 0.05, and ns for non-significant (p > 0.05). The experiment included one biological replicate with three
technical replicates.

The results obtained in this study provide evidence suggesting, that CEP70 influences cell death

and/or cell survival based on the experimental findings presented.

7.141dentifying retina specific interaction partners of ALMSI.

7.14.1 RFP-HA endogenously tagged ALMS1 localizes at the basal body
HEK293T cells with their high expression levels of proteins and ability to form cilia are a great
source for network studies. A recent approach was established by Tina Beyer et al. using tissue,
e.g. retina from porcine eyes, for protein pull-down and isolation to identify a tissue specific
interaction network of the bait protein [180]. Therefore, tagged ALMS1 from HEK293T cells was
used for tagged bait purification, with a subsequent removal of bound interaction partners with
sodium dodecyl sulfate (SDS) and retina-specific affinity purification.

To identify tissue specific interaction partners, three steps are crucial to consider, such as the
tag-bait affinity, the SDS concentration to minimize the influence on the bait protein structure and
an animal, that shares ALMSL1 protein sequence similarities to the human ALMS1.

Therefore, a tag with a high affinity to the desired beads was introduced at the CT end of the
ALMS1 gene as described for sfGFP tag. For example, a HA tag is widely used in protein
purification and is suggested to have a high affinity to the beads [181,182]. This advantage is
important for the SDS washing step, which should only gently clear bound proteins from the
HEK293T cells, while preserving the tagged protein itself. For the retina pull-down, a
combination of two tags were designed, a high bead-affinity HA tag fused to a red fluorescent
protein (RFP). By utilizing RFP, the localization of tagged ALMSL1 at the centrosome/BB can be

visualized. For the RFP-HA tag, two linker sequences (GGGS) were added between the
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homology arm and the RFP and between the RFP sequence and HA sequence to enhance
flexibility and reduce protein folding changes [120,183]. Native HEK293T were transfected with
the CRISPR/Cas9 plasmid containing sgRNA targeting ALMS1 exon 23 and the repair construct
with the RFP-HA tag. After single clone selection, tag insertion was first verified by PCR and gel
electrophoresis. ALMS1- RFP-HA tagged single clones showed one single prominent band with
the size of approximately 1676 bp (see 10.10 Appendix Figure SX 42 A). Eleven homozygous
and 21 heterozygous ALMS1- RFP-HA tagged cells out of a total of 59 single clones were found
(Figure 29 D). Sanger sequencing confirmed the successful insertion of the RFP-HA tag into the
CT of the ALMS1 gene (Figure 29 A, see 10.10, Appendix Figure 42 B). Again, localization
studies were performed to exclude a potential effect of the rather large tag (746 bp) on the
ALMS1 localization to the BB in comparison with untagged ALMS1 cells (Figure 29 B).
Therefore, ALMS1-RFP-HA tagged cells were stained with the ciliary marker ARL13B, that
confirmed ALMS1-RFP-HA at the BB of cilia (Figure 29 C).
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Figure 29 ALMS1-RFP-HA localizes to the BB of cilia

A, Schematic overview of another tag insertion into the C-terminus of ALMS1 confirmed by Sanger sequencing. An
RFP-HA tag containing linker sequences (---) were designed and was introduced upstream of the PAM sequence
(blue). From upper panel to lower panel, a small part of the tagged single clone sequence, the RFP-HA sequence and

the consensus sequence are shown. [..] = continued sequence, --- = linker sequences (GGGS).
B, HEK293T wt cells in GO phase were used for localization studies of native ALMS1 (magenta) at the basal body of
cilia (green).

C, ALMS1-RFP-HA (magenta) in HEK293T cells show basal body localization under ciliated conditions. ARL13B was
used as a marker for cilia and is marked in green.

D, The presented table encompasses the total number of single clones, positively tagged cells and the employed
methods for verifying the inserted tag. Positively tagged ALMS1 cells were used for affinity purification followed by
mass spectrometry analysis.

7.14.2 Retina specific Pull Down
The procedure of tissue-specific protein complex analysis includes several steps. First lysate of

ALMS1-RFP-HA and native HEK293T cells were generated, incubated with HA beads with a
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subsequent SDS wash to remove interactors originating from HEK293T cells. The cleared bait
was further incubated with porcine retina lysate, followed by several washing steps and an on-
bead digest. Samples were further processed for mass spectrometry and used for database

dependent data analysis (Figure 30).

1. Bait harvest 2. Lysate-Bead binding 3. SDS wash 4. Pig retina lysate-bead
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Figure 30 Workflow of Tissue-specific pull down

A workflow of tissue specific protein complex analysis is presented. First, ALMS1-RFP-HA and native HEK293T cells
are harvested (1.), followed by cell lysis and bead incubation (2.). After removal of interactors originating from
HEK293T cells with SDS (3.), porcine retina lysate is added to the tag bound beads (4.). After an on-bead digest,
mass spectrometry analysis was conducted with database dependent data leading to a retina specific interaction
network.

In preparation for tissue specific protein complex analysis, an experiment was performed with six
biological replicates of only ALMS1-RFP-HA and HEK293T native cells, respectively. ALMS1
was found with a high sequence coverage (75.9 %) (see 10.10, Appendix Figure 42 C). Again,
the Tier system was also applied as described above. Tier 1 proteins include nine proteins, while
60 proteins are grouped into Tier 2. No significant specific clusters linked to microtubules, or the
centrosome were identified using the Gene Ontology Resource. CEP70 protein was also found
with the RFP-HA tag, alongside with AKAPS8L, that were also found with ALMS1-sfGFP (Figure
31 A, B). No more overlapping proteins were identified by comparing the two tags. An ALMS1-
RFP-HA protein network identified proteins that are also involved inter alia in cytoskeletal
function, ubiquitin function, in signaling, apoptosis, cell proliferation. Proteins, that play a role in
anatomical structure development, in lipid metabolic process and carbohydrate metabolic
process were found (Figure 32, see 10.10.2 Appendix Table 31,32 ). With the advantage of the
high affinity of HA to the beads, ALMS1-RFP-HA was further used for tissue-specific protein

complex analysis.
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Figure 31 Protein complex analysis

A, Scatter plot indicates the distribution of all proteins identified for ALMS1-RFP-HA compared to the control (native
HEK293T). On the x-axis the ratio of mean ALMS1-RFP-HA/mean control and on the y-axis the intensity is shown.
ALMS1-RFP-HA is marked in magenta, and Tier 2 identified potential proteins (p-value) are depicted in blue. Six
biological replicates of ALMS1-RFP-HA and control were used, respectively.

B, A Venn-diagram compares identified potential interactors with ALMS1-RFP-HA (left) and ALMS1-sfGFP (right), that
were grouped in Tier 2 (p-value). Three proteins are shared in both experiments, including the bait (ALMS1) protein,
AKAPS8L and CEP70. While 60 Tier 2 proteins were identified with ALMS1-RFP-HA, 79 Tier 2 proteins were found
with ALMS1-sfGFP.
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Figure 32 ALMS1-RFP-HA network

Network of potential interaction partners of ALMS1 using RPF-HA tagged cells and their respective function according
to the 2023_02 released UniProt Knowledgebase version is presented [152]. Proteins are grouped based on a
stringent analysis using FDR < 0.05 and significance A (Benjamini Hochberg) (Tierl) and a less stringent analysis
applying p-value and significance A (Benjamini Hochberg) (Tier 2). Tier 1 includes nine proteins (black border paint)
and Tier 2 60 proteins. Network was created using experimental and functional interactions extracted from curated
database using STRING, which was further visualized in Cytoscape [121,122].

Others

L3HYPDH

First, the concentration of the detergent SDS was determined. Here, 0.01 % SDS was sufficient
to remove gently ALMS1 interactors, such as CEP70, originating from HEK293T cells. To check
whether the denaturing behavior of SDS influences the bait itself, CEP70 NSF eluate was added
to the SDS washed bait samples. CEP70 binds SDS treated ALMS1 bait samples, which

enhanced the confidence of using 0.01 % SDS for this experiment (Figure 33).
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Figure 33 SDS concentration has no impact on ALMS1 binding capacity
An excerpt from the proteome software Scaffold 5 shows an overview of the total spectrum count of ALMS1-RFP-HA
treated with or without 0.01 % as well as with or without eluate from CEP70. As CEP70 seems to be a strong
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interaction partner of ALMS1, eluate from CEP70 was used after 0.01 % SDS washing to identify the potential
influence of SDS on the binding capacity bait itself. The experiment was exerted in duplicates.

Eventually, the tissue specific protein complex analysis was conducted and analyzed using
database dependent analysis. The scatter plot summarizes proteins that are abundant in the

control or the bait (Figure 34).
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Figure 34 Scatter plot of tissue-specific pull down

The scatter plot summarizes six biological replicates of ALMS1-RFP-HA and control, both treated with 0.01 % SDS.
Proteins that are more abundant in the bait (ALMS1-RFP-HA) sample are on the right side (magenta), while proteins
that are more abundant in the control cells are on the left side (grey). Identified interactors are grouped according to a
stringent (Tierl: significance A (Benjamini Hochberg, FDR < 0.05) and less stringent (Tier 2: significance A (Benjamini
Hochberg), p-value 0.05) analysis. Tier 2 proteins are marked in blue. hALMS1 = human ALMS1.

Stringent analysis identified seven proteins for Tier 1, while less stringent analysis grouped 44
proteins in Tier 2 (Figure 35, see 10.10.4 Appendix Table 33). Tier 1 proteins are APIP, LRP4,
EFEMP1, NQO2, FSTL, FBN1, IGFBP5 (Figure 35, bold boarder marked). Tier 2 proteins harbor
various function, including cytoskeletal function, cilium organization, signaling and photoreceptor
development. No overlapping proteins were identified by comparing interactors gained from
HEK293T and pig retina lysate. However, Nephrocystin 4 (NPHP4) was found as an interactor of
ALMS1, that was already been described. It was not identified with HEK293T cells, although it is
expressed according to the Human Protein Atlas
(https:/lwww.proteinatlas.org/ENSG00000131697-NPHP4/cell+line), that  highlights  the
importance of this method [184,185]. Furthermore, this approach enables in-depth
understanding of tissue-specific and functionally relevant protein networks in a native context.
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Figure 35 Retina specific ALMS1 network
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Presenting a network of retina specific interaction partners of ALMS1 grouped according to their function in cellular
processes. Proteins are clustered in Tier 1 and Tier 2 based groups. Tier 1 (Significance A (Benjamini-Hochberg) FDR
< 0.05) and permutation-based FDR < 0.05) contains seven significantly enriched proteins (border painted in black).
Tier 2 (Significance A (Benjamini-Hochberg) FDR < 0.05 and p-value < 0.05) contains 44 proteins, with a less
stringent threshold (no border paint). Proteins, which exhibit multiple function, were listed only once with their primary
function, as described on the UniProt Knowledgebase (the 2023_02 released version, [152]). This retina specific
ALMS1 network was set up using experimental and functional interactions extracted from STRING, a curated
database, and finally visualized in Cytoscape [121,122].
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8 Discussion and Outlook

The Alstrom syndrome is a rare monogenic multisystem disorder, which is caused by the
mutated ALMS1 gene. However, the (patho-) mechanism is still elusive. Therefore, the aim of
this thesis was to get a new insight into the function of ALMS1, its role in BB and ciliary function,
as well as to elucidate the underlying mechanism in Alstrom syndrome. For the investigation of
this aim two main analyses were applied. First, the protein complex analysis to identify
interaction partners of ALMS1 and second phenotypic analysis to validate the ALMS1
interactome and the role of ALMSL1 in cilia biology. HEK293T cells were used due to their high
protein yield, their ability to form cilia, and their wide use in protein network studies [120,186—
188]. Furthermore, indels were introduced in the ALMS1 gene of human retinal pigment
epithelial cells (hTERT-RPE1). They were chosen due to planar growth, cytoskeletal
arrangement and their high ciliation rate (80-90%) [189].

8.1 Novel interaction partners of ALMS1

So far, ALMS1 interaction partners were identified by yeast-two hybrid (Y2H) system
experiments, BiolD studies or several affinity purifications coupled with mass spectrometry (AP-
MS) experiments. Latter includes the BioPlex large-scale human interactome study based on
AP-MS [16,190,191]. These studies mainly used ALMS1 fragments, covering the CT with
ALMS1 motif from murine or found ALMSL1 as an interactor/prey. For example, for the yeast-two
hybrid system, the CT end of mouse ALMS1 was used. Disadvantages of the Y2H system
include that protein-protein interaction has to occur in the nucleus to induce reporter gene
activation, a high number of false positive and false negative hits are generated and differences
in protein folding properties, expression and PTM can happen [192]. In this thesis, the focus was
on human full-length ALMS1 protein, which is closer to the physiological protein level and does
not alter protein interactions [193].

To identify and investigate functional important interaction partners, endogenously tagged
ALMS1 was employed for protein complex analysis. A fluorescent tag sequence (sfGFP) at the
C-terminal (CT) end of the ALMS1 gene was introduced via the CRISPR/Cas9 method into
HEK293T cells (Figure 14). An N-terminal tag was not possible due to a high GC-rich region and
repetitive sequences in exon 1 (Woerz et al., under review [3]). Another benefit of introducing a
CT tag is that many transcript variants of ALMS1, which are in total 25, can be covered [194]
(Woerz et al., under review [3]). Rather than transfecting overexpression constructs,
endogenous tagging enables investigation of protein function in full length and in a native
context, as well as it does not alter protein interactions [193,195]. It was previously shown, that

overexpression of ALMS1 displaced endogenous ALMS1 in the past [18]. Another benefit is, that
117



no ALMS1 antibodies are needed, which may have a low affinity to the beads and may not be
specific enough [196] (Woerz et al., under review [3]). The tag has a size of 711 bp, which could
lead to changes in the protein folding properties, a possibly disturbed localization at the
BB/centrosome, which may result in altered centrosomal and cilia biology. To reduce these risks,
| decided to use sfGFP, that should not interfere with the protein folding properties of the tagged
protein [197]. My results showed that despite this rather large tag, the occurring localization was
not disturbed (Figure 15) (Woerz et al., under review [3]).Therefore, the tagged cells are suitable
for protein complex analysis, which led to a successful purification of endogenous tagged 461

kDa ALMSL1 and its potential interaction partners.

The ALMS1-sfGFP interactome presented here included interactors, that are involved in the
same or in similar processes as described by the before mentioned interactome studies. Hence,
our data contribute to the ongoing discussion about the various ALMS1 functions in cell
differentiation, energy metabolism homeostasis, cell cycle control, intracellular trafficking, and
ciliary signaling pathways [16,17]. Furthermore, novel and promising ALMS1 interaction partners
were identified that are involved inter alia in cell cycle, cytoskeletal and cilia-related processes.
The analysis of the resulting data suggests a role of ALMS1 in ciliary basal-body membrane
docking, proliferation, cytoskeletal organization, and signal transduction (Figure 17) (Woerz et
al., under review [3]). Additionally, mass spectrometry analysis of sfGFP tagged ALMS1
revealed that ALMSL is indirectly involved in ciliogenesis (Woerz et al., under review [3]).

Highly promising and functional relevant interaction partners were CEP70 and TUBGPC2
(Woerz et al., under review [3]). CEP70, described by Shi et al in 2011, plays an important role
in microtubule organization and stabilization by regulating tubulin acetylation through the
interaction with histone deacetylase 6 (HDACG6) [70]. Additionally, CEP70 interacts via its coiled
coil domains with y-tubulin, ensuring proper localization to the centrosome [74]. I-tubulin, a
member of the tubulin super-family, is crucial for the microtubule nucleating molecular machinery
known as the y-Tubulin Ring Complex (y-TURC) at the centrosome [46]. ALMS1-sfGFP
interactome data showed a component of the y-TURC: the TUBGCP2 as a possible interactor. It
codes for the y-tubulin complex protein 2 (GCP2) and leads to a neurodevelopmental phenotype
upon mutation [198]. Our results demonstrated an unaffected TUBGCP2 at the BB in ALMS1
deficient cells using localization studies, hinting towards TUBGCP2 upstream of ALMS1 (Figure
9). These findings are in line with previous results from Hearn et al., who described an
association of y-tubulin and ALMS1 at the centrosome and BB of cilia and showed an
unchanged y-tubulin in ALMS1 deficient fibroblasts [116].
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Another interesting ALMSL1 interactor is the A-kinase anchoring protein 8 like (AKAPS8L), a
homolog of AKAP8. AKAPs form macromolecular complexes of cAMP pathway regulators
including adenylyl cyclase (AC) and downstream effectors of cAMP like protein kinase A [199].
AKAPS8L was previously shown to bind protein kinase A regulatory subunit la (Rla) [200].
Additionally, Rla is involved in regulating mTORC1-mediated processes [201]. Further, AKAPSL
positively influences mTORC1 biology and anchors PKA [200]. The mTOR pathway regulates
cell growth, cell proliferation, apoptosis, and autophagy [200,202]. Interestingly, ALMS1 was also
reported to be involved in cell cycle transition [88], which might indicate, that both proteins are
part of the same mechanism regulating cell cycle progression. ALMS1 KO hTERT-RPE1 whole
cell lysate was investigated regarding AKAPSL protein expression (Figure 18). The ALMS1 KO
demonstrated no influence on total AKAPS8L protein level. However, this does not provide any
conclusion if AKAPSL localization or function is altered. To investigate a functional interplay, a
co-localization of ALMS1 and AKAPSL could be investigated. Intriguingly, AKAP-mediated PKA
anchoring regulates contractile function in cardiomyocytes [203]. Disturbed contractility can lead
to dilated cardiomyopathy [204], which is one major symptom (~60%) of Alstrém patients [205].
Even more interesting, the data presented in this study suggest an interaction of ALMS1 main
interactor CEP70 with protein kinase A regulatory subunit 11 (PRKAR2B) and AKAPS8 (Figure
23, see 10.7.4). This emphasizes the potential role of ALMS1 and CEP70 in this tissue specific
process and hints at the possibility that this mechanism has a similar impact in other tissues as

well.

