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Summary

1. Summary

Identification and Characterization of the putative phosphatase PALD1 as a previously unknown
component of the Sonic Hedgehog Signaling Pathway.

During the past decades primary cilia were brought into the focus of research. Despite the greatly
increased interest in primary cilia, many questions remain unanswered. The small reaction space of
primary cilia is associated with low amounts of protein which poses enormous challenges for research.
Furthermore, primary cilia cannot be isolated like completely membrane-enclosed organelles because
they do possess a highly specialized membrane but which is continuous with the plasma membrane.
Based on the first methodological approach to study the ciliary proteome easily and reliably using
proximity labeling and mass-spectrometric analysis, a new technique to study the ciliary proteome was
established within this work using Cilia-APEX2. The Cilia-APEX2 construct consists of an improved
cilia-localized ascorbate peroxidase, APEX2, which allows higher labeling efficiency at lower transgene
expression than the previously used Cilia-APEX as demonstrated within this work. Thus, Cilia-APEX2
enabled to study time resolved remodeling of the cilia proteome during Sonic Hedgehog signaling for
the first time (May et al., 2021).

The Sonic Hedgehog signaling pathway is a fundamental signaling pathway of the embryonic
development and depends in mammals strictly on primary cilia. Disruption of the Sonic Hedgehog
signaling pathway leads to death at an early embryonic stage or to severe birth defects. Nevertheless,
many of the underlying mechanisms remain poorly understood. Using Cilia-APEX2, new information
on the mechanisms of Sonic Hedgehog signaling in Inner Medullary Collecting Duct 3 (IMCD3) cells
were obtained e.g. the putative phosphatase Paladin (PALD1) was associated with Sonic Hedgehog
signaling for the first time. Within this work, it was shown that PALDI localizes to primary cilia after
activation of Sonic Hedgehog Signaling via the Sonic Hedgehog receptor Protein patched homolog 1
(PTCH1). It was further shown, that when PTCHI1 is bypassed in Sonic Hedgehog Signaling activation
via use of the Smoothened Agonist (SAG), PALDI still localizes to primary cilia. PALD1 does not
complexate with the Sonic Hedgehog effector Smoothened (SMO) permanently but co-localized with
SMO to primary cilia of IMCD3 cells after activation of Sonic Hedgehog signaling. Screening of
different cell lines for PALD1 expression as well as a comparative phylogenetic analysis, revealed that
PALDI is conserved among species and present in different human and murine cell lines. To investigate
the role of PALDI further, different cell lines which lacked PALD1 were generated and analyzed such
as IMCD3 cells, murine Fibroblasts and murine Myoblasts (May ef al., 2021).

Furhtermore, it was shown that the here generated IMCD3 Paldl”" cells are situated in a pre-activated
Sonic Hedgehog signaling state. This was demonstrated by changes in two Sonic Hedgehog
components, the G protein-coupled receptor GPR161 and the glioma-associated zinc finger 3 (GLI3)
transcription factor, among others. Nevertheless, IMCD3 Paldl” cells can be further activated by
addition of Sonic Hedgehog inducing reagents. Ciliary accumulation of PALD1 was shown to be

dependent on both cAMP and the protein complex of intraflagellar transport proteins 27 and 25.
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Summary

Furthermore, the accumulation of PALDI is possibly influenced by the protein kinase A. Ciliary
accumulation of PALDI1 in dependence of active Sonic Hedgehog Signaling was also observed in
Myoblasts within this work and it was shown that differentiation of Myoblasts into muscle cells was
impaired after loss of PALDI. In Fibroblasts, even though no ciliary accumulation of PALD1 was
detected, Sonic Hedgehog signaling pre-activation was also observed in a transcriptional analysis
indicating specific but similar tissue specific functions for PALD1 among different cell lines. While the
role of PALDI in Fibroblasts and Myoblasts needs further research, it was demonstrated, that PALD1

controls Sonic Hedgehog dependent processes in different cell lines.

The identification of PALD1 as a previously unknown Sonic Hedgehog signaling component highlights
the improved methodology of the Cilia APEX2 approach. Moreover, PALD1 was identified in this work
as a novel negative mediator of the Sonic Hedgehog signaling pathway, and the underlying molecular
mechanisms were studied in detail. The identification of such fine-regulatory components of the
pathway has been tended to be neglected in the past and opens new opportunities for therapeutic

regulation by fine-tuning the highly sensitive and tightly regulated Sonic Hedgehog pathway.
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2. Zusammenfassung

Identifierung und Charakterisierung der potenztiellen phopshatase PALD1 als bisher
unbekannte Komponente des Sonic Hedgehog Signalweges.