A recently described method by Ghetti et al. (2021) offers a novel approach for achieving rapid
and efficient CRISPR/Cas9-mediated knock-in in hTERT-RPEL1 cells, as well as in induced
pluripotent stem cells (iPSCs) [206]. Implementing this method could significantly contribute to
identifying interaction partners in a more specific manner, tailored to the retinal or ALMS patient
context. By utilizing this technique, researchers can enhance the relevance and precision of their
investigations, providing valuable insights into the molecular interactions associated with ALMS

and retinal function.

8.2 ALMS1 shows no impact on insulin marker expression in hTERT-
RPE1

One of the major symptoms Alstrdm patients suffer from is diabetes type Il (~90%) [110].
Interestingly, the presented ALMS1-sfGFP interactome study revealed TSG101 and STAM as
interesting interactors linking ALMS1 function to the transport of Glucose transporter-4 (GLUT4)
and therefore insulin signaling [207,208] (Woerz et al., under review [3]). It was also shown, that
ALMS1 interacts with Actinin 4 (ACTN4), which in muscle cells is involved in GLUT4 trafficking
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[112]. GLUT4 is a glucose transporter that facilitates insulin regulated glucose uptake into fat
and muscle cells [209]. The Tumor susceptibility gene 101 protein (TSG101), a member of the
endosomal sorting complex required for transport (ESCRT)-I complex, emphasizes vesicular
trafficking as well as sorting and re-distribution of GLUT4 in cardiac myocytes [207,210,211].
Signal transducing adapter molecule 1 (STAM) is a member of ESCRT-0 complex, which
interacts with TSG101 of ESCRT-I complex, inducing the ESCRT mediated endosomal
trafficking [150,208,212]. ALMS1 may serve here as a modulator or stabilizing scaffold protein,
to facilitate proper GLUT4 transport by mediating vesicular trafficking via TSG101.

ALMS1 was also suggested being involved in glucose transport via the actin cytoskeleton
[155,213], which is important for insulin stimulated GLUT4 transport. Furthermore, the ALMS1-
sfGFP IP data revealed three proteins, Vasodilator-stimulated phosphoprotein (VASP),
Desmoglein-2 (DSG2) and Neuroblast differentiation-associated protein AHNAK (AHNAK), that
support actin organization. Therefore, investigation of the interplay of TSG101, GLUT4 transport
and the actin cytoskeleton using localization studies could be performed in the future. To gain
initial insights into the structural arrangement/organization of actin cytoskeleton in human retinal
cells, a phalloidin staining, that binds to F-actin, can be performed. Since hTERT-RPE1 cells
lack GLUT4, it would be interesting to investigate TSG101 in insulin signaling in ALMS patient
derived fibroblasts or organoids (https://www.proteinatlas.org/ENSG00000181856-
SLC2A4/cell+line).

A different approach that could be of use, is metabolomics, which could help to link and narrow
the metabolic involvement of ALMS1 in human ciliated cells. So far, one untargeted metabolome
and transcriptome study identified a connection between ALMS1 and specific metabolites by
revealing three potential candidates: (N(alpha)-acetyl-dl-ornithine, N(alpha)-acetyllysine, and N-
acetyl-l-aspartate (NAA)) [214]. This could link the causally metabolic function of ALMS1 to
Alstrém syndrome.

In general, insulin (PISK/AKT) signaling pathway is involved in glucose and lipid metabolism and
homeostasis as well as cell survival and cell proliferation [156,157]. Under pathophysiological
conditions of this pathway, obesity and type 2 diabetes can be evolved. It was also shown that
ALMSL1 loss alters TGF-B pathway, which could also influence other signaling pathways such as
the p53, MAPKs and PI3K/AKT pathway [157,215-218]. Bea-Mascato et al. showed an
inhibitory effect of TGF-B on downstream processes, such as cell proliferation, cell migration and
recycling of receptors due to ALMSL1 loss [215,219]. Thus, ALMS1 wildtype and KO hTERT-
RPEL1 cells were treated with insulin to stimulate glucose uptake and investigate any deviation of

the insulin signaling pathway upon ALMSL1 loss. Therefore, the level of proteins involved in
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insulin and glucose signaling, such as AKT, pAKT (Figure 19), GSK3B (Figure 20), and CREB
(Figure 21) were investigated.

Regarding protein kinase B (AKT), activation occurs due to phosphorylation of Thr308 and
Ser473 by 3-Phosphoinositide-dependent protein kinase 1 (PDK-1), inducing inter alia glucose
metabolism [156-158]. AKT involvement in insulin signaling upon ALMSL1 loss is so far elusive. It
was shown, that AKT activation on pre-adipocytes lead to no alterations, while in certain mice
tissues exhibit enhanced activation or even inhibition of AKT due to ALMS1 loss [155,215,220].
An initial experiment with control and ALMS1 KO cells showed no direct involvement of ALMS1
on AKT expression or phosphorylation level. This variability could be either due to three AKT
isoforms with different phosphorylation sites, that are present in different tissues [215,221] or an
ALMS1-independent role [16].

Glycogen synthase kinase 3 (GSK3) was proven as a significant player in the emergence of
insulin resistance, primarily owing to its involvement in the regulation of glycogen synthesis
[160,222—-224]. GSK3 comprises two homologous isoforms including GSK3a and B, with
postulated distinct functions. Insulin has an inhibitory effect on GSK3 via phosphorylation
resulting in glycogen synthetase (GS) activation followed by glucose storage in form of glycogen.
Ablation of GSK3 leads to obesity and type 2 diabetes via inactivation of GS [225]. Interestingly,
ALMS1 was identified as an interactor of GSK3B in a proximity-labeling followed by MS
[226,227]. In the ALMSL1 protein-protein interaction study presented here, GSK3B was also
found as an interactor of ALMS1, suggesting a regulatory function of ALMS1 on GSK3B. To
further investigate this interaction hTERT-RPEL control and ALMS1 KO cells were compared on
protein level regarding pGSK3[ (Figure 20). The cells were either untreated or stimulated with
insulin and upon initial analysis a clear increase of pGSK3p intensity from untreated to insulin
treated was visible. This proves the functionality of this experiment, which is consistent with the
findings that AKT phosphorylates and inactivates GSK3 [228,229]. In untreated conditions a
slight increase in pGSK3 from control to ALMS1 KO can be seen, which suggests activation of
downstream substrates, such as GS leading to glycogen synthesis. Unfortunately, this effect
was not visible by comparing control and ALMS1 KO under insulin stimulated conditions. The
observed mild increase in basal level pGSK3B could potentially be attributed to additional
signaling pathways. GSK3p plays a crucial role in various pathways, including Wnt signaling,
which might contribute to its altered expression [230,231]. This preliminary result suggests,
either no direct link between ALMS1 and GSK3B or a mechanism independent of
phosphorylation of GSK3B. An alternative hypothesis could be the occurrence of genetic
compensation, wherein alterations in RNA or protein levels may serve as a compensatory
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mechanism for the loss-of-function of a another gene [232]. Further, it would be interesting to

investigate a potential inhibitory effect of ALMS1 on GS, resulting in insulin resistance.

Another protein, cAMP response element-binding protein (CREBL1), is involved inter alia in
glucose homeostasis [161,233]. For example, in pancreatic beta cells, CREB plays a role in
insulin secretion. When glucose levels rise, it leads to an increase in intracellular ATP levels,
which subsequently activates the enzyme adenylyl cyclase (AC). AC generates cyclic AMP
(cAMP), which then activates protein kinase A (PKA). PKA phosphorylates and activates CREB,
which in turn promotes the expression of genes involved in insulin secretion and beta cell
function [234,235]. To investigate a potential influence on insulin dysregulation upon ALMS1 loss
via CREB1, ALMS1 KO and control hTERT-RPE1 cells were stimulated with insulin or not
(Figure 21). No change of CREB1 protein level was detected, which suggests no influence of
ALMS1 on CREB1. However, phosphorylated CREB1 was not investigated, which might give
valuable insights inter alia in glucose sensing and insulin secretion alterations
[161,234,236,237].

As previously described, CEP70 was found to interact with PRKAR2B and has an influence on
cAMP signaling in heart tissue, that might be the cause for dilated cardiomyopathy. Further, |
hypothesized the possibility that this involvement could lead to symptoms in other tissues as
well. Here, the described connection of ALMS1 close interactor CEP70 with PRKAR2B,
respectively ALMS1 with GSK3, and hence their impact on cAMP signaling might influence
insulin signaling as well as beta cell function and may ultimately lead to type 2 diabetes.
Concluding that an affected cAMP signaling in Alstrom patients could explain two of their main

symptoms.

In conclusion, the ALMS1 network study offers novel and interesting insights into potential
interactors that connect with previously published data. No direct impact of ALMS1 on
protein/expression levels of the so far investigated candidates could be confirmed in both native
(wt) and ALMS1 deficient hnTERT-RPEL cells. It is important to note that the absence of GLUT4
in the utilized cell lines might contribute to this outcome, and it raises the possibility that ALMS1,
as hypothesized, is essential for GLUT4 transport. In addition, the observed reaction of RPE1
cells to insulin treatment further suggests a possible interaction of ALMS1 with other members of
the GLUT family. Furthermore, it is possible that ALMS1 plays a role in facilitating the
appropriate localization of these interactors to ensure proper functioning, rather than exerting an
inhibitory effect. Thus, additional investigations using different cell lines, such as HEK293T cells

for a rapid assessment, as well as ALMS-patient derived fibroblasts or organoids, along with
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localization studies, would help to reveal if ALMSL1 is truly involved in insulin signaling such as
GSK3B phosphorylation or GLUT4 transport.

8.3 ALMSI1 function in cilia biology

First, indels were introduced into the ALMS1 ex 8 and/or ex10 using the CRISPR/Cas9 method
(Table 22, Figure 6). Therefore, exon specific sSgRNAs were designed using the CCtop online
tool [137] and chosen due to a low off-target effect prediction [137,238]. These off-targets are
located in intergenic and intronic sequences showing three to four mismatches and were
therefore neglected [239]. Characterization of the introduced indels showed for ALMS1 ex 8 a
reduced ALMS1 localization at the BB with unaltered ciliary length compared to the control,
suggesting a truncated ALMS1, which may represent a milder progression of patients with
ALMS1 ex 8 mutations [240] or due to genetic compensation in CRISPR/Cas9 mutants, while in
knock-down models not [241] (Figure 7, Figure 8). To address this, the effect upon complete
loss of ALMS1 needs to be first understood, which could help to explain truncated ALMS1
function in the future. Additionally, a truncated ALMS1 variant needs to be verified in ALMS
patient derived cells to exclude potential artefacts. Therefore, the ALMS1 ex 8 mutant was
excluded from the study.

In contrast to ALMS1 ex 8 KO, ALMS1 ex 10 as well as both ALMS1 ex 8-10 KO cells showed
no ALMS1 localization at the BB of cilia (Figure 7, Figure 8) (Woerz et al., under review [3]). A
Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE), that enables separation of proteins
according to their net charge, size (up to 10 MDa) and native structure, was performed with one
sample of HEK293T lysate (native ALMS1) and two samples of ALMS1-sfGFP eluate (kindly
conducted by PhD student Klaudia Maruszcak, AG Rapaport, Biochemistry department,
University Tuebingen) [242,243]. A faint band at around 460 kDa for HEK293T cell lysate was
observed, while the eluates showed inconclusive results due to lack of specific controls, such as
ALMS1 deficient cells (see 10.6). In the future, additional investigation including patient-specific
mutations can be investigated, once a clear phenotype in ALMS1 KO will be described, which

could be used as a read-out.

ALMS1 deficient cells displays an overall mild increase in y-tubulin (TUBGCP1 and TUBGCP2)
signal at the basal body (Figure 9). However, it's important to acknowledge that these results
display significant variability. Interestingly, in ALMS patient-derived fibroblasts from the skin, y-
tubulin levels appear to remain unaffected [116,119]. Notably, increased y-tubulin levels have
only been observed in cancer cells [244] . Further analyses have to be conducted to investigate

and understand the specific impact of ALMS1 on y-tubulin.
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The role of ALMS1 in cilia formation is a subject of extensive discussion in ALMS1 mutant
models, proposing both direct and indirect involvement [16,18,66,117-119]. In a recent study by
Alvarez-Satta et al., longer and bended cilia were observed in an ALMS1 knockdown model
using hTERT-RPEL cells [87], whereas my ALMS1-deficient cells displayed mostly shorter cilia
(Figure 7, 8). Moreover, co-staining of ARL13B and acetylated tubulin excluded transport and
localization defects of ARL13B in the ciliary membrane and confirmed ciliary shortening (Figure
7). In the beginning, the ALMS1 ex 10 KO exhibited longer cilia, which became shorter over
time. Furthermore, it could be that the longer cilia of ALMS1 ex 10 KO become unstable,
resulting in subsequent shortening. Alternatively, cells may require an extended timeframe to
form cilia. This can be addressed by an increase of serum deprivation time. Cilia assembly is
potentially influenced by factors such as a slower proliferation rate, centrosomal cohesion or
impaired signaling. Unfortunately, conducting a rescue experiment to restore ciliary length
remains a formidable challenge, owing to the significant size of the ALMSL1 protein (~ 0.5 MDa).
An ALMS1 variant lacking exon 2 fused to a N-terminal Flag tag was obtained from Addgene
(Plasmid #136877) and was tested. The expression of ALMS1 variant relies on doxycycline
induction. However, obtaining conclusive results proved elusive as the ALMS1 antibody epitope
sequence did not align with the ALMS1 variant sequence in the plasmid. Additionally, the lack of
a suitable Flag antibody for localization studies thwarted the verification of successful
transfection.

Discrepancies in the observed phenotype may arise from differences in the experimental setup,
including the utilization of an ALMS1 knockdown model in hTERT-RPEL1 cells by Alvarez-Satta
et al. or different serum deprivation time points. Speculation remains regarding whether
genotype-phenotype correlations contribute to the variation in ciliary length, as accurately
assessing isoform-specific levels of ALMS1 protein remains challenging. Consequently, distinct
mutations may induce diverse phenotypic features, influencing the development and
manifestations of ALMS [119,245]. Mutations that profoundly affect the structure or function of
the ALMSL1 protein may lead to more severe organ phenotypes.

CEP250 modulates the anchoring of the centrosomal linker and the ciliary rootlet promoting
centriole cohesion. Disease involvement of CEP250 was described for cone-rod dystrophy and
hearing loss (OMIM: 618358), which are also presented in Alstrom syndrome. It was previously
shown, that CEP250 is reduced at the BB upon ALMSL1 loss, which aligns with the findings
obtained from ALMS1 deficient cells used in this study (Figure 10, 11). Another protein of
interest, pericentriolar material 1 (PCM1), was investigated, as it is inter alia essential for
centrosome assembly and function, ensuring the proper localization of key centrosomal proteins

including CEP250, CETN3, PCNT, and NEK2 [133,134]. Interestingly, PCM1 remained
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unaffected upon ALMS1 loss (Figure 10), indicating a potential CEP250-depedendent
localization on PCM1 and ALMSL1. Furthermore, previous studies have indicated that CEP250 is
not directly involved in cilium formation or maintenance [246—248], while another study proposed
its influence on centrosomal cohesion and cilia assembly [249]. Based on these findings, it could
be hypothesized, that the reduction of CEP250 at the BB upon ALMS1 loss may contribute to a
shortage in ciliary length. To further investigate this hypothesis, rescue experiments utilizing
overexpression constructs for CEP250 in ALMS1-deficient cells could provide valuable insights.
As already indicated, CEP250 alteration show similar phenotypic features as described in ALMS.
These results suggest ALMS1 upstream of CEP250 leading to retinal degeneration and hearing
loss, while other ALMSL1 interacting proteins lead to different phenotypical features such as type
2 diabetes. In this case, ALMS1 might exhibit a scaffold protein function. A deletion analysis of
domain specific fragments of ALMS1 might also shed light onto this postulation by identifying
domain specific interaction partners and validation of their functions.

Further, positioning and anchoring of the basal body of a cilium, using rootletin was investigated
(Figure 10). Rootletin is an important component of the ciliary rootlet and facilitates maintenance
of centrosome cohesion and long-term stability of primary cilia [131,132,250,251]. However, in
the data presented, the loss of ALMS1 did not affect rootletin compared to the control. As of
now, there is no direct evidence of a direct connection between ALMS1 and rootletin function or
how rootletin may influence the development of ALMS.

Retinitis pigmentosa GTPase regulator (RPGR) which mainly localizes to the ciliary gate, the
transition zone, of cilia was investigated in ALMS1 deficient hTERT-RPEL cells. RPGR is linked
to progressive retinal degeneration and subsequent vision loss in retinitis pigmentosa patients.
The protein is postulated to interact with transport processes and to be involved in cilia formation
[252]. By comparing control to ALMS1 KO cells, a compressed RPGR was observed (Figure 12).
To identify RPGR dysfunction, a known interactor of RPGR the IFT88 was investigated [253].
IFT88, a core member of IFT B complex, remained unaffected suggesting an unaffected
intraflagellar transport in the presented ALMS1 KO cells, in contrast to recent findings that
showed impaired ciliary transport in ALMS151645/51645" fiproblasts [107]. This result indicates a
preserved RPGR function, despite its compressed morphology in shorter cilia. These findings
could be also tissue or cell-specific and need to be further investigated with more than one
ALMS-patient derived fibroblast.