In den letzten Jahrzehnten sind primére Zilien in den Fokus der Forschung geriickt. Trotz des stark
gestiegenen Interesses bleiben jedoch viele Fragen unbeantwortet. Der kleine Reaktionsraum des
primiren Ziliums ist mit sehr geringen Proteinmengen verbunden, was eine grofle Herausforderung bei
der Untersuchung darstellt. Des Weiteren konnen primire Zilien nicht wie vollstindig
membranumschlossene Organellen durch iibliche Methoden isoliert werden, da sie zwar eine
hochspezialisierte Membran besitzen, diese jedoch kontinuierlich mit der Plasmamembran verbunden
ist. Basierend auf dem ersten methodischen Ansatz zur einfachen und zuverldssigen Untersuchung des
Zilienproteoms mittels Proximity Labeling und massenspektrometrischer Analyse, wurde in dieser
Arbeit eine neue Technik zur Untersuchung des Zilienproteoms unter Verwendung von Cilia-APEX2
etabliert. Das Cilia-APEX2-Konstrukt besteht aus einer verbesserten, in den Zilien lokalisierten
Ascorbatperoxidase, APEX2, die eine hohere Markierungseffizienz bei geringerer Transgenexpression
als das zuvor verwendete Cilia-APEX Konstrukt ermoglicht, wie in dieser Arbeit gezeigt wurde. Somit
konnte durch Cilia-APEX2 zum ersten Mal der zeitlich aufgeloste Umbau des Zilienproteoms wahrend

der Sonic Hedgehog-Signalisierung untersucht werden (May et al., 2021).

Der Sonic-Hedgehog-Signalweg ist ein grundlegender Signalweg der Embryonalentwicklung und hiangt
bei Sdugetieren von primdren Zilien ab. Eine Unterbrechung des Sonic-Hedgehog-Signalwegs fiihrt
zum Tod in einem frithen Embryonalstadium oder zu schweren Geburtsfehlern. Mit Hilfe von Cilia-
APEX2 wurden neue Informationen iiber die Mechanismen der Sonic Hedgehog-Signaliibertragung in
Zellen des Inner Medullary Collecting Duct 3 (IMCD3) gewonnen, z. B. wurde die mutmaBliche
Phosphatase Paladin 1 (PALD1) erstmals mit der Sonic Hedgehog-Signaliibertragung in Verbindung
gebracht. Im Rahmen dieser Arbeit konnte gezeigt werden, dass PALD1 nach der Aktivierung des
Sonic-Hedgehog-Signalweges iiber das Rezeptor Patched Homolog 1 (PTCHI1) in primdre Zilien
lokalisiert. Bei einer Umgehung von PTCHI1 iiber die Aktivierung des Signalweges durch den
Smoothened Agonist (SAG) lokalisiert PALD1 ebenfalls in primére Zilien. PALD1 komplexiert nicht
permanent mit dem Sonic-Hedgehog-Effektor Smoothened (SMO), wird aber nach Aktivierung des
Sonic-Hedgehog-Signalwegs zusammen mit SMO in primédren Zilien von IMCD3-Zellen co-lokalisiert.
Ein Screening verschiedener Zelllinien auf PALDI-Expression sowie eine vergleichende
phylogenetische Analyse ergaben, dass PALD1 zwischen den Spezies konserviert und in verschiedenen
menschlichen und murinen Zelllinien vorhanden ist. Um die Rolle von PALD1 weiter zu untersuchen,
wurden Zelllinien generiert und analysiert, die kein PALD1 exprimierten. Dabei handelte es sich unter
anderem um IMCD3-Zellen, aber auch um murine Fibroblasten und murine Myoblasten (May et al.,
2021).

Darliber hinaus konnte gezeigt werden, dass sich die hier erzeugten IMCD3 Paldl”- Zellen in einem

voraktivierten Sonic Hedgehog-Signalzustand befinden. Dies konnte unter anderem durch
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Verdnderungen zweier Sonic Hedgehog Komponenten, dem G-Protein gekoppelten Rezeptor GPR161
und dem Gliom assoziierten Zink Finger 3 (GLI3) Transkriptionsfaktor gezeigt werden. Dennoch
koénnen IMCD3 Paldl”- Zellen durch Zugabe von Sonic Hedgehog induzierenden Reagenzien weiter
aktiviert werden. Es konnte gezeigt werden, dass die zilidre Akkumulation von PALD1 sowohl von
cAMP als auch von dem Proteinkomplex der Intraflagellaren Transport Proteine 27 und 25 abhéngig ist.
Weiterhin wird die Akkumulation von PALD1 mdglicherweise durch die Protein Kinase A beeinflusst.
Die zilidre Akkumulation von PALDI in Abhingigkeit von aktivem Sonic Hedgehog-Signal wurde in
dieser Arbeit auch in Myoblasten beobachtet und es wurde gezeigt, dass die Differenzierung von
Myoblasten in Muskelzellen nach Verlust von PALDI beeintréchtigt war. In Fibroblasten wurde keine
zilidre Akkumulation von PALD1 festgestellt, und es wurden keine Defekte bei der Zellmigration nach
dem Verlust von PALD1 beobachtet. In einer transkriptionellen Analyse von Fibroblasten wurde jedoch
eine Voraktivierung der Sonic-Hedgehog-Signaliibertragung beobachtet, was auf spezifische, aber
dhnliche Funktionen von PALD1 in verschiedenen Zelltypen hindeutet. Wiahrend die Rolle von PALDI
in Fibroblasten und Myoblasten noch weiter erforscht werden muss, konnte somit gezeigt werden, dass

PALD1 Sonic-Hedgehog-abhéngige Prozesse in verschiedenen Zelllinien kontrolliert.

Die Identifizierung von PALD1 als bisher unbekannte Sonic Hedgehog-Signalkomponente unterstreicht
die verbesserte Methodik des Cilia-APEX2-Ansatzes. Dariiber hinaus wurde PALDI in dieser Arbeit als
ein neuer, bisher unbekannter, negativer Mediator des Sonic Hedgehog-Signalwegs identifiziert und die
molekularen Mechanismen wurden eingehend untersucht. Die Identifizierung solcher feinregulierenden
Komponenten des Signalwegs wurde in der Vergangenheit eher vernachldssigt und erdffnet neue
Moglichkeiten zur therapeutischen Regulierung iiber die Feinabstimmung des hochsensiblen und streng

regulierten Sonic Hedgehog-Signalwegs.
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Introduction

3. Introduction

3.1. A Brief History of Cilia.

Primary cilia are short cellular membrane protrusions that function as cellular antenna in the
transmission and processing of extracellular signals (Anvarian et al., 2019). The primary cilium is
immotile and solitary for each cell (Satir & Christensen, 2007). Besides the primary cilium, there are
other types of cilia that differ in function and appearance (Satir & Christensen, 2007). Motile cilia for
example, possess the ability to move extracellular fluids or single cell organisms and can be present
alone or in the hundreds on a single cell (Wanner et al., 1996; Nonaka et al., 1998, Bernabé-Rubio &
Alonso, 2017). If these motile cilia are long, solitary and serve to propel a single, unicellular organism,

they are often referred to as flagellum (Bernabé-Rubio & Alonso, 2017).

Historically, cilia have been classified as the first cellular organelles to ever be discovered (Harcourt ef
al., 1932, Beales & Jackson, 2012). As early as 1675, advances in light microscopy enabled the Dutch
scientist Antoni van Leeuwenhoek to observe thin, motile, cellular structures on protists for the first
time. These structures, which reminded van Leeuwenhoek of small "legs," were the first sightings of
motile cilia (Harcourt et al., 1932, Beales & Jackson, 2012). However, the structurally distinct primary
cilia were not discovered until 1898 when the swiss neuroscientist Karl Wilhelm Zimmermann observed
the primary cilium on mammalian cells (Zimmermann, 1898; Bloodgood 2010; Yusifov et al., 2021).
Zimmermann had already suggested a possible sensory function for what he described as the central
flagellum (Zimmermann, 1898). However, his discovery including the proposed function and
nomenclature, was neglected for decades. In the second half of the 19" century, when electron
microscopy had become more advanced, primary cilia research was stamped by Sergei Sorokin. Sorokin
observed primary cilia as shortened, immotile cilia in electron microscopy (Sorokin, 1962). Since the
function of this particular type of cilia was unknown, they were very ingloriously referred to as
rudimentary and obsolete by Sorokin (Sorokin, 1962). Furthermore, it was suggested that primary cilia
might be precursors of motile cilia (Sorokin, 1962). Although this assumption was later rejected,
Sorokin's definition of "primary" cilia prevailed, instead of the nomenclature proposed by Zimmermann
(Sorokin, 1962; Bloodgood 2010; Beales & Jackson, 2012). For decades, and even though sensory cilia
were known from the model organism Caenorhabditis elegans as early as 1975, no conclusions about

primary cilia in mammals were drawn from this observation (Ward et al., 1975).