Furthermore, polyglutamylated tubulin (GT335) was checked in ALMS1 KO hTERT-RPEL cells
(Figure 12). Polyglutamylation of tubulin has been implicated in several cellular processes,
including microtubule stability, intracellular transport, and ciliary function [26,135,254,255].

Aberrant polyglutamylation has also been associated with certain neurodegenerative diseases,
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such as Alzheimer's disease and Parkinson's disease. Upon ALMS1 loss in hTERT-RPEL1 cells
no difference in polyglutamylation of tubulin were observed, suggesting, shorter cilia with
unaffected stability, that ensures proper IFT transport, at least for IFT88.

Additionally, to comprehensively identify differentially expressed proteins and quantify the extent
of these changes in control and ALMS1 knockout (KO) hTERT-RPE1 cells, a data-dependent
acquisition (DDA) or data-independent acquisition (DIA) analysis using mass spectrometry can
be employed. These powerful techniques enable the detection and characterization of proteins,
allowing for the identification of cell-specific protein alterations following ALMS1 loss [256—-258].
The versatility of this approach makes it applicable to various tissues, facilitating the
investigation of protein changes in diverse biological contexts and to identify a potential disease-

causing mechanism.

8.4 CEP70 interacts with ALMS1 and vice versa

Next, to confirm the ALMSL1 interaction with CEP70 a protein complex analysis for CEP70 was
conducted. Therefore, CEP70 was fused to a N-terminal Strep/Flag-Tag vector (NSF-CEP70).
Since an overexpression model enables the comparison of isoforms as well as domain specific
fragments, that mostly cannot be effectively achieved using endogenous tags or antibodies.
Transient overexpression of proteins can be advantageous, despite the risk of artifacts and of
false negative or false positive results, [193]. Additionally, when it comes to detecting interactors,
this approach may only be successful through ectopic expression rather than endogenous
precipitations. While this could be attributed to differences in sensitivity, it highlights that ectopic
expression can yield rapid and significant results, albeit with a higher potential for false positive
detections [193,259]. Interestingly, among other proteins, ALMS1 was found in the CEP70
interactome data. Based on these results of two independent protein complex studies presented
here, a strong interaction between ALMS1 and CEP70 can be suggested.

To gain further insights into the functional relationship between ALMS1 and CEP70, CEP70 KD
in wt and ALMS1 KO (ALMS1 ex 8-10 KO 2) hTERT-RPEL cells were performed. A gradual
decrease in cell number in ALMS1 deficient cells compared to control cells was observed
(Figure 26). This decline could be attributed to either a deceleration in cell cycle progression,
increased detaching of cells or an increase in cell death upon loss of ALMS1. ALMS1 KO
hTERT-RPEL cells showed a decrease in cell proliferation using crystal violet, which could
influence the cell fate towards cell loss (Figure 8). A previous study highlighted the role of
ALMS1 in regulating various cellular processes, including the cell cycle and apoptosis, through
the TGF-B pathway [87,88]. They observed an apoptosis resistance to THAP- and C2-C

treatment upon ALMS1 deficiency [88]. Furthermore, it was already found that longer cilia
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promote cell cycle re-entry delay and apoptosis resistance [219,260,261], while shorter cilia
promote cell death in neuronal cells [262]. In ALMS1 KO cells the ciliary length was shorter and
cell loss were detected. These findings suggest a potential connection between the length of
cilia and cellular responses such as cell cycle regulation and apoptosis.

Furthermore, in the ALMS1 interactome study, proteins involved in cell-cell adhesion were
identified, such as Desmoglein-2 (DSG2), a component of the desmosome junctions (Figure 17).
It was previously linked to be involved in caspase 3-mediated apoptosis in epithelial cells [263].
While caspases play a critical role in apoptosis, recent studies suggest that caspases are not
universally essential for all forms of cell death. Furthermore, caspase activation does not always
result in cell death, highlighting the complex nature of cell fate regulation. [263—265]. Low levels
of caspases, e.g. caspase-3, was shown in mildly stressed cells to prone cell survival [265,266].
Furthermore, caspase-3 influence cell cycle checkpoint regulators even without causing cell
death. This mechanism is so far still elusive and poorly understood [265,267]. To investigate a
potential DSG2 and caspase-3 involvement leading to cell loss/survival in the used hTERT-
RPEL1 cells, localization studies could be performed, as well as a luminescent assay to measure
caspase activity. Furthermore, it could be tested whether the detached cells are still viable or
death by using either propidium iodide solution or trypan blue. Another method would be
mitochondrial fractioning to study cell death and signaling pathways [268,269].

The interaction analysis of CEP70 identified proteins, involved in cilia-related functions as well
as in regulation of apoptosis (Figure 23). Notably, a truncated CEP70 form lacking its coiled caoll
(CC) domains, revealed a loss of ALMS1, other ciliary proteins, and apoptosis regulators. These
findings indicate that the two CC domains of CEP70 are vital for its appropriate localization at
the centrosome, independent of ALMS1 (Figure 24) [74,168] (Woerz et al., under review [3]).
This was further confirmed by unaffected CEP70 localization in ALMS1 KO cells (Figure 25),
emphasizing the distinct centrosomal localization mechanism of CEP70. Moreover, upon CEP70
KD in hTERT-RPE1 wt cells, a significant decrease of the ALMSL1 signal at the base of the cilia
compared to siControl treated wt cells was observed (Figure 27) (Woerz et al., under review [3]).
This result suggests CEP70 upstream of ALMS1 with a potential regulatory or stabilizing function
on ALMS1. To gain a deeper understanding of the relationship between CEP70 and ALMS1, it
would be valuable to explore these findings in patient-derived cells. Such investigations could
provide valuable insights into the connection between CEP70 and ALMS1 and the potential
clinical significance of CEP70 in relevant disease contexts (Woerz et al., under review [3]).

A potential link between those two proteins could be the Lys-63-specific deubiquitinase BRCC36
(BRCC3), that was identified in the ALMS1 interactome. CEP70 has to be de-ubiquitylated to

ensure stable cilia formation [75], that involves the ubiquitin carboxyl-terminal hydrolase CYLD.
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However, CYLD was not found in the interaction data, suggesting a transient interaction.
Therefore, BRCC3 could be an interesting candidate, although a cilia-related function is so far
elusive (Woerz et al., under review [3]).

There are additional CEP70 interactors, that have been implicated in insulin receptor binding,
suggesting a potential link to insulin resistance in ALMS patients. For example, Ectonucleotide
pyrophosphatase/phosphodiesterase family member 1 (ENPP1). ENPP1 exerts its effect by
inhibiting the activity of the insulin receptor (IR) and consequently impeding downstream
signaling pathways [270].

To sum up, the identification of ALMS1 as an interactor of CEP70, binding specifically the TPR-
CT domain, suggest a potential ALMS1 independent localization of CEP70 to the
centrosome/BB.

The differential binding of various proteins and their involvement in apoptosis regulation,
ubiquitin function, and CEP70-dependent cell death highlight their significance in the context of

CEP70’s cellular function (Woerz et al., under review [3]).

8.5 CEP70 KD induces apoptotic events on mRNA level in hTERT-
RPE1

To investigate a potential apoptotic event, the BAX/BCL2 ratio on mRNA level was examined for
control and three ALMS1 KO hTERT-RPEL cells, either with or without CEP70 downregulation
(Figure 28). Upon normalization to the Cas9 control, the BAX/BCL2 ratio of two ALMS1 KO cells
(ALMS1 ex 8-10 KO 1 and 2) indicate an already occurring apoptotic event, while only one
ALMS1 KO (ALMS1 ex 10 KO) demonstrated a pro-survival ratio. Zulato et al. [219] and Bea-
Mascato et al. [88] suggested an apoptosis resistance in ALMS1 deficient cells, which could be
in line with ALMS1 ex 10 KO. However, the two other ALMS1 KOs (ALMS1 ex 8-10 KO 1 and
KO 2) revealed an apoptotic event on mRNA level. The precise apoptosis effect upon ALMS1
loss on protein level is so far elusive and needs further investigation in the future. However, an
increased cell death accompanied by a decreased cell proliferation rate was identified in ALMS1
deficient B-cells of zebrafish models [271]. It could be hypothesized, that specific mutations in
the ALMS1 gene may trigger apoptotic events in a tissue specific manner, which might lead to a
more severe and progressive phenotype in ALMS patients, particularly early photoreceptor
degeneration. This hypothesis could be further supported by previous studies, that linked
apoptosis to retinal degeneration [272].

Next, the BAX/BCL2 ratio was investigated, by downregulating CEP70 in wt and ALMS1
deficient cells (here: ALMS1 ex 8-10 KO 2). In this experiment, CEP70 knockdown (KD) (10nM)

in native hTERT-RPE1 cells shows an increase in BAX/BCL2 ratio on mRNA level, while
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knockdown of CEP70 in ALMS1 deficient cells leads to a shift towards cell survival. With utilizing
30 nM siCEP70 in wt and ALMS1 KO cells, no apoptotic event was suggested on BAX/BCL2
mMRNA level. However, the cell loss in ALMS1 KO cells with an additional CEP70 KD, which was
described earlier, needs to be also considered, implying the concentration of 30 nM might be too
high. No marker for successful transfection was used, which makes it unclear if the remaining
cells have a CEP70 KD. Therefore, a fluorescently labeled siRNA could be used [273].
Additionally, it has to be considered, that already a potential apoptotic effect of the Cas9 control
(Figure 28 A) was detected. Given that the siControl, a commercially available non-targeting
DsiRNA (DS NC1, IDT), also already demonstrated an effect on cell loss and staining efficacy,
an additional control, such as the DsiRNA with a scrambled sequence could be utilized (DS
ScrambledNeg, IDT). Additionally, optimizing and evaluating the transfection method is crucial,
as some reagents may offer improved efficiency [274,275].

The results obtained in this study provide evidence suggesting, that CEP70 influences cell death
and/or cell survival based on the experimental findings presented (Figure 36). Controversially, it
was previously shown, that despite the centrosomal localization of CEP70, it is crucial for
development and cell cycle regulation. Notably, CEP70 has been shown to play a diverse role in
different organisms, such as regulating centriole amplification in multi-ciliated cells in Xenopus
[168], participating in flagella formation and spermatogenesis in mice [276], and controlling left-

right development and ciliogenesis in zebrafish [72] (Woerz et al., under review [3]).
A B
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Figure 36 Simplified BAX-BCL2 interaction in relation to gained results

A, A simplified representation of the relationship of BCL2 and BAX in cell fate. BCL2 inhibits BAX, promoting cell
survival, while suppression of BCL2 activity releases the inhibition on BAX, leading to cell death.

B, In the left panel, a simplified overview illustrates the relationship between BCL2 and BAX. The experimental setup
involved wildtype (wt) and ALMS1 knockout (KO) cells treated with two different concentrations of siControl or
SiCEP70. Based on the observed outcome of this experiment, the cells are categorized into three groups: cell-survival
(depicted by light green), homeostasis (shown as light grey), and apoptosis (represented by light red).
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8.6 Retina-specific interaction partners of ALMS1

In this thesis, another endogenous tag, RFP-HA, was employed to identify retina-specific
interaction partners of ALMS1. An initial ALMS1-RFP-HA protein complex analysis without retina
revealed novel and potential ALMS1 interaction partners, that are linked inter alia to cytoskeletal
function, signaling, cell proliferation, and apoptosis. By comparing the ALMS1-RFP-HA and the
ALMS1-sfGFP data an overlap of two proteins (CEP70 and AKAPS8L) was identified (Figure 31).
The observed differences could be partially explained through the application of two different
methods, in-solution digest vs on-bead digest [277]. While the on-bead digest methodology
involves direct digestion of proteins on the beads, the in-solution digest method involves
digestion of eluted proteins within a solution. Additionally, the initial experimental setup had
some limitations, as the ALMS1-RFP-HA cells were not starved prior to lysate generation, and
no phosphatase inhibitor cocktails were added to the TBS wash buffer. These factors might have
led to the loss of certain protein complexes, potentially affecting the identification of ALMS1
interaction partners, that were found with ALMS1-sfGFP.

In a next step, retina-specific interaction partners were identified by performing a retina specific
pull down (Figure 35). ALMS1 was already shown to localize at the BB of cilia in ciliated cells. A
localization study of ALMS1 and GT335 in human retina presented their presence in the
photoreceptor segment (Appendix Figure 44). This supports the retina specific interactome
investigation of ALMS1 with ALMS1-RFP-HA tagged HEKT cells. ALMSL1 is not well conserved
among species, which makes an investigation challenging [18]. Since amounts of up to 4 mg
with a minimum of 2 mg are necessary for retinal pull down [180], it is not possible to use
organoids or human eyes due to limitation in quantities, availability, long generation times and
costs. Therefore, the porcine eye was used for retina lysate generation, due to protein sequence
similarities of porcine and human ALMSL1 protein (see 10.10.5). By performing the retina pull
down, novel and potential retina specific ALMS1 interaction partners were identified, harboring
functions inter alia in cell proliferation, cytoskeletal function, signal transduction, cilium
organization and transport. Among these potential ALMS1 interactors, CEP70 remains
unidentified, suggesting a tissue-specific function other than in the retina. However, another
interesting interaction partner, the protein nephrocystin-4/nephroretinin (NPHP4), was found.
NPHP4 mutations are linked to Nephronophthisis (NPHP), showing similarities with other
ciliopathies, such as the Alstrom syndrome [111]. NPHP4 localizes to centrosome and basal
body, like ALMS1, and is suggested to be essential for proper photoreceptor ribbon synapse
maintenance as well as outer segment assembly [278]. Therefore, a co-localization would be of

interest to decipher their concomitant roles, for example in centrosomal localization, in sensory
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signal transduction and cytoskeletal organization [278—280]. Another protein that was found is
centrosomal protein CCDC61 (CCDC61), which is important for cytoskeletal function and cell
proliferation by ensuring centriole cohesion and positioning independently of CEP250 and
rootletin [281]. CCDC61 was also described as a paralog of Spindle assembly abnormal protein
6 homolog (SAS6) protein, which is necessary for centriole biogenesis ensuring the 9 fold
symmetry of centrioles [282]. Despite the unaltered y-tubulin in the ALMS1 deficient cells, it
would be interesting if ALMS1 exhibits a role in BB structure maintenance.

Another interesting protein, that was identified with this experiment, is ADP-ribosylation factor-
like protein 6 (ARL6/BBS3). ARL6 was already described for Bardet-Biedl syndrome (BBS) by
modulating ciliogenesis and Whnt signaling pathway [283]. Based on the similarities of ALMS and
BBS phenotype, it would be interesting to investigate the localization of ARL6 as well as Wnt
signaling in ALMS1 deficient cells [283]. This could identify novel functions of ALMS1 and could
also help to explain partially the ciliary phenotype presented in this study.

Another interesting protein is Neurogenic locus notch homolog protein 2 (NOTCH2), which is
involved in cell proliferation, cell differentiation and cell fate [284,285]. Interestingly, a previous
study has indicated a potential association between ALMS1 and Notch signaling. ALMS1
deficiency has been linked to disrupted Notch receptor trafficking via late endosomes, resulting
in an overactivation of the Notch signaling pathway [286]. Remarkably, this defect appears to be
independent of the recycling process, as both the membrane and ciliary localization of the Notch
receptor remain unaffected [16,286]. This overactivated Notch signaling pathway has been
associated with certain phenotypic features of Alstrom syndrome, including inter alia insulin

resistance [16].

Furthermore, this experiment gives valuable information on retina specific ALMS1 interactions as
well as information to derive new hypotheses. Interaction partners, that are involved in
development could also hint towards a potential role of ALMS1 in developmental processes. For
the first time, photoreceptor precursor cells (PPCs, kindly generated and provided by Pietro di
Angeli, AG Wissinger, Molecular Genetics Laboratory, Institute for Ophthalmic Research) [287]
were stained for ALMS1 and cilia (ARL13B). Surprisingly, ALMS1 can be found at the BB of cilia
in PPCs, towards a potential developmental involvement of ALMS1 (see 10.12 Appendix Figure

45). This finding provides a new cell model to study ALMS1.

This thesis represents a significant contribution to our understanding of ALMS1’s functions,
particularly in the context of cilia-related processes. For the first time, potential interaction
partners of full-length ALMS1 were identified (Woerz et al., under review [3]). Moreover, a

domain-specific interaction between ALMS1 and CEP70 was described with a modulatory
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function of CEP70 on ALMS1 as well as an influencing and modulating role of ALMS1 and
CEP70 in cell survival (Woerz et al., under review [3]). Additionally, the study indicates and
suggests, that ALMS1 may possess multiple functions, potentially stabilizing, modulating, and

regulating other proteins.

In the future, a combination of ultrastructure expansion microscopy (U-ExM) with super-
resolution microscopy holds great potential for visualizing and identifying the preserved
ultrastructure organization within the centrosome as well as (co-) localization of potential
interaction partners of ALMS1 at the centrosome [288,289]. Assessing the potential involvement
of ALMS1 in more dynamic processes might be interesting, particularly protein biosynthesis,
which is important for cell differentiation or endocytosis for energy metabolism [290-292].
Furthermore, ALMS1’s impact on signaling processes like insulin, Wnt, Notch, and others could
be explored by employing inhibitors and activators for further investigation. This might help to
identify the precise localization and interaction of ALMS1 and its potential binding partners,

paving the way for a deeper understanding of ALMS1 and centrosome-related processes.