In 2000, the view of primary cilia finally changed. The reason for this change in perception was due to
a landmark study by Gregory Pazour and his colleagues. It was found that the intraflagellar transport
protein 88 (IFT88), whose defects in the model organism Chlamydomonas (green alga) lead to
abnormally short flagella, is a homolog of the mouse gene 7g737 (Pazour et al., 2000). Tg737, when
defective, can cause polycystic kidney disease in mice (Moyer et al., 1994). Furthermore, mutations in
Tg737,which is today commonly referred to as /ft88 in mammals as well, causes severe liver and kidney
damage associated with early infant death (Pazour et al., 2000). This was the first time a link had been

established between a flagellar protein and a mammalian disease. Additionally, the diseases observed in

14



Introduction

mice due to defects in [fi88 were similar to the symptoms seen in humans suffering from autosomal
recessive polycystic kidney disease (ARPKD) (Moyer et al., 1994). During this time, ARPKD was a
poorly understood and severe disease associated with polycystic kidney and hepatic disease (PKHD)
(Dalgaard et al., 1971). The disease in humans is caused by a mutation of the gene named after its
associated disease namely, PKHDI (Moyer et al., 1994). ARPKD can lead to end-stage renal disease
(ESRD) which is equivalent to renal failure, and occurs as early as the teenage years (Dalgaard et al.,
1971; Cole et al., 1990;). The collecting tubules of the kidneys have a large number of primary cilia, the
function of which was not clear at the time (Andrews & Porter, 1974). Based on this knowledge, Pazour
et al. studied the primary cilia in the kidneys of mice with [fz88 defects. It was shown that defects in /88
correspond to shorter primary cilia in mouse kidneys. Subsequently, primary cilia were able to be linked
to ARPKD (Pazour ef al., 2000). This landmark discovery suggested for the first time that primary cilia

may have important unknown regulatory functions.

Only three years later, Kathryn Anderson's group was able to demonstrate a direct link between severe
developmental disorders in mice and IFTs. This study suggested a function of primary cilia outside of
the kidney (Huangfu et al., 2003). Thus, it was observed for the first time that primary cilia could play
important roles in the development of mammalian embryos (Huangfu et al., 2003, Huangfu &
Anderson, 2005). Due to this finding, the view of primary cilia and the consequent interest in them was
about to change dramatically. The findings on the importance of primary cilia in the perception of
extracellular stimuli also illuminated the study of motile cilia (Christensen et al., 2007; Shah et al.,
2009; Jain et al., 2012). The pure classification into motile and non-motile cilia is today partially
obsolete, as both motile and primary cilia have been more and more associated with their sensory
potential (Bloodgood, 2010). Today, numerous human diseases are known to be associated with primary
cilia (Hildebrandt et al., 2011). These diseases, so-called ciliopathies, are often characterized by a
variety of symptoms due to the fact that primary cilia in particular are present on almost all cells of a
mammalian organism (Hildebrandt ez al., 2011; Anvarian et al., 2019). This underlines the physiological

relevance of cilia, but often makes correct diagnosis and treatment difficult (Hildebrandt et al., 2011).
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Introduction

3.2. Physiological Relevance of Cilia described by the Example of Selected Ciliopathies.

The term ciliopathies describes a group of rare diseases associated with ciliary defects. Ciliopathies are
characterized by a variety of symptoms that affect multiple organs and tissues with often severe
consequences (Hildebrandt et al., 2011). Although ciliopathies are very rare, they generate a high level
of suffering among affected individuals due to their multisystemic nature (Fliegauf et al., 2007; Tobin
& Beales 2009). This overlay of seemingly independent symptoms makes it difficult to classify and
differentiate individual ciliopathies. Many ciliopathies are described as syndromic such as Meckel’s
Syndrome (Salonen & Paavola, 1998), Bardet Biedel Syndrome (Forsythe & Beales, 2013), Senior-
Loken syndrome and Nephronophthisis (Ronquillo et al., 2012). In addition, there are also some
ciliopathies which are non-syndromic, e.g. autosomal dominant polycystic kidney disease (ADPKD)
(Ong & Harris, 2005). In the following, some selected ciliopathies will be described to provide an

overview of cilia-induced defects.

Meckel syndrome and Bardet-Biedl syndrome are two examples of syndromic ciliopathies. Meckel
syndrome leads to perinatal death due to a combination of severe symptoms, including pulmonary
hypoplasia (incomplete development of the lungs) (Erger et al., 2017), polycystic kidneys and renal
hypodysplasia (abnormally small kidneys) (Salonen et al., 1984). However, Meckel’s syndrome is also
associated with malformations that are not necessarily life-threatening, such as situs inversus (Kyttila
et al., 2006) and postaxial polydactyly (Mecke & Passarge, 1971). In contrast, life expectancy is not
reduced in patients suffering from Bardet-Biedl syndrome (BBS), which affects ca. 1 out of 135, 000 —
160, 000 livebirths (Forsythe & Beales, 2013). BBS is characterized in particular by obesity, blindness
and mental retardation. However, patients are not born with visual impairment. Instead, vision decreases
systematically during childhood and results in blindness around the age of 15 (Tobin & Beales, 2007).
This characteristic symptom usually leads to the diagnosis of BBS. BBS is caused by defects in genes
coding for BBS proteins, which form a ciliary protein complex called the BBSome (Nachury et al.,
2007). The BBSome fulfills important functions within the cilium e.g., BBS proteins are involved in the
ciliary signaling like Sonic Hedgehog (SHH) signaling (Tobin & Beales, 2007; Ye et al., 2018; Shinde
et al., 2020).

Another syndromic ciliopathy is the Senior Loken syndrome. This disease is characterized by
Nephronophthisis associated with retinal dystrophy (degenerative disease of the retina; Ronquillo et al.,
2012). Nephronophthisis is a renal ciliopathy associated with degenerative cystic kidneys (Salomon et
al., 2009). In fact, Nephronophthisis is the most common cause of kidney failure at a young age, on
average at about 13 years. Unlike other kidney diseases such as ADPKD, which is associated with
pathologically enlarged kidneys, in nephronophtisis, the size of the kidneys is unchanged or reduced
(Salomon et al., 2008). Mutations in the ciliary nephrocystin (NPHP) genes have been identified as the
cause of this disease (Sang et al., 2011). They encode several proteins associated with nephronophthisis,
such as NPHP3, that localizes to the primary cilium due to an N-terminal myristoylation site and its

coiled-coil domains (Nakata et al., 2012). In nephronophthisis, a juvenile form and an infantile form can
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be distinguished (Fanconi et al., 1951; Gagnadoux et al., 1989). While the juvenile form leads to ERSD
in the second decade of life, this condition sets in before the age of 5 in the infantile form (Fanconi et
al., 1951; Gagnadoux et al., 1989). Since renal failure is associated with anemia, hypertension and
cardiac insufficiency, the state of renal failure is fatal without treatment by dialysis or kidney
transplantation (Go et al., 2006; Wali & Heinrich 2005). Besides Nephronophtisis, Senior-Loken
Syndrome can be further associated with mental retardation, ataxia, polydactyly and breathing disorders
(Ronquillo et al., 2012). The relation between Senior Loken syndrome and Nephronophtisis vividly
illustrates how difficult it is to differentiate individual ciliopathies not only from each other, but also
from other non-cilia related diseases. For this reason, the number of people suffering from ciliopathies

may be much higher than expected.

An example of a nonsyndromic ciliopathy is ADPKD. With an incidence of 1:500 — 1:1000 in Europe
and the United States of America, ADPKD is one of the most common inherited disorders (Ong &
Harris, 2005). As such, ADPKD is also the most common genetic kidney disease (Gabow, 1990).
Defects of the PKD1 and PKD?2 genes, are associated with a failure of renal tubule cell differentiation
and maintenance (Cornec-Le Gall et al., 2013). PKDI and PKD?2 encode polycystin-1 and polycystin-2
which are proteins that are highly enriched in the primary cilium (Nauli et al., 2003) in addition to their
presence in the Golgi apparatus (Su ef al., 2014) and endoplasmic reticulum (ER) (Nauli ez al., 2003).
As a result of the defects in the polycystin proteins, lipid secretion is impaired and renal cysts form
(Sutter & Germino, 2003). The first symptoms of ADPKD usually appear after the age of 20, where
patients suffer from e.g. hypertension (Gabow et al., 1990), abdominal pain (Sherstha et al., 1997),
hematuria (Gabow et al., 1992), and urinary tract infections (Idrizi et al., 2011; Bergmann et al., 2018).
However, about half of the patients do not experience symptoms, which complicates and delays the
diagnosis of the disease. At a slightly older age, between 55 and 75 years, ESRD develops (Bergmann
etal., 2018).

The described diseases give only a small insight into the diversity of ciliopathies. It is due to the wide
distribution in the organism on a multitude of cells in a multitude of tissues that the picture of cilia-
dependent diseases is so diverse (Hildebrandt et al., 2011; Chen ef al., 2019). Due to their physiological
distribution, cilia fulfill numerous different functions within an organism and some of them are highly
specialized (Bernabé-Rubio & Alonso, 2017).
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3.3. Architecture and Function of Primary Cilia.

As already described, primary cilia are cellular membrane protrusions (Satir & Christensen, 2007).
Primary cilia have an axonemal core and a specialized membrane that merges with the plasma
membrane but differs from it in its composition (Fig. 1; Garcia et al., 2018). The inner cilium is
separated from the cellular cytoplasm by a so-called Transition Zone (TZ) that allows it to form a
functional compartment with a specific proteome (Gongalves & Pelletier, 2017). Distal to the TZ lies a
specialized organelle, the basal body, which develops after cell division from the older (mother) of the
two centrioles (Kobayashi & Dynlacht, 2011). The characteristic membrane invagination surrounding

the base of some, but not all, ciliary types is called the ciliary pocket (Ghossoub et al., 2011).
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Fig.1: The structure of a primary cilium.