To strengthen these findings, validation of gained results and in-depth analyses using patient-
derived fibroblasts and/or organoids are essential. Given the variability of phenotypic features in
ALMS patients, these models offer unique advantages in studying and identifying dysfunctions
specific to ALMS1-dependent mechanisms, including cytoskeletal arrangement and cilia-
dependent signaling. Furthermore, exploring the functional relevance of the identified interaction
partners in the context of ALMS will lead to a deeper understanding of ALMS1's role in the

disease.
Overall, this thesis expanded our knowledge on ALMS1, opening new avenues for further

research to understand the precise molecular function of ALMS1, which potentially pave the way
for the development of therapeutic strategies.
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10 Appendix

10.1Sequences of ALMS1 exon 8, 10, 23

10.1.1 ALMS1 exon 8 (ENSE00003712451)
GAGACACTTCTAAAGGAGGCATAGCTAAAGTTACTCAATCCAACTTGAAGTCAGGCATCACT
ACCACTCCTGTTGATTCAGACATTGGATCTCATTTATCCTTGTCCCTTGAGGACCTGTCTCA
GTTGGCTGTAAGTTCTCCTCTAGAAACTACTACTGGTCAACACACTGATACTCTCAACCAAA
AGACATTAGCAGATACTCATCTAACTGAAGAGACTCTGAAAGTCACAGCTATTCCTGAACCA
GCTGACCAGAAGACTGCAACACCAACAGTACTCTCTAGTTCCCACTCACATAGGGGGAAGC
CCAGCATTTTCTACCAGCAGGGCTTGCCAGACAGTCATCTAACTGAAGAGGCTTTGAAAGT
TTCAGCTGCTCCTGGACTAGCTGACCAGACAACTGGCATGTCAACTCTAACCTCTACTTCCT
ACTCACATAGAGAGAAGCCTGGTACTTTTTACCAACAAGAGTTACCAGAGAGTAACTTAACC
GAAGAGCCTTTGGAAGTTTCAGCTGCTCCTGGCCCAGTGGAGCAGAAGACGGGAATACCT
ACAGTATCCTCTACATCCCACTCACATGTAGAGGACCTCCTCTTTTTCTATCGACAGACCTT
GCCAGATGGTCATCTAACTGATCAGGCTCTGAAAGTCTCAGCTGTGTCTGGACCAGCTGAC
CAGAAGACTGGGACAGCAACAGTACTCTCTACTCCCCACTCACATAGAGAGAAGCCTGGTA
TTTTTTACCAACAAGAGTTCGCAGACAGTCATCAAACTGAAGAGACTCTTACTAAAGTTTCA
GCCACTCCTGGACCAGCTGACCAGAAGACTGAGATACCAGCAGTACAGTCTAGTTCTTACT
CACAAAGAGAAAAGCCTAGTATTTTGTACCCACAGGACTTAGCAGACAGTCATCTACCTGAA
GAGGGTCTGAAAGTTTCAGCTGTTGCTGGACCAGCTGACCAGAAGACTGGCCTACCAACA
GTACCCTCTAGTGCATACTCACACAGAGAGAAGCTCCTTGTTTTCTACCAACAGGCCTTGCT
GGACAGCCATCTACCCGAAGAGGCTCTGAAAGTTTCAGCTGTTTCTGGACCAGCTGACGGA
AAGACTGGGACACCAGCTGTAACCTCTACTTCCTCTGCGTCCTCTTCACTTGGAGAAAAGC
CCAGTGCTTTCTATCAGCAGACCTTACCCAATAGTCATCTAACTGAAGAGGCTCTGAAAGTA
TCAATTGTTCCTGGACCAGGTGATCAGAAGACTGGGATACCCTCAGCACCATCTAGTTTCTA
CTCACACAGAGAGAAGCCCATTATTTTTTCCCAGCAGACCCTGCCAGACTTTCTTTTCCCTG
AAGAAGCTCTGAAGGTTTCAGCTGTTTCTGTATTGGCTGCCCAGAAGACTGGGACACCAAC
AGTGTCCTCTAATTCTCACTCACATAGCGAGAAATCTAGTGTTTTCTACCAGCAAGAGTTGC
CAGACAGTGATCTACCTAGAGAATCTCTGAAAATGTCTGCTATTCCTGGACTGACTGACCAG
AAGACTGTCCCAACACCAACAGTACCTTCAGGTTCCTTCTCACATAGAGAGAAGCCCAGTA
TTTTCTATCAACAGGAGTGGCCAGATAGTTATGCAACTGAAAAGGCTCTGAAAGTTTCAACT
GGCCCTGGACCAGCTGACCAGAAGACTGAGATACCAGCAGTACAGTCTAGTTCTTACCCAC
AGAGGGAGAAGCCTAGTGTTTTGTACCCACAGGTGTTATCAGACAGTCATCTACCTGAAGA
GAGTCTGAAAGTTTCAGCCTTCCCTGGACCAGCTGACCAGATGACTGACACACCAGCAGTA
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CCGTCTACTTTCTACTCACAAAGAGAGAAGCCTGGTATTTTCTACCAACAGACCTTGCCAGA
GAGTCATCTGCCTAAAGAGGCTCTGAAAATTTCAGTAGCTCCTGGACTAGCAGACCAGAAG
ACTGGCACACCAACTGTAACCTCAACTTCCTACTCACAACATAGAGAAAAGCCCAGCATTTT
CCACCAGCAGGCCTTGCCAGGTACTCATATACCTGAAGAGGCTCAGAAAGTTTCAGCTGTT
ACTGGACCAGGTAACCAGAAGACTTGGATACCAAGAGTACTTTCTACCTTCTACTCACAAAG
AGAGAAACCTGGTATTTTCTATCAACAGACCTTGCCAGGTAGTCACATACCTGAAGAGGCA
CAGAAAGTTTCACCTGTTCTTGGACCAGCTGACCAGAAGACTGGGACACCAACTCCAACCT
CTGCTTCTTACTCACACACAGAGAAGCCTGGTATTTTCTACCAACAGGTCTTGCCAGATAAT
CATCCAACTGAAGAGGCTCTGAAAATTTCAGTTGCCTCTGAACCAGTTGACCAGACAACTG
GCACACCAGCTGTAACCTCTACTTCCTACTCACAATATAGAGAGAAGCCCAGCATTTTCTAC
CAACAGTCGTTGCCAAGTAGTCATCTAACTGAAGAGGCTAAGAATGTTTCAGCGGTTCCTG
GACCAGCTGACCAGAAGACTGTGATACCAATTTTACCCTCTACTTTCTACTCACACACAGAG
AAGCCTGGTGTTTTCTACCAACAGGTCTTGCCACATAGTCATCCAACTGAAGAGGCTCTGA
AAATTTCAGTTGCCTCTGAACCAGTTGACCAGACAACTGGCACACCAACTGTAACCTCTACT
TCTTACTCACAACATACAGAGAAGCCGAGTATTTTCTACCAACAGTCGTTGCCAGGTAGTCA
TCTAACTGAAGAGGCTAAGAACGTTTCAGCGGTTCCTGGACCAGGTGACCGGAAGACTGG
GATACCAACTTTACCCTCTACTTTCTACTCACACACAGAGAAGCCTGGTAGTTTCTACCAAC
AGGTCTTGCCACATAGTCATCTACCTGAAGAGGCTTTGGAAGTTTCAGTTGCTCCTGGACC
AGTTGACCAGACGATTGGCACACCAACTGTAACCTCCCCTTCCAGCTCATTTGGAGAGAAG
CCCATTGTTATCTACAAACAGGCCTTTCCAGAGGGTCATCTACCTGAAGAGTCTCTGAAAGT
TTCAGTTGCTCCTGGACCAGTTGGCCAGACAACTGGCGCACCAACTATAACCTCTCCTTCC
TACTCACAACATAGAGCAAAGTCTGGCAGTTTCTACCAACTGGCATTGCTAGGTAGTCAAAT
ACCTGAAGAGGCTCTCAGAGTTTCTTCTGCTCCTGGACCAGCTGACCAGACAACTGGCATA
CCAACCATAACCTCTACTTCCTACTCATTTGGAGAGAAGCCGATTGTTAACTACAAACAGGC
CTTTCCAGATGGTCATCTACCTGAAGAGGCTCTGAAAGTTTCCATTGTTTCTGGACCTACTG
AAAAAAAGACTGACATACCAGCAGGACCTTTAGGTTCCAGTGCACTTGGAGAGAAGCCCAT
TACTTTCTACCGGCAGGCTCTGCTAGACAGTCCTCTAAATAAAGAGGTTGTGAAAGTTTCAG
CTGCTCCTGGACCAGCTGACCAGAAGACTGAGACATTACCAGTACATTCTACTAGCTACTC
AAATAGGGGGAAGCCTGTCATTTTCTACCAGCAGACCCTATCAGACAGTCATTTACCTGAA
GAAGCTCTGAAAGTTCCACCTGTTCCTGGACCAGATGCCCAGAAGACTGAGACACCATCAG
TATCCTCTAGTTTATACTCATATAGAGAGAAGCCCATTGTCTTCTACCAACAGGCCCTGCCA
GACAGTGAGCTAACTCAAGAAGCTCTGAAAGTTTCAGCTGTTCCTCAACCAGCTGACCAGA
AGACTGGGTTATCTACTGTAACTTCCTCTTTCTATTCACATACAGAGAAGCCTAATATTTCTT
ACCAGCAAGAGTTGCCAGATAGTCATCTAACTGAAGAGGCTCTGAAAGTTTCAAATGTTCCT

GGACCAGCTGACCAGAAGACTGGGGTATCAACAGTAACCTCTACTTCCTACTCACACAGAG
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AGAAGCCCATTGTTTCCTACCAGCGAGAGTTGCCGCATTTTACTGAAGCAGGTTTGAAAATT
TTAAGAGTTCCTGGACCAGCTGACCAGAAGACTGGAATAAACATCCTGCCCTCTAATTCCTA
CCCACAGAGAGAGCACTCTGTCATTTCTTATGAGCAGGAGTTGCCAGATCTTACTGAAGTA
ACTTTGAAAGCAATAGGGGTTCCTGGGCCTGCTGACCAGAAGACTGGGATACAAATAGCAT
CCTCTAGTTCCTACTCAAATAGAGAGAAGGCCAGTATTTTTCATCAGCAGGAGTTGCCAGAT
GTTACTGAAGAAGCTTTAAATGTTTTTGTTGTTCCTGGACAAGGTGACCGGAAGACTGAGAT
ACCAACAGTACCTTTAAGTTACTACTCACGTAGAGAGAAGCCCAGTGTTATCTCTCAACAGG
AGTTGCCAGACAGTCATCTCACAGAAGAGGCTCTGAAAGTTTCACCTGTTTCTATACCAGCA
GAGCAGAAGACTGGGATACCAATAGGACTGTCTAGTTCCTACTCACATTCACATAAAGAGA
AACTCAAGATTTCAACTGTGCATATACCAGATGACCAGAAAACTGAGTTTCCAGCAGCTACC
CTTAGTTCCTACTCACAAATAGAGAAGCCCAAGATTTCAACTGTGATTGGACCAAATGACCA
GAAGACTCCATCCCAGACAGCTTTTCATAGTTCCTATTCTCAAACAGTAAAGCCCAATATTTT
ATTTCAACAGCAGTTGCCAGATAGAGATCAAAGTAAAGGTATTCTAAAGATTTCAGCTGTCC
CTGAACTAACTGATGTGAATACTGGAAAACCAGTATCTCTCTCTAGTTCTTATTTTCACAGAG
AGAAATCGAATATTTTCAGTCCACAGGAATTGCCAGGTAGTCATGTAACTGAAGATGTGCTG
AAGGTTTCAACAATTCCTGGACCAGCTGGCCAGAAAACAGTATTACCAACAGCTCTTCCTAG
TTCCTTTTCACATCGAGAGAAACCAGATATTTTCTATCAAAAGGATTTGCCAGATAGACATCT
AACTGAAGATGCTCTAAAGATCTCAAGTGCTCTTGGGCAAGCTGATCAAATTACCGGATTAC
AAACAGTTCCCTCTGGTACTTACTCACATGGTGAGAATCACAAGCTTGTTTCAGAACATGTC
CAAAGGCTAATAGATAATTTGAATTCTTCTGACTCCAGTGTTAGCTCAAATAATGTGCTTTTA
AATTCTCAGGCTGATGACAGAGTTGTAATAAATAAACCAGAATCTGCAGGTTTTAGAGATGT
TGGCTCTGAAGAAATCCAGGATGCAGAAAATAGTGCTAAAACTCTTAAGGAAATTCGGACA
CTTTTGATGGAGGCAGAAAATATGGCACTGAAACGATGCAATTTTCCTGCTCCCCTTGCCC
GTTTCAGAGATATTAGTGATATTTCATTTATACAATCTAAGAAGGTGGTTTGCTTCAAAGAAC
CCTCTTCCACGGGTGTATCTAATGGTGATTTGCTTCACAGACAGCCATTCACAGAGGAAAG
CCCAAGCAGCAGGTGCATACAGAAGGATATTGGCACACAGACGAATTTGAAATGCCGGAG
AGGCATTGAAAATTGGGAGTTTATTAGTTCAACTACAGTTAGAAGTCCTCTACAGGAAGCAG
AGAGCAAAGTCAGTATGGCATTAGAAGAAACTCTTAGGCAATATCAAGCAGCCAAATCTGTA
ATGAGGTCTGAACCTGAAGGGTGTAGTGGAACCATTGGGAATAAAATTATTATCCCTATGAT
GACTGTCATAAAAAGTGATTCAAGTAGTGATGCCAGTGATGGAAATGGTTCCTGCTCGTGG
GACAGTAATTTACCAGAGTCTTTGGAATCAGTTTCTGATGTTCTTCTAAACTTCTTTCCATAT
GTTTCACCCAAGACAAGTATAACAGATAGCAGGGAGGAAGAGGGTGTGTCAGAGAGTGAG
GATGGTGGTGGTAGCAGTGTAGATTCACTGGCTGCACATGTGAAAAACCTTCTGCAATGTG
AATCCTCACTGAATCATGCTAAAGAAATACTCAGAAATGCAGAGGAAGAGGAAAGCCGGGT

ACGAGCACATG
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10.1.2 ALMS1 exon 10 (ENSE00003528865)
GGTTTACAGAGTCCACGGGGAATGGGATGCAAGCCAGAAGCTGTATGTAGTCACATTATTA
TTGAGAGCCATGAAAAGGGATGTTTCCGGACTCTAACTTCTGAACATCCACAACTAGATAGA
CACCCTTGTGCTTTCAGATCTGCTGGACCCTCAGAAATGACCAGAGGACGGCAGAACCCAT
CATCATGCAGAGCCAAGCATGTCAACCTTTCTGCATCCTTAGACCAGAACAACTCCCATTTC
AAAGTTTGGAATTCCTTGCAGTTAAAAAGTCATTCCCCATTTCAGAACTTTATACCTGATGAA
TTCAAAATCAGCAAAGGTCTTCGAATGCCATTCGATGAAAAGATGGACCCTTGGCTGTCAG
AATTAGTAGAACCTGCTTTTGTGCCACCTAAAGAAGTGGATTTTCATTCTTCATCACAAATGC
CGTCCCCAGAACCCATGAAAAAGTTTACTACCTCCATCACTTTTTCATCTCACCGACATTCT
AAATGCATTTCCAATTCCTCTGTTGTTAAGGTTGGTGTTACTGAAGGTAGCCAGTGTACTGG
AGCATCTGTGGGGGTATTTAATTCTCATTTCACTGAAGAACAAAATCCTCCCAGAGATCTTA
AACAGAAAACCTCTTCCCCTTCATCATTTAAAATGCATAGTAATTCACAAGATAAAGAAGTGA
CTATTTTAGCAGAAGGTAGAAGGCAAAGCCAAAAATTACCTGTTGATTTTGAGCGTTCTTTT
CAAGAAGAAAAACCCTTAGAAAGATCAGATTTTACAGGCAGTCATTCTGAGCCCAGTACCA
GGGCAAATTGTAGCAATTTCAAGGAAATTCAGATTTCTGATAACCATACCCTTATTAGCATG
GGCAGACCAAGTTCCACCCTAGGAGTAAACAGATCGAGTTCCAGACTAGGAGTAAAAGAGA
AGAATGTAACTATAACTCCAGATCTTCCTTCTTGCATTTTTCTTGAACAACGAGAGCTCTTTG
AACAAAGCAAAGCCCCACGTGCAGATGACCATGTGAGGAAACACCATTCTCCCTCTCCTCA
ACATCAGGATTATGTAGCTCCAGACCTTCCTTCTTGCATTTTTCTTGAACAACGAGAACTCTT
TGAACAGTGCAAAGCCCCATATGTAGATCATCAAATGAGAGAAAACCATTCTCCCCTTCCTC
AAGGTCAGGATTCTATAGCTTCAGACCTTCCGTCTCCCATTTCTCTTGAACAATGCCAAAGC
AAAGCGCCAGGTGTAGATGACCAAATGAATAAACACCATTTTCCCCTTCCTCAAGGTCAGG
ATTGTGTAGTGGAAAAGAATAATCAACATAAGCCTAAATCACACATTTCTAATATAAATGTTG
AAGCCAAGTTCAATACTGTGGTCTCCCAGTCAGCCCCAAATCACTGTACATTAGCAGCATCT
GCATCTACTCCTCCTTCAAATAGAAAAGCACTTTCTTGTGTTCATATAACTCTTTGTCCCAAG
ACTTCTTCCAAGTTGGATAGTGGAACTTTAGATGAAAGATTCCATTCATTGGATGCTGCTTC
TAAAGCGAGGATGAATAGTGAGTTTAACTTTGACTTACATACTGTATCTTCGAGATCACTGG
AACCAACCTCCAAATTATTGACCAGTAAACCTGTAGCACAGGATCAAGAATCTTTAGGTTTT
CTAGGACCTAAATCTTCACTGGATTTCCAAGTCGTACAGCCTTCTCTTCCAGACAGTAACAC
TATTACTCAGGACTTGAAAACCATACCTTCTCAGAATAGCCAGATAGTAACCTCCAGGCAAA
TACAAGTGAACATTTCAGATTTCGAAGGACATTCCAATCCAGAGGGGACCCCAGTATTTGCA
GATCG
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10.1.3 ALMS1 exon 23 (ENSE00003744901)