The axoneme forms the shaft of the cilium. It originates from the basal body, which in turn originates the transition
fibers. The ciliary membrane surrounds the cilium and is anchored to the axoneme by the distal appendages and
the Y-links, a characteristic protein structure of the transition zone. Where the ciliary membrane joins the plasma

membrane, the membrane bulges into the ciliary pocket. The distal region of the cilium is called the ciliary tip.
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The ninefold symmetrical axoneme of microtubule doublets forms the basic framework of all types of
cilia (Bernabe-Rubio & Alonso, 2017). Depending on the presence or absence of an additional central
pair of microtubule singlets, the axonemal structure is described as 9+2 or 9+0 (Bernabé-Rubio &
Alonso, 2017). 9+2 motile cilia have an additional mechanoregulatory protein structure, the radial
spokes, which other cilia types lack and serve to stabilize the cilium. These radial spokes are essential
for cilia motility in 9+2 types of cilia (Gui et al., 2021). Nodal cilia, that determine lef-right symetry
during embryonic development, are the only known type of motile cilia that posses a 9+0 structure. In
contrast, immotile cilia can be organized as either 9+2 or 9+0 (Gluenz et al., 2010; Bernabé-Rubio &
Alonso, 2017). Primary cilia are among others characterized by the fact that they cannot move
independently i.e., they are immotile. Furthermore, they possess a 9+0 axonemal structure (Pazour &
Witman 2003).

In both the ciliary membrane and the plasma membrane, phospholipids are the predominant component
(Andrews & Nelson, 1979; Parks et al., 1987). Still, the ciliary membrane differs from the plasma
membrane in its protein and lipid composition, e.g., in its presence of various phosphatidylinositols
(Garcia et al., 2018). To date, the ciliary membrane is poorly characterized. Recent studies suggest a
complex composition that could be differentiated in diverse domains within a single cilium,
distinguished by the enrichment of certain proteins or lipids (Garcia et al., 2018). An already known
specialized ciliary membrane domain is the ciliary pocket, an invagination at the base of the ciliary
membrane. This structure surrounds the entire ciliary base (Ghossoub ef al., 2011). Some studies
propose that the ciliary pocket is enriched with receptors and may fulfill important signaling properties
(Molla-Herman et al., 2010). Still, due to the lack of specific markers and the inability to isolate the
pocket specifically, the ciliary pocket remains poorly understood (Ghossoub et al., 2011). The shape and
general presence of the ciliary pocket may vary depending on the cell type, an observation that gives rise
to further questions about its exact function (Molla-Herman ez al., 2010). Indeed, the presence of
additional membrane domains could play an important role in the regulation of ciliary signaling since it
is already known that the SHH signaling pathway is regulated, among other things, by small accessible
fractions of lipids in the ciliary membrane (Garcia-Gonzalo et al., 2015; Kinnebrew et al., 2019;
Radhakrishnan et al., 2020).

The TZ is characterized by its champagne-glass-shaped protein structures, known as Y-links (Jensen et
al., 2015; Garcia-Gonzalo & Reiter, 2017). Furthermore, the TZ serves as a diffusion barrier that
separates the inner cilium from the cytoplasm (Garcia-Gonzalo & Reiter, 2017). Proteins that enter the
cilium move along the axoneme. As cilia do not possess a molecular machinery for protein translation,
they depend on protein import from the cytoplasma (Rosenbaum & Child, 1967). These proteins need
to be transported along the axoneme to reach their destination, which is mediated by the Intraflagellar
Transport (IFT) system (Kozminski et al., 1995). IFT not only refers to the system that mediates the
transport of proteins but also to the class of proteins involved in it. As IFT proteins are essential for the
formation and maintenance of cilia, they are conserved among all ciliated organisms (Pazour et al.,

2000; Pazour et al., 2002). Another ciliary protein transport system relies on the BBSome. The BBSome
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is a protein complex composed of eight stable subunit proteins associated with the Bardet-Biedel
syndrome (see 3.3. Ciliopathies; Blacque & Leroux, 2006; Nachury ef al., 2007). This complex is
specialized on the removal of membrane proteins and G-protein coupled receptors (GPCRs) from the
primary cilium (Nachury et al., 2007). Proximal to the TZ is the basal body, which emerges from the
mother centriole after the cell cycle (Kobayashi & Dynlacht, 2011). The basal body also plays a
potential role as a hub of ciliary signal transduction (Leitch ef al., 2014; Vertii et al., 2016). From here,
extends the axoneme, which templates the cilium. Specific protein structures connect the extending
axoneme to the enclosing membrane. These connecting structures are called transition fibers (Garcia-
Gonzalo & Reiter, 2017).