AGAGTGACCAATCAACTTCTGGGGAGAAAAGTTCCCTGGGACTGACACAAGTTTATTTTCCT
CAGAGCCTTGGAATTCTATTTTATGAACCTAGAGAAGCAGAATCCTTACTTTTGTGAGTCTG
GTTGAATAAAGCTTATTCTTTGTCCATGTGTATTTTAGAAATAGTAACTTCTAAAGAGTCTGG
AACAAAGTGGTGATTAAAATTCCTAATGGTTTGGGAGCAATACTTTCTGCATAGTGGCCTTG
TCCAATGGCCTGTGTGTTACAATGATATGATCATTTCTCAAGAATAAGTCCCTTTTTGTATGT

GTTTTTATACTTTTAGAAAATAAAAACTTTAGATTAACTC

10.2Predicted off-target effects
10.2.1 Low prediction on off-target effects for sgRNA ALMS1 exon 23, 8,

10

Table 23 Predicted off-target effects: sgRNA ALMS1 exon 23
sgRNAs were designed using CCTop and were selected due to low off-target prediction. The table presents 20 off-
targets, with the highest risk. Exons (E) are marked in red, Introns (l) in yellow and intergenic sequences in (-) green.
Table was taken from Woerz et al., under review [3].
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Table 24 Predicted off-target effects: sgRNA ALMS1 exon 8
sgRNAs were designed with CCTop and were picked due to low off-target prediction. The present table shows 20 off-
targets, with the highest risk. Exons (E) are highlighted in red, while introns (I) are marked in yellow and intergenic
sequences in (-) green. Table was taken from Woerz et al., under review [3].
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Table 25 Predicted off-target effects: sgRNA ALMS1 exon 10
sgRNAs were designed using CCTop and were chosen with low off-target prediction. In this table 20 off-targets, with
the highest risk, are depicted. Exons (E) are depicted in red, Introns (I) in yellow and intergenic sequences in (-)
green. Table was taken from Woerz et al., under review [3].
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10.3Sequences of CEP70 exon 5, 6

10.3.1 CEP70 exon 5 (ENSE00003686624)
ATCTCATCATTTTTGACAAACAGTCATCACAAAGGATGAGACAGAATTTGAAATTGTTGGTG
GAAGAAACATCATGTCAACAGAACATGATACAGGAGCTTATAGAAACTAATCAACAGCTTAG

10.3.2 CEP70 exon 6 (ENSE00003676297)
AAATGAACTTCAGCTAGAGCAAAGCCGAGCAGCCAATCAAGAACAACGAGCTAATGACTTG
GAACAAATTATGGAAAGTGTGAAATCCAAAATTGGTGAATTGGAGGATGAATCACTAAGTAG
GGCTTGCCACCAACAGAATAAAATAAAAGATCTTCAAAAGGAGCAGAAAACTTTACAG
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10.4Additional information of endogenous sfGFP tag verification

A B Wi
o L i VoV v
& A & %,\;.-i\ 6.\,%" AGAAAAGT TCCCTGGGAC-=======—=-——
b W o R KV P WD
ALMS1 ex 23 for + rev
(~1641 bp) ALMS1-sfGFP
2000
1500 &g
1000
500 [ AGAAAAGTCCCATGGGACAGCAAAGGAGAA
R K VvV P W D S K G E
. sfGFPtag |
C
Tag Single Positive single Efficiency (%) PCRand Sanger IP
(€T) clones clones (homo- gel sequencing
(total) (homo- Iheterozygous) electrophoresis
Iheterozygous)
sfGFP 49 7/11 14.3/22.44 + + +

D sfGFP - AP Sequence coverage (%)  Tier1 Tier 2

ALMS1 (bait) 50.6 \ + +

Figure 37 Additional information for endogenous tag verification

A, Gel electrophoreses of PCR products was conducted with C-terminal tagged sfGFP single clones. A forward and
reverse primer for ALMS1 exon 23 were used for all samples. ALMS1-sfGFP positive single clones show one
prominent band at a height of approximately 1641 bp, respectively. Control shows a band at approximately 930 bp.
Pictures was modified after Worz, unpublished Master thesis 2018 [21]

B, The depiction provides the nucleotide and amino acid sequences of ALMS1 wt in the top panel, and ALMS1-sfGFP
in the bottom panel. Within the sequences, black arrows indicate the presence of wobbled nucleotides. A distinct red
arrow signifies the specific insertion site where the sfGFP sequence has been incorporated. Wt sequence was
supplied by ensemble.org (ENST00000613296.6, ALMS1-205, CCDS42697)

C, The summary table presents an overview of the total number of received single clones, the number of positively
tagged single clones as well as the efficiency of the tag insertion. Verification of tag insertion (+ = positive) was
performed using PCR and Sanger sequencing. Successfully tagged ALMS1 single clones were used for affinity
purification followed by mass spectrometry analysis. Table was modified after Wérz unpublished Master thesis 2018
[21].

D, After database dependent data analysis using MaxQuant and Perseus, ALMS1 was found with a sequence
coverage of 50.6 %. Identified proteins were classified in Tier system (Tier 1 and Tier 2), as previously described. “+”
indicates Tier 1 or Tier 2 positive proteins were identified.

Figure was modified and taken from Woerz et al., under review [3].

173



10.5 Protein coverage of ALMS1-sfGFP
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Figure 38 Protein coverage of ALMS1-sfGFP using Scaffold

The program Scaffold provided the localization of identified exclusive unique peptides on the ALMS1 protein (homo

sapiens, 461 kDa). The amino acids (aa), that matched the MS/MS spectrum are emphasized in yellow, and post-

translational modified aa are shown in green. Figure was taken from Woerz et al., under review [3].
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10.6Blue Native Page- ALMS1-sfGFP

ALMS1 (~461 kDa)

-

Figure 39 Blue Native Page with ALMS1-sfGFP eluate and HEK293T wt lysate

A first Blue Native Page was performed by PhD candidate Klaudia Maruszczak (AG Rapaport) with lysate of native
HEK293T cells and eluate of ALMS1-sfGFP. ALMS1 antibody from Novusbio (rb) 1:500 was used. Ladder is indicated
in yellow.

10.7Novel ALMS1 and CEP70 interactors
10.7.1 MaxQuant settings ALMS1 sf-GFP

Parameter Value Max. peptide mass [Da] 4600
Min. peptide length for

Version 1.6.1.0 unspecific search 8
Max. peptide length for

User name mpcadmin unspecific search 25

Machine name ADMIN-PC Razor protein FDR True

Date of writing 03.11.2019 19:02 Disable MD5 False

Fixed modifications Carbamidomethyl (C) Max mods in site table 3
Match unidentified

Include contaminants True features False

PSM FDR 0.01 MS/MS tol. (FTMS) 20 ppm
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XPSM FDR
Protein FDR

Site FDR
Use Normalized Ratios
For Occupancy

Min. peptide Length
Min. score for
unmodified peptides
Min. score for modified
peptides

Min. delta score for
unmodified peptides
Min. delta score for
modified peptides

Min. unique peptides
Min. razor peptides

Min. peptides

Use only unmodified
peptides and
Peptides used for
protein quantification
Discard unmodified
counterpart peptides

Label min. ratio count

Use delta score
iBAQ

iBAQ log fit

Match between runs

Find dependent
peptides

Fasta file

First search fasta file
Decoy mode
Include contaminants

Advanced ratios
Fixed andromeda index
folder

Temporary folder

0.01
0.01

0.01

True

False

Razor

True

2

False
False

False

False

False
C:\Databases\SP-human-
2014-11.fasta
C:\Databases\first.search\hu
man.first.search.fasta

revert
True

True

Top MS/MS peaks per Da

interval. (FTMS)

Da interval. (FTMS)
MS/MS deisotoping
(FTMS)

MS/MS deisotoping
tolerance (FTMS)
MS/MS deisotoping
tolerance unit (FTMS)
MS/MS higher charges
(FTMS)

MS/MS water loss (FTMS)

MS/MS ammonia loss
(FTMS)

MS/MS dependent losses

(FTMS)
MS/MS recalibration
(FTMS)

MS/MS tol. (ITMS)

Top MS/MS peaks per Da

interval. (ITMS)

Da interval. (ITMS)
MS/MS deisotoping
(ITMS)

MS/MS deisotoping
tolerance (ITMS)
MS/MS deisotoping
tolerance unit (ITMS)
MS/MS higher charges
(ITMS)

MS/MS water loss (ITMS)

MS/MS ammonia loss
(ITMS)

MS/MS dependent losses

(ITMS)
MS/MS recalibration
(ITMS)

MS/MS tol. (TOF)

Top MS/MS peaks per Da

interval. (TOF)
Da interval. (TOF)

MS/MS deisotoping (TOF)

MS/MS deisotoping
tolerance (TOF)
MS/MS deisotoping
tolerance unit (TOF)
MS/MS higher charges
(TOF)

100

True

ppm
True
True
True
True

False
0.5 Da

100
False
0.15
Da

True
True

True
True
False
40 ppm
100
True
0.01
Da

True
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Combined folder

location MS/MS water loss (TOF)  True
MS/MS ammonia loss

Second peptides True (TOF) True

Stabilize large LFQ MS/MS dependent losses

ratios True (TOF) True

Separate LFQ in MS/MS recalibration

parameter groups False (TOF) False

Require MS/MS for LFQ

comparisons True MS/MS tol. (Unknown) 0.5 Da

Calculate peak Top MS/MS peaks per Da

properties False interval. (Unknown) 8

Main search max.

combinations 200 Da interval. (Unknown) 100

Advanced site MS/MS deisotoping

intensities True (Unknown) False

LFQ norm for sites and MS/MS deisotoping

peptides False tolerance (Unknown) 0.15
MS/MS deisotoping

Write msScans table True tolerance unit (Unknown) Da
MS/MS higher charges

Write msmsScans table True (Unknown) True
MS/MS water loss

Write ms3Scans table  True (Unknown) True
MS/MS ammonia loss

Write allPeptides table  True (Unknown) True
MS/MS dependent losses

Write mzRange table True (Unknown) True

Write pasefMsmsScans MS/MS recalibration

table True (Unknown) False

Write

accumulatedPasefMsm Oxidation

sScans table True Site tables (M)Sites.txt

10.7.2 List of ALMSL1 interactors (ALMS1-sfGFP)

Table 26 Novel ALMS1-sfGFP interactors (Tier 1)

An immunoprecipitation was conducted with endogenously sfGFP-tagged ALMS1 in HEK293T cells and wildtype
control cells. The table summarizes identified ALMS1 interactors with their gene names, the ratio (SfGFP_x/y_Control)
and their -log2 median p-values and of eight biological replicates. In this table, Tier 1 (Sig A <0.05 and Permutation
based FDR p<0.05) interactors are listed. Table was taken from Woerz et al., under review [3].

Gene names Ratio p-value | Gene names Ratio p-value
(-logz) (-logz)
AKAPSL 19.6766 3.51828 | MAGED1 18.6421 3.45215
ALMS1 26.7639 18.7674 | MARK2 17.8854 2.43684
CEP70 22.5945 15.5859 | MRPL11 2.54852 2.19002
COPS3 19.1441 2.39132 | NDUFA8 18.6528 2.35508
DERA 18.9257 3.54381 | NUP153 17.7311 2.32062
DNAJB11 19.0595 24.9926 | PFKM 18.9086 3.64041
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DPYSL3 20.4316 21.0363 | PPP6R3 18.9321 3.43913
DSG2 18.0544 2.39281 | SQSTM1 18.5036 2.67901
FAR1 18.7341 2.67953 | SSSCA1 19.6951 2.72143
G3BP2 19.3687 2.81733 | TACC3 17.5629 2.67966
GLUL 18.6806 2.35097 | TCEAL4 17.6424 2.40903
GNAS 18.3735 2.32031 | TMED9 19.0528 2.35898
HDAC10 23.0334 3.55545 | TOMM22 19.4518 2.4247

HDAC2 19.1937 3.79566 | TRMT112 20.7562 2.71212
IGBP1 17.6647 2.67885 | TSG101 18.8482 2.38638
KLC2 18.3873 3.80341 | TUBBG6 21.0721 3.16611

Table 27 Novel ALMS1-sfGFP interactors (Tier 2)
Tier 2 (Sig A <0.05 and p-value <0.05) interactors are listed. Tier 2 also includes Tier 1 interactors. Table was taken
from Woerz et al., under review [3].

Gene names Ratio p-value | Gene names Ratio p-value
(-logz) (-logz)
ADAR 17.4363 1.72134 | KLC2 18.3873 3.80341
AHNAK 3.135 1.80802 | KPNA3 18.6659 1.63513
AKAPSL 19.6766 3.51828 | MAGED1 18.6421 3.45215
ALMS1 26.7639 18.7674 | MARK2 17.8854 2.43684
ASRGL1 19.034 1.77514 | MRPL1 19.291 1.74768
ATP5D 21.637 1.69644 | MRPL11 2.54852 2.19002
BOD1L1 17.8084 1.63484 | NDUFAS8 18.6528 2.35508
BRCC3 17.0099 1.69963 | NDUFB10 17,7955 1.72275
CAPN1 19.1771 1.6608 NOP58 18.1496 1.63545
CEP170 17.5944 1.74162 | NT5DC2 18.6254 1.74471
CEP70 22.5945 15.5859 | NUP153 17.7311 2.32062
COPS3 19.1441 2.39132 | PDCD6 20.0884 1.75573
COPS7A 18.7941 1.70131 | PELO 17.3091 1.70123
COX5A 18.2069 1.65435 | PFKM 18.9086 3.64041
DERA 18.9257 3.54381 | PPIL1 19.913 1.68036
DHCR7 19.5302 1.78032 | PPP6R3 18.9321 3.43913
DNAJB11 19.0595 24.9926 | PURA 17.9674 1.63382
DPYSL3 20.4316 21.0363 | RAD23A 19.2547 1.64552
DSG2 18.0544 2.39281 | RFC5 19.2058 1.70806
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DYNC1LI2 18.4545 1.70777 | SLC4A1AP 17.4949 1.63163
EXOSC2 18.399 1.70174 | SQSTM1 18.5036 2.67901
EXOSC6 18.6213 1.74209 | SRSF9 18.7254 1.62052
FAF2 18.4544 1.67408 | SSSCA1 19.6951 2.72143
FAM114A2 17.4237 1.69699 | STAM 18.1576 1.70306
FAR1 18.7341 2.67953 | SUCLG2 19.1531 1.6336
FLII 17.6975 1.6501 TACC3 17.5629 2.67966
G3BP2 19.3687 2.81733 | TCEAL4 17.6424 2.40903
GLUL 18.6806 2.35097 | TFG 20.3008 1.62216
GNAI3 19.9552 1.72531 | THOC3 19.4705 1.71437
GNAS 18.3735 2.32031 | TMED9 19.0528 2.35898
GSK3B 18.3641 1.66393 | TMEM30A 17.3481 1.66455
HADH 19.33 1.70287 | TOMM22 19.4518 2.4247
HDAC10 23.0334 3.55545 | TRMT112 20.7562 2.71212
HDAC2 19.1937 3.79566 | TSG101 18.8482 2.38638
HEATR3 17.8742 1,58552 | TUBB4A 21.037 1.89741
HMGCS1 20.9135 1.91024 | TUBBG6 21.0721 3.16611
IDH2 18.8767 1.75657 | TUBGCP2 17.2795 1.7098
IGBP1 17.6647 2.67885 | UBXN1 20.0795 1.79532
IGF2BP2 19.2822 1.82533 | VASP 16.5983 1.68848
IRS4 2.52312 1.67687

Table 28 Go enrichment analysis ALMS1

GO enrichment analysis was conducted utilizing the knowledgebase provided by the Gene Ontology Consortium
(http://geneontology.org/). Analysis type: PANTHER Overrepresentation Test (Released 20221013); Annotation
Version and Release Date: GO Ontology database DOI: 10.5281/zenodo.6799722 Released 2022-07-01; Reference
List: Homo sapiens (all genes in database); Test-Type FISHER; Correction FDR. Table was taken from Woerz et al.,

under review [3].

GO cellular | Homo upload_ | upload_1 | upload_1 |upload_1 | upload_ | upload_
component | sapien | 1(79) (expecte | (over/unde | (fold 1 (raw | 1 (FDR)
complete S - d) r Enrichme | P-

REFLIS nt) value)

T

(20589)
VCP-NPL4- |8 2 0.03 + 65.16 6.36E- 4.64E-
UFD1 AAA 04 02
ATPase
complex
(G0O:003409
8)
host cellular | 9 2 0.03 + 57.92 7.76E- 5.11E-
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http://geneontology.org/

component 04 02
(G0O:001899

5)

host cell | 9 2 0.03 57.92 7.76E- 4.95E-
(G0O:004365 04 02
7)

spindle pole | 173 5 0.66 7.53 6.03E- 4.56E-
(G0O:000092 04 02
2)

mitochondrial | 293 8 1.12 7.12 1.96E- 2.67E-
protein- 05 03
containing

complex

(G0O:009879

8)

spindle 428 8 1.64 4.87 2.59E- 2.41E-
(GO:000581 04 02
9)

microtubule | 471 8 1.81 4.43 4.85E- 3.81E-
(GO:000587 04 02
4)

centrosome 634 10 2.43 4.11 1.67E- 1.71E-
(GO:000581 04 02
3)

microtubule | 840 11 3.22 3.41 3.79E- 3.09E-
organizing 04 02
center

(G0O:000581

5)

microtubule | 1374 16 5.27 3.03 6.10E- 7.33E-
cytoskeleton 05 03
(G0O:001563

0)

supramolecul | 1047 12 4.02 2.99 6.58E- 4.64E-
ar fiber 04 02
(GO:009951

2)

supramolecul | 1056 12 4.05 2.96 7.09E- 4.83E-
ar  polymer 04 02
(GO:009908

1)

catalytic 1686 19 6.47 2.94 1.69E- 2.46E-
complex 05 03
(G0O:190249

4)

nuclear 1276 14 4.9 2.86 3.46E- 2.94E-
protein- 04 02
containing

complex

(GO:014051

3)
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mitochondrio | 1671 17 6.41 2.65 1.79E- 1.74E-
n 04 02
(G0O:000573

9)

cytoskeleton | 2401 21 9.21 2.28 2.74E- 2.43E-
(G0:000585 04 02
6)

protein- 5771 47 22.14 2.12 7.77E- 1.59E-
containing 09 05
complex

(G0:003299

1)

cytosol 5458 44 20.94 2.1 5.27E- 2.69E-
(G0:000582 08 05
9)

nucleoplasm | 4130 32 15.85 2.02 3.08E- 3.94E-
(G0O:000565 05 03
4)

organelle 5614 42 21.54 1.95 1.44E- 3.28E-
lumen 06 04
(G0:004323

3)

intracellular 5614 42 21.54 1.95 1.44E- 2.95E-
organelle 06 04
lumen

(GO:007001

3)

membrane- 5614 42 21.54 1.95 1.44E- 2.68E-
enclosed 06 04
lumen

(G0:003197

4)

intracellular 5225 39 20.05 1.95 6.03E- 1.03E-
non- 06 03
membrane-

bounded

organelle

(G0:004323

2)

non- 5226 39 20.05 1.94 6.05E- 9.50E-
membrane- 06 04
bounded

organelle

(G0O:004322

8)

nuclear 4494 33 17.24 1.91 9.33E- 1.00E-
lumen 05 02
(G0:003198

1)

nucleus 7682 47 29.48 1.59 9.31E- 1.06E-
(G0:000563 05 02
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4)

cytoplasm 12097 70 46.42 1.51 1.19E- 8.11E-
(GO:000573 08 06

7)

intracellular 12154 68 46.63 1.46 2.42E- 8.25E-
membrane- 07 05
bounded

organelle

(G0O:004323

1)

intracellular 13254 73 50.86 1.44 1.04E- 1.06E-
organelle 08 05
(G0O:004322

9)

membrane- 13230 71 50.76 1.4 3.64E- 1.06E-
bounded 07 04
organelle

(G0:004322

7)

organelle 14064 73 53.96 1.35 5.79E- 1.48E-
(G0O:004322 07 04

6)

intracellular 14945 76 57.34 1.33 7.81E- 3.19E-
anatomical 08 05
structure

(G0O:000562

2)
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10.7.3 MaxQuant setting CEP70

Parameter
Version

User name
Machine name
Date of writing
Fixed modifications

Include contaminants
PSM FDR

XPSM FDR
Protein FDR

Site FDR
Use Normalized Ratios
For Occupancy

Min. peptide Length
Min. score for
unmodified peptides
Min. score for modified
peptides

Min. delta score for
unmodified peptides
Min. delta score for
modified peptides

Min. unique peptides
Min. razor peptides

Min. peptides

Use only unmodified
peptides and
Peptides used for
protein quantification
Discard unmodified
counterpart peptides

Label min. ratio count

Use delta score
iBAQ

iBAQ log fit

Match between runs
Matching time window

Value
1.6.1.0

mpcadmin
ADMIN-PC
01/28/2023 18:11:34
Carbamidomethyl (C)

True
0.01

0.01
0.01

0.01
True
7
0

40

False
Razor

True

False
False

False

True
0.7

Max. peptide mass [Da]

Min. peptide length for
unspecific search

Max. peptide length for
unspecific search
Razor protein FDR
Disable MD5

Max mods in site table
Match unidentified
features

MS/MS tol. (FTMS)

Top MS/MS peaks per Da

interval. (FTMS)

Da interval. (FTMS)
MS/MS deisotoping
(FTMS)

MS/MS deisotoping
tolerance (FTMS)
MS/MS deisotoping
tolerance unit (FTMS)
MS/MS higher charges
(FTMS)

MS/MS water loss
(FTMS)

MS/MS ammonia loss
(FTMS)

MS/MS dependent losses

(FTMS)
MS/MS recalibration
(FTMS)

MS/MS tol. (ITMS)

Top MS/MS peaks per Da

interval. (ITMS)

Da interval. (ITMS)
MS/MS deisotoping
(ITMS)

MS/MS deisotoping
tolerance (ITMS)
MS/MS deisotoping
tolerance unit (ITMS)
MS/MS higher charges
(ITMS)

MS/MS water loss (ITMS)

MS/MS ammonia loss
(ITMS)

MS/MS dependent losses

(ITMS)
MS/MS recalibration

4600

25
True
False

True
20 ppm

100

True

\‘

ppm

True

True

True

True

False
0.5 Da

100

False

0.15

Da

True
True

True

True
False
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[min]

Alignment time window
[min]

Find dependent
peptides

Fasta file
Decoy mode

Include contaminants

Advanced ratios

Fixed andromeda index
folder

Temporary folder
Combined folder
location

Second peptides
Stabilize large LFQ
ratios

Separate LFQ in
parameter groups
Require MS/MS for
LFQ comparisons
Calculate peak
properties

Main search max.
combinations
Advanced site
intensities

LFQ norm for sites and
peptides

Write msScans table
Write msmsScans table
Write ms3Scans table
Write allPeptides table
Write mzRange table
Write pasefMsmsScans
table

Write

accumulatedPasefMsm
sScans table

20

False
C:\Databases\swissprot_hum
an_2021_05_TB.fasta

revert

True

True

True
True
False
False
False
200
True
False
True
True
True
True
True

True

True

(ITMS)

MS/MS tol. (TOF)
Top MS/MS peaks per Da
interval. (TOF)

Da interval. (TOF)
MS/MS deisotoping (TOF)
MS/MS deisotoping
tolerance (TOF)

MS/MS deisotoping
tolerance unit (TOF)
MS/MS higher charges
(TOF)

MS/MS water loss (TOF)
MS/MS ammonia loss
(TOF)

MS/MS dependent losses
(TOF)

MS/MS recalibration
(TOF)

MS/MS tol. (Unknown)
Top MS/MS peaks per Da
interval. (Unknown)

Da interval. (Unknown)
MS/MS deisotoping
(Unknown)

MS/MS deisotoping
tolerance (Unknown)
MS/MS deisotoping
tolerance unit (Unknown)
MS/MS higher charges
(Unknown)

MS/MS water loss
(Unknown)

MS/MS ammonia loss
(Unknown)

MS/MS dependent losses
(Unknown)

MS/MS recalibration
(Unknown)

Site tables

40 ppm

100
True

0.01
Da

True
True

True
True
False
0.5 Da
8

100
False
0.15
Da
True
True
True
True

False

Oxidation
(M)Sites.txt
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10.7.4 List of CEP70 interactors

Table 29 Novel CEP70 interactors (Tier 1)

An immunoprecipitation was conducted with overexpression constructs NSF-CEP70 and NSF-RAF1 in HEK293T. The
table summarizes identified CEP70 interactors with their gene names, the ratio (CEP70_x/y_RAF1) and their -log2
median p-values of six biological replicates. Tier 1 proteins are listed, including the proteins NACAP1 and L1RE1,

which was not identified in homo sapiens using string. Table was taken from Woerz et al., under review [3].

Gene names Ratio p-value | Gene names Ratio p-value
(-logz) (-logz)

ABCB7 25.2716 3.65742 | MIF 27.1729 21.5083
ACSL4 24.6142 19.5801 | MINA 25.4826 3.80551
ADK 24.9438 18.9229 | MPHOSPHG6 24,7016 3.56912
AFTPH 24,9992 21.087 MRPS24 24.8593 2.29583
AGO1 24.9892 3.57061 | MRPS33 24.9712 3.56987
AHSG 27.2943 22.5144 | MRPS5 25.6198 2.11071
AKAP8 21.6644 14.0186 | NACAP1 26.0796 3.68989
ALDH16A1 25.6673 3.57066 | NDUFS6 25.1445 2.29566
ALMS1 12.0578 3.00457 | NELFB 25.1923 19.8738
ARHGAP18 26.4041 2.29548 | NELFE 3.03217 1.80316
ARHGEF2 24.2743 3.56752 | NEMF 24.221 17.8037
ARID1A 25.1728 20.3704 | NENF 25.2904 2.01237
ASPH 24.8878 2.25335 | NKTR 26.953 21.2186
ASPM 25.6941 19.1346 | NOLC1 27.6067 18.7053
ATAD3B 2.92521 7.23432 | NOP14 26.0568 20.0002
ATG3 25.1388 2.27109 | NRGN 23.6788 19.9643
ATP6V1G1 24.2891 16.8476 | NUCB2 26.0149 2.2955

ATPIF1 28.2028 19.3636 | NUP210 25.9116 2.35917
ATXN2 25.6189 3.57053 | OCIAD1 27.0417 3.91943
AUTS2 23.5367 18.9735 | OXCT1 24.7845 2.01409
AXIN1 19.4388 2.29546 | PALM 25.7367 3.56752
B4GALNT3 30.5683 4.84693 | PAM16 25.4216 2.02646
BAX 25.7342 2.30988 | PDXP 24.2674 3.56968
BOD1L1 26.8791 22.1762 | PIP4K2C 24.1663 2.29556
BRCA2 26.3389 3.59187 | PITHD1 25.567 2.34542
C1llorfo8 25.6602 2.25988 | PLAA 25.1435 3.55058
C120rf29 25.9816 16.3044 | PLEKHAS 25.7558 2.29586
C190rf53 25.4504 18.1598 | PNN 27.7669 2.54866
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C7orf50 4.55379 1.98157 | PNPO 25.0923 13.0894
CASC3 25.8537 3.55188 | POLD2 25.0548 3.5706

CBX5 24.4297 2.29387 | PPAN 26.2021 16.3931
CCDC12 24.9779 21.3183 | PPIG 25.1781 3.57041
CCDC50 25.5141 21.0103 | PPP1R2 26.2653 20.4602
CEP135 25.3543 19.8792 | PRDX4 26.8223 19.2773
CEP70 8.09268 12.5164 | PREB 26.2951 2.31529
CRK 24.9807 3.56783 | PRKAR2B 29.6645 23.0216
CSNK1E 25.0786 2.09107 | PSMB7 26.9772 2.67454
CSTF3 25.706 21.0793 | PTDSS1 24.2263 2.29574
CTCF 23.7459 23.22 PTPN1 25.6452 19.947

CYFIP1 25.1166 3.57721 | RAB35 25.7375 3.57053
DAG1 24.9092 2.29567 | RAD23A 26.0684 2.29579
DDX10 24.7998 2.32641 | RAD51 27.2874 3.65512
DDX41 30.2721 3.67801 | RALB 25.2185 2.1076

DDX50 25.2512 2.29583 | RBM22 25.3893 2.29558
DECR1 25.0788 2.29501 | RDH13 23.9199 2.29525
DEK 26.0802 18.1957 | RING1 25.9972 2.31049
DGCRS8 25.1134 16.5606 | RPL22L1 24.6441 3.57058
DHFR 23.8241 2.2933 RTFDC1 26.1915 2.41315
DHRS7 26.3805 2.29578 | RTN3 25.0888 2.29562
DMD 27.0458 1.99999 | S100A11 25.9421 3.56947
DNAJC17 24.9025 19.3229 | SCCPDH 26.0178 2.35343
DNMT1 26.475 2.39141 | SDAD1 22.8368 2.28144
DPY30 24.1579 2.17177 | SEC24B 24.4071 2.29578
DTNA 25.5984 2.29462 | SEC62 25.9998 18.6008
EMC2 25.0187 2.29565 | SGPL1 24.6461 2.12867
EMC8 24.9634 19.1635 | SIN3A 25.0969 3.60008
EML5 24.9433 2.16537 | SKAl1l 26.5625 2.42222
ENPP1 26.2259 18.509 SLC27A4 27.4428 16.698

ENY2 24.9829 3.57073 | SLC39A6 23.0438 1.4252

ERCC6L 24.7139 3.61605 | SLCY9A3R2 24.862 3.57038
ESF1 24.3109 3.56887 | SLK 26.1956 20.0867
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ESYT2 24.7615 2.18119 | SMAP 26.9264 19.5531
EXOC7 25.2424 18.8086 | SMARCAS 25.9058 2.3911

FAM101B 25.0685 2.29575 | SMARCC2 25.8784 2.32678
FAM208A 25.3443 2.29579 | SMC1B 26.7911 20.5192
FDXR 23.6574 2.02687 | SMCHD1 23.9406 2.29539
GCLM 24.9837 19.9559 | SOAT1 24.9852 2.29519
GEMINZ2 25.8406 3.57008 | SPATS2L 24.6388 2.2956

GIPC1 25.4184 2.07381 | SPCS2 25.9022 2.35668
GLYR1 25.5026 19.3234 | SRPR 26.6465 3.71915
GMPPA 23.212 2.29586 | SRSF4 25.8677 3.68148
GNG5 26.0692 3.60338 | SUPT4H1 25.2318 3.5703

GOLIM4 23.5718 19.8094 | SURF6 26.8422 2.29574
GPATCH11 26.2952 19.0831 | SVIL 24.7916 18.5786
GPATCH4 26.0001 18.4873 | TBL3 27.0149 2.34584
HDDC3 25.2699 3.60504 | TCEB3 26.4221 2.57909
HERC1 4.74474 1.79419 | TMA7Y 26.4603 19.1969
HIBCH 26.3818 2.37231 | TOR1AIP1 25.0779 2.29482
HMGN1 23.3232 13.118 TP53RK 25.1332 1.99311
HSD17B11 25.1918 2.29493 | UACA 23.9673 24.6129
IBAS7 24.4154 1.96067 | UBL4A 25.1342 3.54849
ILKAP 24.5602 3.56803 | UBR4 24.6722 3.56962
JMY 28.1047 17.4056 | UQCRH 25.2134 3.42636
KHDRBS3 25.0193 2.29555 | UQCRQ 24.6817 17.8928
KIAA0020 3.62285 1.51039 | VAMP3 24.6677 2.29475
KIF2A 25.8995 3.7585 VDAC3 25.4046 2.26942
KRI1 24.204 2.29256 | WIZ 25.3266 2.34273
L1IRE1 25.5739 3.62106 | XAB2 27.4176 4.0102

L3MBTL2 25.3395 3.57059 | YME1L1 26.3386 3.59928
LEMD2 25.5098 3.56425 | YTHDC1 23.7772 2.29487
LIMD1 24.5737 25.0698 | YTHDF1 25.1166 18.1559
LMO7 24.6148 2.29585 |YY1l 25.4473 3.58169
LRRFIP1 25.973 2.38722 | ZC3H18 25.1185 3.87519
LTBP1 25.463 2.2957 ZFP62 25.5161 14.4244
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MAN1A2 25.8359 3.56782 | ZFPL1 26.5958 19.2232
MAST3 28.8416 3.98953 | ZNF141 25.3681 2.2947

MCAT 25.3796 3.53068 | ZNF326 25.0232 2.29512
METTL1 25.0451 3.78467 | ZNF622 25.5296 20.1343

Table 30 Novel CEP70 interaction partners (Tier 2)
Tier 2 (Sig A <0.05 and p-value <0.05) interactors are listed with their gene names, their ratio (CEP70_x/y_RAF1) and

respective p-value (logz). Table was taken from Woerz et al., under review [3].