Although all cilia have a similar architecture, they differ according to their function, as described earlier
(Fig. 2). As a result, different types of cilia are found in different species of organisms, e.g., the
eukaryotic protozoa Paramecium tetraurelia forms hundreds of short cilia that beat in unison to enable
locomotion (Brehm & Eckert ,1978). Motile cilia have additional dynein and kinesin arms that are
lacked in primary cilia. Dynein and kinesin are motor proteins that bind microtubules and enable IFT
mediated retrograde and anterograde transport of proteins in all types of cilia (Bernabé-Rubio & Alonso,
2017). Furthermore in motile cilia, dynein motor proteins bridge between two adjacent microtubules to
allow their movement (Heuser et al., 2009; Roberts et al., 2013). The result is the characteristic ciliary
beat. This property, found in complete groups of organisms, is therefore aptly names as ciliates (Parducz,
1967). Furthermore, there are the unicellular model organisms Trypanosoma brucei (parasite causing
"sleeping sickness") and the model organism Chlamydomonas rheinhardtii (green alga), which harbor
one or two motile cilia (50 - 150 pum), also called flagellum, as mentioned above. Possession of a
flagellum is also known in the spermatozoa in multicellular animals (Inaba, 2011). Interestingly,
different types of cilia can also be found within a multicellular organism and at different developmental
stages (Nonaka et al., 1998; Veland et al., 2009). However, the primary cilium is present on almost all
cell types in all tissues of mammals (Venkatesh, 2017). Despite the large number of different cilia types
with their different functions, many features are conserved among species (Pazour et al., 2000; Essner
et al., 2002; Baker et al., 2003; Morante et al., 2020). For this reason, conclusions can be drawn about

primary cilia and vice versa by studying motile cilia.
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Fig. 2: Different types of cilia, their structural differences and exemplary cell types.

The shape and design of cilia depend strongly on their function. The two organization types 9+2 and 9+0 describe
the structure of the axoneme. Both types exist for motile and immotile cilia. While motile cilia organized in a 9+2
structure have radial strokes, this structure is not found in any other type of organization. For example, the motile
cilia found in the conducting airways (9+2) and nodal cells (9+0) have additional dynein arms for movement.
These dynein arms are lacking in the immotile cilia found on olfactory neurons (9+2). Primary cilia, which have
a 9+0 structure, also lack dynein arms. Primary cilia are found on almost all cell types of mammalian organisms

and are shown here as an example on epithelial cells (modified after Bernabé-Rubio & Alonso, 2017).

Multiciliated tissues include, for example, the conducting airways of the lungs. The cilia in these tissues
generate metachronous waves to remove pathogens and particles contained in the mucus (Bustamante-
Marin & Ostrowski, 2017). As described earlier, there are also immotile cilia with a 9+2 structure that
lack the additional dynein arms required for movement. Examples of these immotile 9+2 cilia are the
sensory cilia of olfactory neurons in humans and other mammals, which harbor receptors for odor
molecules. These neurons are located in the olfactory epithelium in the nasal mucosa near the nasal roof.
Upon the binding of odor molecules to these receptors, ciliary G—proteins are activated. Activation of
these G—proteins leads to an increase in cAMP levels and subsequent activation of ion channels and
depolymerization of the membrane (Bear ef al., 2011). The rare 9+0 motile cilia occur in mammals only
during embryonic development in the so-called nodal cells. These nodal cilia lack the radial spokes that

are essential for 9+2 motile cilia (Gui et al., 2021; Nonaka et al., 1998). Photoreceptor cilia, which



mediate the transport of proteins from the outer to the inner segment of photoreceptor cells (Wensel et

al., 2016), are immotile as primary cilia and have a 9+0 structure (Abou Alaiwi et al., 2009).

By far, the most abundant cilia on mammalian cells, are primary cilia. Primary cilia, which are always
solitary for each cell, are relatively short compared to other cilia and have a length of about 3—10um
(Wann & Knight, 2012; Hernandez-Hernandez et al., 2014; Bernabé-Rubio & Alonso, 2017). During
the cell cycle, primary cilia are dynamically assembled and disassembled (Wang & Dynlacht, 2018).
Their main function is to incorporate external stimuli into cellular responses. Besides that, they also
regulate important cellular signaling pathways (Anvarian et al., 2019). The best described signaling
pathway that strictly depends on primary cilia in mammals is the SHH signaling pathway, which plays
a crucial role in proper embryonic development. Furthermore, SHH signaling is essential for tissue

homeostasis and maintenance in the adult organism (Gigante & Caspary, 2020).
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3.4. Cilia-APEX - A Tool For Studying The Ciliary Proteome.

While interest in primary cilia is increasing and extensive research is being conducted, many questions
still remain unanswered. Visualization of time-dependent changes in the cilia proteome and membrane
could expand our understanding of how stimuli are transmitted, paving the way for e.g., the
identification of new drug targets to treat ciliopathies. However, the inability to isolate non-membrane
enclosed organelles is the hindering factor of investigation, posing a major challenge. Therefore, several

approaches aim to overcome this difficulty and develop a better understanding of the primary cilium.