Gene names Ratio p-value | Gene names Ratio p-value
(-logz) (-logz)

ABCB7 25.2716 | 3.65742 | MICALCL 25.5451 | 2.33689
ACSL4 24.6142 | 19.5801 | MIF 27.1729 | 21.5083
ADK 24,9438 | 18.9229 | MINA 25.4826 | 3.80551
AFTPH 24.9992 21.087 | MPHOSPHG6 24.7016 | 3.56912
AGO1 24.9892 | 3.57061 | MRPS16 25.6413 | 1.37088
AHSG 27.2943 | 22.5144 | MRPS24 24.8593 | 2.29583
AKAPS8 21.6644 | 14.0186 | MRPS33 249712 | 3.56987
ALDH16A1 25.6673 | 3.57066 | MRPS5 25.6198 | 2.11071
ALMS1 12.0578 | 3.00457 | MTMR14 23.8853 | 1.31404
ARFIP2 24.6429 | 1.35695 | NACAP1 26.0796 | 3.68989
ARHGAP18 26.4041 | 2.29548 | NAT14 25.3938 | 1.32244
ARHGEF2 24.2743 | 3.56752 | NDUFS6 25.1445 | 2.29566
ARID1A 25.1728 | 20.3704 | NEK9 25.6364 | 1.32387
ASPH 24.8878 | 2.25335 | NELFB 25.1923 | 19.8738
ASPM 25.6941 | 19.1346 | NELFE 3.03217 | 1.80316
ATAD3B 2.92521 | 7.23432 | NEMF 24.221 | 17.8037
ATG3 25.1388 | 2.27109 | NENF 25.2904 | 2.01237
ATP6V1G1 24.2891 | 16.8476 | NIFK 26.1516 | 1.37233
ATPIF1 28.2028 | 19.3636 | NKTR 26.953 | 21.2186
ATXN2 25.6189 | 3.57053 | NOLC1 27.6067 | 18.7053
AUTS2 23.5367 | 18.9735 | NOP14 26.0568 | 20.0002
AXIN1 19.4388 | 2.29546 | NRGN 23.6788 | 19.9643
B4GALNT3 30.5683 | 4.84693 | NUCB2 26.0149 2.2955
BAX 25.7342 | 2.30988 | NUP210 25.9116 | 2.35917
BOD1L1 26.8791 | 22.1762 | OCIAD1 27.0417 | 3.91943
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BRCAZ2 26.3389 | 3.59187 | OXCT1 24.7845 | 2.01409
C110rf98 25.6602 | 2.25988 | PALM 25.7367 | 3.56752
C120rf29 25.9816 | 16.3044 | PAM16 25.4216 | 2.02646
C190rf53 25.4504 | 18.1598 | PDXP 24.2674 | 3.56968
C7orf50 455379 | 1.98157 | PIP4K2C 24.1663 | 2.29556
CASC3 25.8537 | 3.55188 | PITHD1 25.567 | 2.34542
CBX5 24.4297 | 2.29387 | PLAA 25.1435 | 3.55058
CCDC12 249779 | 21.3183 | PLEKHAS 25.7558 | 2.29586
CCDC50 25.5141 | 21.0103 | PNN 27.7669 | 2.54866
CCDC97 25.7888 | 1.34239 | PNPO 25.0923 | 13.0894
CEP135 25.3543 | 19.8792 | POLD2 25.0548 3.5706
CEP350 26.6426 | 1.34089 | PPAN 26.2021 | 16.3931
CEP70 8.09268 | 12.5164 | PPIG 25.1781 | 3.57041
CRK 24.9807 | 3.56783 | PPMEL1 25.3946 | 1.35676
CRNKL1 25.4225 | 1.35997 | PPP1CB 26.1918 | 1.33898
CSNK1E 25.0786 | 2.09107 | PPP1R2 26.2653 | 20.4602
CSTF3 25.706 | 21.0793 | PPP3CA 24,744 | 1.32627
CTBP1 255192 | 1.33784 | PRDX4 26.8223 | 19.2773
CTCF 23.7459 23.22 | PREB 26.2951 | 2.31529
CXorf56 25.6284 | 1.36377 | PRKAR2B 29.6645 | 23.0216
CYFIP1 25.1166 | 3.57721 | PSMB7 26.9772 | 2.67454
DAG1 249092 | 2.29567 | PTDSS1 24.2263 | 2.29574
DBNL 25.013 | 1.32651 | PTPN1 25.6452 19.947
DDX10 24.7998 | 2.32641 | RAB35 25.7375 | 3.57053
DDX41 30.2721 | 3.67801 | RAD23A 26.0684 | 2.29579
DDX50 25.2512 | 2.29583 | RADS1 27.2874 | 3.65512
DECR1 25.0788 | 2.29501 | RALB 25.2185 2.1076
DEK 26.0802 | 18.1957 | RBM22 25.3893 | 2.29558
DGCRS8 25.1134 | 16.5606 | RDH13 23.9199 | 2.29525
DHFR 23.8241 2.2933 | RECQL 25.4444 | 1.32833
DHRS7 26.3805 | 2.29578 | RING1 259972 | 2.31049
DMD 27.0458 | 1.99999 | RPL22L1 24.6441 | 3.57058
DNAJC17 249025 | 19.3229 | RTFDC1 26.1915 | 2.41315
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DNMT1 26.475| 2.39141 | RTN3 25.0888 | 2.29562
DPY30 24,1579 | 2.17177 | S100A11 25.9421 | 3.56947
DTNA 25.5984 | 2.29462 | SCCPDH 26.0178 | 2.35343
EMC2 25.0187 | 2.29565 | SDAD1 22.8368 | 2.28144
EMC8 24.9634 | 19.1635 | SEC24B 24.4071 | 2.29578
EML5 249433 | 2.16537 | SEC62 25.9998 | 18.6008
ENPP1 26.2259 18.509 | SETMAR 24.3546 1.3212
ENY2 249829 | 3.57073 | SGPL1 24.6461 | 2.12867
ERCC6L 24,7139 | 3.61605 | SIN3A 25.0969 | 3.60008
ESF1 24.3109 | 3.56887 | SKAl 26.5625 | 2.42222
ESYT2 24.7615 | 2.18119 | SLC27A4 27.4428 16.698
EXOC7 25.2424 | 18.8086 | SLC39A6 23.0438 1.4252
FAM101B 25.0685 | 2.29575 | SLC9A3R2 24.862 | 3.57038
FAM208A 25.3443 | 2.29579 | SLK 26.1956 | 20.0867
FAM208B 26.3407 | 1.33759 | SMAP 26.9264 | 19.5531
FDXR 23.6574 | 2.02687 | SMARCAS 25.9058 2.3911
GATAD2A 24,735 | 1.33456 | SMARCC2 25.8784 | 2.32678
GCLM 249837 | 19.9559 | SMC1B 26.7911 | 20.5192
GEMINZ2 25.8406 | 3.57008 | SMCHD1 23.9406 | 2.29539
GIPC1 25.4184 | 2.07381 | SMCR7L 25.4071 | 1.36671
GLYR1 25.5026 | 19.3234 | SOAT1 24.9852 | 2.29519
GMPPA 23.212 | 2.29586 | SPATS2L 24.6388 2.2956
GNG5 26.0692 | 3.60338 | SPCS2 259022 | 2.35668
GOLIM4 23.5718 | 19.8094 | SRPR 26.6465 | 3.71915
GPATCH11 26.2952 | 19.0831 | SRSF4 25.8677 | 3.68148
GPATCH4 26.0001 | 18.4873 | SUPT4H1 25.2318 3.5703
HDDC3 25.2699 | 3.60504 | SURF6 26.8422 | 2.29574
HDHD2 25.084 | 1.34798 | SVIL 24.7916 | 18.5786
HERC1 4.74474 | 1.79419 | TBL3 27.0149 | 2.34584
HIBCH 26.3818 | 2.37231 | TCEB3 26.4221 | 2.57909
HMGN1 23.3232 13.118 | TMAY 26.4603 | 19.1969
HSD17B11 25.1918 | 2.29493 | TOR1AIP1 25.0779 | 2.29482
IBA57 24.4154 | 1.96067 | TP53RK 25.1332 | 1.99311
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ILKAP 24.5602 | 3.56803 | UACA 23.9673 | 24.6129
JMY 28.1047 | 17.4056 | UBL4A 25.1342 | 3.54849
KHDRBS3 25.0193 | 2.29555 | UBR4 24.6722 | 3.56962
KIAA0020 3.62285 | 1.51039 | UQCRH 25.2134 | 3.42636
KIF2A 25.8995 3.7585 | UQCRQ 24.6817 | 17.8928
KRI1 24.204 | 2.29256 | VAMP3 24.6677 | 2.29475
KRR1 24.6107 | 1.38514 | VDAC3 25.4046 | 2.26942
L1RE1 25.5739 | 3.62106 | WIZ 25.3266 | 2.34273
L3MBTL2 25.3395 | 3.57059 | XAB2 27.4176 4.0102
LEMD2 25.5098 | 3.56425 | YME1L1 26.3386 | 3.59928
LIMD1 245737 | 25.0698 | YTHDC1 23.7772 | 2.29487
LMO7 24.6148 | 2.29585 | YTHDF1 25.1166 | 18.1559
LRRFIP1 25973 | 2.38722 | YY1 25.4473 | 3.58169
LTBP1 25.463 2.2957 | ZC3H18 25.1185| 3.87519
MAN1A2 25.8359 | 3.56782 | ZFP62 25.5161 | 14.4244
MAST3 28.8416 | 3.98953 | ZFPL1 26.5958 | 19.2232
MCAT 25.3796 | 3.53068 | ZNF141 25.3681 2.2947
METAP2 25.4303 1.3124 | ZNF326 25.0232 | 2.29512
METTL1 25.0451 | 3.78467 | ZNF622 25.5296 | 20.1343
MFAP1 26.0588 | 3.89402 | ZNF638 24.0039 | 22.2959
MIA3 247491 | 3.56968 | ZNF768 26.4245 | 19.3848

10.7.5 List of domain specific interactors

A deletion analysis using MS was performed with overexpression constructs NSF-CEP70 CC1-2 and NSF-CEP70
NSF in HEK293T. The table shows domain specific interactors with their gene names, the ratio (CEP70 CC1-
2_xly_CEP70) and their -log2 median p-values of six biological replicates. Tier 1 proteins are listed. A both sided
statistical test was conducted and only CEP70 interactors, that were already determined in 10.7.4 (Tier 1) were
regarded. Red marked proteins indicate ciliary proteins, that are significantly enriched in CEP70 full length and
changed in CEP70-CC1-2 fragment. Table was taken from Woerz et al., under review [3].

Gene names Ratio p-value | Gene names Ratio p-value
(-logz) (-log2)
ABCB7 -25.2716 | 2.18992 | METTL1 -25.0451 | 18.2999
ACSL4 -24.6142 | 19.2791 | MICALCL -25.5451 | 3.43937
ADK -24.9438 | 18.6219 | MRPS33 -24.9712 | 3.26884
AFTPH -24.9992 20.786 | MRPS5 -25.6198 | 1.73129
AGO1 -24.9892 | 1.74737 | NACAP1 -26.0796 | 3.37907
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AHSG -27.2943 | 22.2134 | NELFE -27.6255 | 3.39077
AKAPS8 -21.6644 | 13.7176 | NEMF -24.221 | 3.22024
ALDH16A1 -25.6673 | 3.26963 | NENF -25.2904 | 1.74599
ALMS1 -8.58553 | 2.04163 | NKTR 4.21582 | 10.3355
ARHGAP18 -26.4041 | 1.99445 | NRGN -23.6788 | 19.6633
ARID1A -25.1728 | 3.27647 | NUP210 -25.9116 | 3.31104
ASPM -25.6941 | 18.8336 | OCIAD1 -27.0417 | 3.56589
ATAD3B -2.84899 | 6.74656 | OXCT1 -24.7845 | 3.26524
ATG3 -25.1388 | 3.27098 | PALM -25.7367 | 3.26649
ATP6V1G1 -24.2891 | 16.5466 | PAM16 -25.4216 | 3.26823
AUTS2 -23.5367 | 18.6725 | PDXP -24.2674 | 3.26865
AXIN1 -19.4388 | 1.99443 | PIP4K2C -24.1663 | 1.99453
BAGALNT3 -30.5683 | 18.1867 | PITHD1 -25.567 | 3.28265
BAX -25.7342 | 3.25568 | PLAA -25.1435 | 2.13204
BRCA2 -26.3389 | 2.05319 | PLEKHAS -25.7558 | 1.99483
C120rf29 -25.9816 | 3.45017 | PNPO -25.0923 | 12.7884
C190rf53 -25.4504 | 2.94413 | POLD2 -25.0548 | 1.72758
C7orf50 3.56192 | 8.72694 | PPAN 3.7915 | 6.59248
CBX5 -24.4297 | 1.99284 | PPIG -25.1781 | 3.26938
CCDC12 -24.9779 | 3.46731 | PPP1R2 -26.2653 | 3.39716
CCDC50 -25.5141 | 20.7093 | PREB -26.2951 | 2.02632
CEP135 -25.3543 | 19.5782 | PRKAR2B -29.6645 | 22.7206
CRK -24.9807 3.2668 | PSMB7 -26.9772 | 18.5521
CSNK1E -25.0786 | 3.26944 | PTDSS1 -24.2263 | 1.99471
CSTF3 -25.706 | 3.18407 | PTPN1 -25.6452 | 2.08068
DDX10 5.42838 | 1.34474 | RAB35 -25.7375 3.2695
DECR1 -25.0788 | 1.99398 | RAD23A -26.0684 | 1.99476
DHFR -23.8241 | 1.99227 | RALB -25.2185 | 3.26836
DHRS7 -26.3805 | 1.07669 | S100A11 -25.9421 | 3.26844
DNAJC17 -24.9025 | 19.0219 | SDAD1 6.56151 | 1.60118
DNMT1 -4.12023 | 1.64167 | SEC24B -24.4071 | 1.99475
DTNA -25.5984 | 1.99359 | SEC62 -25.9998 | 18.2998
EMCS8 -24.9634 | 18.8625 | SIN3A -25.0969 | 2.09256
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EMLS -24.9433 | 3.26842 | SKAl -26.5625 | 20.1845
ENPP1 -26.2259 18.208 | SLC27A4 -27.4428 | 3.53133
ENY2 -24.9829 3.2697 | SLC39A6 -23.0438 | 3.26729
ERCC6L -24.7139 | 18.0247 | SLCO9A3R2 -24.862 | 1.77865
ESYT2 -24.7615 | 2.04396 | SMAP -26.9264 | 19.2521
FAM101B -25.0685 | 1.99472 | SMC1B -26.7911 | 20.2182
FDXR -23.6574 | 3.26771 | SOAT1 -24.9852 | 1.99416
GIPC1 -25.4184 | 3.26931 | SPCS2 -25.9022 | 2.02498
GLYR1 -25.5026 | 19.0224 | SUPT4H1 -25.2318 | 3.26927
GMPPA -23.212 | 1.99483 | SVIL -24.7916 | 3.61552
GNG5 -26.0692 | 3.35404 | TMAY -26.4603 | 3.31171
GOLIM4 -23.5718 | 19.5084 | TOR1AIP1 -25.0779 | 1.99379
GPATCH11 -26.2952 | 2.00133 | TPS3RK -25.1332 3.2677
HMGN1 -23.3232 12.817 | UACA -23.9673 | 3.36947
HSD17B11 -25.1918 1.9939 | UBR4 -24.6722 | 1.85761
IBA57 -24.4154 | 3.26953 | UQCRH -25.2134 | 3.25113
ILKAP -24.5602 | 1.80463 | UQCRQ -24.6817 | 17.5918
JMY -28.1047 | 1.92855 | VAMP3 -24.6677 | 1.99372
KHDRBS3 -25.0193 | 1.99452 | VDACS3 -25.4046 | 3.26812
KIAA0020 440715 | 6.29731 | WIZ -25.3266 | 3.22953
KRI1 3.93592 | 1.28514 | YMELL1 -26.3386 | 3.27907
L3MBTL2 -25.3395 | 1.77688 | YTHDC1 -23.7772 | 1.99384
LEMD2 -25.5098 | 3.26322 | YTHDF1 -25.1166 | 17.8548
LIMD1 -24.5737 | 24.7688 | YY1 -25.4473 2.0279
LRRFIP1 -25.973 | 3.42684 | ZFPL1 -26.5958 | 3.67785
LTBP1 -25.463 | 1.99467 | ZNF141 2.87385 | 1.18777
MAN1A2 -25.8359 | 3.26679 | ZNF638 -24.0039 | 3.98038

10.7.6 List of CEP70 TPR-CT interactors

A deletion analysis with CEP70 was conducted with overexpression constructs NSF-CEP70 TPR-CT and NSF-CEP70
NSF in HEK293T using MS analysis. The table presents identified CEP70 TPR-CT specific interactors with their gene
names, the ratio (CEP70 TPR-CT_x/y_CEP70) and their -log2 median p-values of six biological replicates. Tier 1
proteins are presented. A both sided statistical test was deployed, and only CEP70 interaction partners, that were

defined before, were considered (see 10.7.4, Tier 1). Table was taken from Woerz et al., under review [3].

Gene names

Ratio

p-value

(-logz)

Gene names

Ratio

p-value

(-logz)
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17.1046
1.90625

4.06372

2.75357

-28.1047
-24.7016
-1.06223

1.72008

20.786 | IMY
3.35164 | MPHOSPH6

8.81255 | NKTR

6.34792 | OCIAD1

-24.9992
-1.26872
-5.64771
-4.29313

AFTPH

ATAD3B

B4GALNT3
HERC1

CEP70 NSF sample
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Figure 40 Identification of ALMSL1 protein coverage in one CEP70-NSF sample

Identified peptides (exclusive unique peptides) of the ALMS1 protein (homo sapiens, 461 kDa) are highlighted in

yellow in an exemplary CEP70 NSF sample provided by the program Scaffold. Amino acids matched to MS/MS
spectrum are shown in yellow, while post-translational modified amino acids are depicted in green. Figure was taken

from Woerz et al., under review [3].
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10.9Nuclei count of 30 nM siRNA treated wt and ALMS1 KO cells
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Figure 41 CEP70 KD shows increased cell loss in wt in hTERT-RPEL cells

To assess cell loss, the nuclei were quantified in three independent experiments. The analysis included untreated
cells, cells treated with siCEP70, and cells treated with siControl. Both wildtype and ALMS1-deficient cells were
examined. Transfection of 30 nM CEP70 siRNA was performed for all experiments. Statistical analysis was conducted
using ANOVA (Tukey), and the standard deviation (SD) was represented by error bars. Significance levels were
indicated as follows: p < 0.001 denoted by *** asterisks, p < 0.01 denoted by ** asterisks, and p > 0.05 considered
non-significant.

10.10Ildentification of retina specific ALMSL1 interactor

A B
O P et
ENCLR I
W S & AGAAAAGT TCCCTGGGAC-—=========~
ALMS1ex23for + rev REKEY P W D
(~1676 bp)

ALMS1-RFP-HA

1500

20 AGAAAAGTCCCATGGGACGGTGGGGGTTCT!

[y P WD G G G S

Linker sequence of
RFP-HA tag

RFP-HA AP  Sequence coverage (%) Tier1 Tier 2

ALMS1 (bait) 75.9 * W

Figure 42 Verification of endogenously RFP-HA tagged ALMS1

A, PCR with single clones was performed, followed by a gel electrophoresis. ALMS1 econ 23 forward and reverse
primer were used to verify tag insertion. Control cells show a band at approximately 950 bp, while homozygous tag
insertion exhibit one prominent band at a height of 1676 bp.
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B Homozygously tagged ALMS1 cells were send in for sequencing, confirming tag insertion. Black arrows specify the
wobble nucleotides, and the red arrow indicates the insertion site of RFP-HA tag. Wt sequence was used from

ensemble.org (ENST00000613296.6, ALMS1-205, CCDS42697).

C Sequence coverage of ALMS1 in ALMS1-RFP-HA tagged cells identified by Perseus analysis. Identified potential
protein interactors are categorized into Tier system as described above.

10.10.1 MaxQuant setting ALMS1-RFP-HA

Parameter
Version

User name
Machine name
Date of writing
Fixed modifications

Include contaminants
PSM FDR

XPSM FDR
Protein FDR

Site FDR
Use Normalized Ratios
For Occupancy

Min. peptide Length
Min. score for
unmodified peptides
Min. score for modified
peptides

Min. delta score for
unmodified peptides
Min. delta score for
modified peptides

Min. unique peptides
Min. razor peptides

Min. peptides

Use only unmodified
peptides and
Peptides used for
protein quantification
Discard unmodified
counterpart peptides

Label min. ratio count

Use delta score
iBAQ

Value
1.6.1.0

mpcadmin
ADMIN-PC

12/17/2021 01:10:22
Carbamidomethyl (C)

True
0.01

0.01
0.01

0.01

True

7

0

40

False

Razor

True

False
False

Max. peptide mass [Da]

Min. peptide length for
unspecific search

Max. peptide length for
unspecific search
Razor protein FDR
Disable MD5

Max mods in site table
Match unidentified
features

MS/MS tol. (FTMS)

Top MS/MS peaks per Da

interval. (FTMS)

Da interval. (FTMS)
MS/MS deisotoping
(FTMS)

MS/MS deisotoping
tolerance (FTMS)
MS/MS deisotoping
tolerance unit (FTMS)
MS/MS higher charges
(FTMS)

MS/MS water loss
(FTMS)

MS/MS ammonia loss
(FTMS)

MS/MS dependent losses

(FTMS)

MS/MS recalibration
(FTMS)

MS/MS tol. (ITMS)

Top MS/MS peaks per Da

interval. (ITMS)

Da interval. (ITMS)
MS/MS deisotoping
(ITMS)

MS/MS deisotoping
tolerance (ITMS)
MS/MS deisotoping
tolerance unit (ITMS)
MS/MS higher charges
(ITMS)

MS/MS water loss (ITMS)

4600

25
True
False

True
20 ppm

100

True

\‘

ppm

True

True

True

True

False
0.5 Da

100

False

0.15

Da

True
True

196



MS/MS ammonia loss

iBAQ log fit False (ITMS) True
MS/MS dependent losses

Match between runs True (ITMS) True

Matching time window MS/MS recalibration

[min] 0.7 (ITMS) False

Alignment time window

[min] 20 MS/MS tol. (TOF) 40 ppm

Find dependent Top MS/MS peaks per Da

peptides False interval. (TOF) 10

C:\Databases\swissprot_hum

Fasta file an_2021_05_TB.fasta Da interval. (TOF) 100

Decoy mode revert MS/MS deisotoping (TOF) True
MS/MS deisotoping

Include contaminants True tolerance (TOF) 0.01
MS/MS deisotoping

Advanced ratios True tolerance unit (TOF) Da

Fixed andromeda index MS/MS higher charges

folder (TOF) True

Temporary folder MS/MS water loss (TOF) True

Combined folder MS/MS ammonia loss

location (TOF) True
MS/MS dependent losses

Second peptides True (TOF) True

Stabilize large LFQ MS/MS recalibration

ratios True (TOF) False

Separate LFQ in

parameter groups False MS/MS tol. (Unknown) 0.5 Da

Require MS/MS for Top MS/MS peaks per Da

LFQ comparisons False interval. (Unknown) 8

Calculate peak

properties False Da interval. (Unknown) 100

Main search max. MS/MS deisotoping

combinations 200 (Unknown) False

Advanced site MS/MS deisotoping

intensities True tolerance (Unknown) 0.15

LFQ norm for sites and MS/MS deisotoping

peptides False tolerance unit (Unknown) Da
MS/MS higher charges

Write msScans table True (Unknown) True
MS/MS water loss

Write msmsScans table True (Unknown) True
MS/MS ammonia loss

Write ms3Scans table  True (Unknown) True
MS/MS dependent losses

Write allPeptides table  True (Unknown) True
MS/MS recalibration

Write mzRange table True (Unknown) False

Write pasefMsmsScans Oxidation

table True Site tables (M)Sites.txt

Write True
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accumulatedPasefMsm
sScans table

10.10.2 List of ALMSL1 interactors (ALMS1-RFP-HA)

Table 31 Tier 1 protein (ALMS1-RFP-HA)

An immunoprecipitation was performed with endogenously tagged RFP-HA ALMS1 in HEK293T cells and wildtype
control cells. The table shows identified ALMSL1 interactors with their gene names, the ratio (RPF_HA_x/y_Control)
and their -log2 median p-values of six biological replicates. In this table, Tier 1 (Sig A <0.05 and Permutation based
FDR p<0.05) interactors are listed.

Gene names | Ratio p-value Gene names | Ratio p-value
(-logo) (-log2)
ALMS1 7.4303 10.4217 GPR50 1.4853 4.9271
ANXA1 25.1318 18.5733 GSTM3 1.4994 5.6923
BAP18 2.0243 8.7483 HSPB1 1.4520 4.8744
CCDCB88A 22.6266 18.9564 MDK 3.3409 5.1617
CEP70 27.4799 18.4862 GPR50 1.4853 49271

Table 32 Tier 2 proteins (ALMS1-RFP-HA)

The table presents identified ALMS1 interactors with their gene names, the ratio (RPF_HA_x/y_Control) and their -
log2 median p-values and of eight biological replicates. Here, Tier 2 (Sig A <0.05 and p-value <0.05) identified
interactors are listed.

Gene names | Ratio p-value Gene names | Ratio p-value
(-logo) (-logo)
ACADVL 24.9183 2.62149 LCP1 25.4218 3.8749
AKAPSL 1.29058 3.59143 LLGL1 1.67846 1.68609
ALMS1 7.43028 10.4217 LRP1B 1.32891 1.75237
ANKRD13A | 23.2578 1.34518 LRWD1 22.6162 2.05113
ANXA1 25.1318 18.5733 MDK 3.34091 5.16165
ARMT1 2.02415 1.6192 MKI67 23.2259 2.33669
ASF1A 24.2788 1.33653 MURC 25.3266 3.56919
BAP18 2.02433 8.74831 MUT 22.4732 1.33228
C9orf64 1.50878 1.66101 NAGK 23.487 2.08545
CBR3 24.8038 1.60721 NELFB 1.28252 1.61588
CC2D1A 23.4489 2.34447 NUMA1 23.7615 1.3241
CCDCB88A 22.6266 18.9564 PI4KB 21.5334 1.60769
CDC45 22.3652 1.60787 PPOX 2.33427 1.74851
CEP70 27.4799 18.4862 PTGR2 21.172 1.36042
CHD1L 1.92306 1.67652 RAB3D 1.30594 1.61707
CIT 2.44838 1.6853 S100A11 1.30673 3.21104
COPS6 1.4063 1.60192 SEPT10 2.03019 1.71263
CRABP2 1.34193 2.80613 SPINT1 24.8402 3.55806
CSNK2A2 2.3271 1.66583 SUGP2 23.8914 1.36467
GNL1 24.5803 2.3944 SUPT4H1 23.8832 1.34077
GPR50 1.48526 4.92713 SV2A 25.2195 2.29094
GPX1 1.92365 1.73038 SWAP70 21.9152 1.6074
GSTM3 1.49937 5.69225 TGOLN2 23.1217 1.39242
HMCES 23.1186 1.32947 TIMP1 1.68166 1.68388
HOXA5 24.1658 1.35639 TOP2A 4.64738 1.86122
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HSPB1 1.45197 4.87437 TSR2 1.32193 1.56244

INF2 23.5426 3.56974 USP16 23.0651 2.04297

KIAA0020 1.66028 1.6894 VPS52 24.477 2.29563

L3HYPDH 22.9846 2.0941 WDR47 23.2315 1.60781

LAGE3 1.5386 1.60663 ZNF714 1.43047 1.63967

10.10.3 MaxQuant setting Retina Pull Down

Max. peptide mass

Parameter Value [Da] 4600
Min. peptide length for

Version 1.6.1.0 unspecific search 8
Max. peptide length for

User name mpcadmin unspecific search 25

Machine name ADMIN-PC Razor protein FDR True

Date of writing 10/21/2022 11:47:32 Disable MD5 False

Fixed modifications  Carbamidomethyl (C) Max mods in site table 3
Match unidentified

Include contaminants True features True

PSM FDR 0.01 MS/MS tol. (FTMS) 20 ppm
Top MS/MS peaks per

XPSM FDR 0.01 Da interval. (FTMS) 12

Protein FDR 0.01 Da interval. (FTMS) 100
MS/MS deisotoping

Site FDR 0.01 (FTMS) True

Use Normalized

Ratios For MS/MS deisotoping

Occupancy True tolerance (FTMS) 7
MS/MS deisotoping

Min. peptide Length 7 tolerance unit (FTMS) ppm

Min. score for MS/MS higher charges

unmodified peptides 0 (FTMS) True

Min. score for MS/MS water loss

modified peptides 40 (FTMS) True

Min. delta score for MS/MS ammonia loss

unmodified peptides 0 (FTMS) True

Min. delta score for MS/MS dependent

modified peptides 6 losses (FTMS) True
MS/MS recalibration

Min. unique peptides 0 (FTMS) False

Min. razor peptides 1 MS/MS tol. (ITMS) 0.5 Da
Top MS/MS peaks per

Min. peptides 1 Da interval. (ITMS) 8

Use only unmodified

peptides and False Da interval. (ITMS) 100

Peptides used for MS/MS deisotoping

protein quantification Razor (ITMS) False

Discard unmodified MS/MS deisotoping

counterpart peptides True tolerance (ITMS) 0.15
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Label min. ratio
count

Use delta score
iBAQ

iBAQ log fit
Match between runs
Matching time
window [min]
Alignment time
window [min]
Find dependent
peptides

Fasta file

Decoy mode

Include contaminants

Advanced ratios
Fixed andromeda
index folder

Temporary folder
Combined folder
location

Second peptides
Stabilize large LFQ
ratios

Separate LFQ in
parameter groups
Require MS/MS for
LFQ comparisons
Calculate peak
properties

Main search max.
combinations
Advanced site
intensities

LFQ norm for sites
and peptides

Write msScans table

Write msmsScans
table

Write ms3Scans

False

False

False

True

0.7

20

False
C:\Databases\FWO-ALMS1 _uniprot-
proteome susscrofa 20201028.fasta
revert

True

True

True
True
False
False
False
200

True

False
True

True
True

MS/MS deisotoping

tolerance unit (ITMS)
MS/MS higher charges

(ITMS)
MS/MS water loss
(ITMS)

MS/MS ammonia loss

(IT™MS)

MS/MS dependent
losses (ITMS)
MS/MS recalibration
(IT™MS)

MS/MS tol. (TOF)

Top MS/MS peaks per

Da interval. (TOF)

Da interval. (TOF)
MS/MS deisotoping
(TOF)

MS/MS deisotoping
tolerance (TOF)
MS/MS deisotoping
tolerance unit (TOF)

MS/MS higher charges

(TOF)
MS/MS water loss
(TOF)

MS/MS ammonia loss

(TOF)

MS/MS dependent
losses (TOF)
MS/MS recalibration
(TOF)

MS/MS tol. (Unknown)
Top MS/MS peaks per
Da interval. (Unknown)

Da interval. (Unknown)

MS/MS deisotoping
(Unknown)
MS/MS deisotoping

tolerance (Unknown)

MS/MS deisotoping
tolerance unit
(Unknown)

MS/MS higher charges

(Unknown)
MS/MS water loss
(Unknown)

MS/MS ammonia loss

Da

True

True

True

True

False

40 ppm

100

True

0.01

Da

True

True

True

True

False

0.5 Da

100
False

0.15

Da
True

True
True
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table

Write allPeptides
table True

Write mzRange table True
Write

pasefMsmsScans

table True

Write

accumulatedPasefM

smsScans table

True

(Unknown)

MS/MS dependent
losses (Unknown)
MS/MS recalibration
(Unknown)

Site tables

True

False
Oxidation
(M)Sites.tx
t

10.10.4 List of ALMSL1 interactors (Retina Pull Down)

Table 33 Tier 1 protein (Retina specific interactors)

The tables present an overview of significant enriched proteins received by a tissue specific protein complex analysis
using porcine retina and RFP-HA tagged ALMS1 from HEK293T cells.
The table presents potential ALMS1 interactors with their gene names, the ratio (RPF_HA_x/y_Control) and their -log2
median p-values of six biological replicates. Here, Tier 1 (Sig A <0.05 and Permutation based FDR p<0.05) interactors

are shown.

Gene names | Ratio p-value Gene names | Ratio p-value
(-log2) (-log2)

APIP 0.9956 3.7348 IGFBP5 21.3012 3.585

EFEMP1 21.6857 3.5469 LRP4 22.8143 3.5569

FBN1 24.572 16.6883 NQO2 24.1433 19.5594

FSTL1 22.3792 3.55952

Table 34 Tier 2 proteins (Retina specific interactors)

Potential retina specific ALMSL1 interactors with a less stringent analysis are grouped in Tier 2 (Sig A <0.05 and p-
value <0.05) Gene names, the ratio (RPF_HA_x/y_Control) and their log2 median p-values are shown.

Gene names | Ratio p-value Gene names Ratio p-value
(-logo) (-logo)
AARS1 0.691241 2.43028 LDLR 4.15183 1.87291
APIP 0.995615 3.73475 LOC100158003 | 0.632766 3.24075
ARHGAP24 | 22.8841 2.29893 LRP4 22.8143 3.5569
ARLG 0.992101 1.58418 NDUFS7 24.7452 2.18679
ARLG6IP4 22.1212 1.60763 NOTCH2 1.01902 2.76616
CA2 24.2125 2.29572 NPHP4 1.05293 1.59009
CALCOCO1 | 25.3426 1.31534 NQO2 24.1433 19.5594
CCDC61 23.0488 1.3233 OoGT 0.757307 1.53869
CCN2 23.0919 2.29513 PDAP1 22.4292 1.31796
CDC42BPB | 25.0927 1.33613 PDE12 23.8096 2.04193
CDC5L 0.799206 1.74883 PLEKHO2 0.836922 1.55062
DPP3 23.8181 2.03428 PRPH 23.7351 2.28996
DSP 21.3158 1.38385 PSME2 22.8142 2.02849
EFEMP1 21.6857 3.54686 SIK3 1.28665 1.62932
EGF-like 0.644296 2.04417 SLC27A1 23.1572 1.3245
domain-
containing
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protein

FASN

2.66032

3.08075

SRBD1

23.5043

1.36882

FBN1

24.572

16.6883

SUN1

22.7746

2.25101

FSTL1

22.3792

3.55952

TIMP2

23.9835

2.04289

GAD1
GADG67

23.1231

1.32

TRAPPCG6B

23.5361

2.29571

hALMS1

6.75895

2.24275

VPS28

24.7898

2.24785

HAX1

1.06577

1.59988

XRCC6

22.2736

1.60777

IGFBP5

21.3012

3.585

ZNF326

23.8855

2.04518

10.10.5 Protein sequence of human and porcine ALMS1
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Figure 43 Alignment of human vs. sus scrofa ALMSL1 protein sequence

Protein sequences of human and porcine ALMS1 were used from ensemble.org and aligned with MultAlin [293].
Compliances are depicted in red, while differences of single amino acid are in blue or of larger regions are in black.
Ensemble.org provided protein sequences of pig-largewhite (ENSSSCT00025093656.1, ALMS1-204, 4332 aa) and

human ALMS1 (ENST00000613296.6, ALMS1-205). Ensemble release 109- Feb 2023.
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10.11 ALMSI1 localizes at the BB of ciliain human retina
humane Retina

GT335

ALMS1

Figure 44 ALMS1 localizes at the cilium in human retina

Microscopy picture of human retina was kindly provided by Sylvia Bolz and was stained by Christine Henes. Nuclei
are marked in blue. ALMSL1 is depicted in green and GT335, indicating ciliary localization, in magenta. Scale bar is set
to 5 pm.
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10.12 ALMSL1 localizes at the BB of photoreceptor precursor cells
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Figure 45 PPC as a potential model for ALMS1 research

A, Photoreceptor precursor cells (PPC, 30 days old) control cells were kindly provided by Pietro De Angeli. ALMS1 is
depicted in green, ARL13B in magenta and DAPI in blue. Scale bar measures 5 pm.

B, Validation of PPC was done using qPCR and marker for IPSC and PPC and normalized against GUSB. N=1
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