Some of the first attempts to better understand cilia were different genetic studies (Avidor-Reiss et al.,
2004; Sun et al., 2004; Pazour, 2004). Comparing genes of cilia-containing organisms to those of non-
cilia-containing organisms helped to identify cilia-specific sets of genes (Pazour, 2004). In 2005, in
another approach to specifically study the ciliary proteome, C. rheinhardtii were treated with the toxic
reagent dibucaine (Pazour ef al., 2005). This treatment separated flagella of C. reinhardtii from the rest
of the organism. Fractionation was then used to separate ciliary protein fractions from the cytosolic
protein fractions for analysis by mass spectrometry (Pazour et al., 2005; Craige ef al., 2013). In another
hallmark study by Lechtreck et al. in 2009, the flagella of C. rheinhardtii were successfully isolated by
applying a pH shock. Subsequently, the conservation of the BBsome was confirmed and the BBSome
was identified as an IFT cargo responsible for the specific export of certain proteins (Lechtreck et al.,
2009). A few years later, primary cilia were also successfully isolated from cells of the inner medullary
collecting duct 3 (IMCD3) of mice using calcium shock (Ishikawa et al., 2012). Subsequent mass
spectrometric analysis was able to provide further information about the ciliary proteome (Ishikawa et
al.,2012). Even though all of these approaches brought us closer to understanding cilia, they were either
too stenous or insensitive. Because of this, the application of the described methods were impractical for

daily use.

Despite all of the successes and setbacks, the studies described shed light on the ciliary proteome. In
2015, Mick et al. combined ascorbate peroxidase-based proximity labeling (APEX labeling) of primary
cilia with comparative mass spectrometric analysis. This study revealed proteins with previously
unknown ciliary localization (Wright et al., 2011). Proximity labeling had previously been used to
identify non-ciliary protein-protein interactions with success (Firat-Karalar et al., 2014; Lambert et al.,
2015; Roux et al., 2012). The transfer of this technology to the isolation of ciliary proteins
revolutionized cilia research. The cilia ascorbate peroxidase (cilia APEX) method was developed
specifically for labeling ciliary proteins by Mick ef al. In this method, the peroxidase used to label
proteins (APEX) is specifically localized to primary cilia via a fragment of the ciliary protein
nephrocystin 3 (NPHP3), specifically the amino acids 1 — 200 that encode the ciliary targeting sequence
(Mick et al., 2015). The correct localization of the cilia APEX construct can thereby be verified via a
Green Fluorescent Protein (GFP)—tag. Cilia protein labeling is performed by the addition of biotin
tyramide and H,O, to the Cilia-APEX expressing cell line (Mick et al., 2015). After uptake of biotin
tyramide by the cells, the Cilia-APEX fusion protein catalyzes the oxidation of biotin tyramide substrate
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in the cilium in the presence of H,O, . Therefore, the corresponding labeling reaction is controlled and
initiated by the addition of H,O,. APEX generates biotin tyramide radicals that react with exposed
electron-rich amino acids on neighboring proteins and covalently bind biotin to them thereby labeling
ciliary proteins with biotin (Rhee et al., 2013). Subsequently, the biotinylated ciliary proteins can be
isolated by streptavidin affinity chromatography, which allows subsequent analysis via mass

spectrometry (MS).
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Fig. 3: Overview of the APEX labeling reaction.

In the presence of H O, APEX generates biotin tyramide radicals that react with exposed electron-rich amino

acids on proteins in close proximity (radius <20 nm). The proteins are biotinylated = labeling. Biotinylation allows
isolation and detection by streptavidin (Mick et al., 2015; figure modified after unpublished original from Tommy
Sroka)

To ensure the accuracy of this method, a selected set of controls, including a cell line expressing a non-
cilia localized peroxidase, is essential. Nevertheless, 162 category one candidate cilia proteins were
identified in this study (Mick et al., 2015). Thus, the developed APEX-labeling provides a simple and
feasible approach for studying the ciliary proteome in future studies. However, the study was also
subject to certain limitations: I.) membrane proteins with known ciliary localization and transition zone
components were lacking from the list of identified proteins. Reasons for these difficulties could lie in
the high hydrophobicity of these proteins and their hard accessibility in the ciliary membrane. Besides
that, Cilia-APEX presumably localizes highly specific to the inner cilium and therefore could fail in
labeling TZ proteins II.) low abundance proteins with known ciliary localization, e.g., the ciliary SHH
signaling components GPR161 and PTCH1, could not be identified in this study (Mick et al., 2015).
Accordingly, increasing the sensitivity of ciliary labeling and subsequent proteomic studies to generate
a more accurate picture of the ciliary proteome became a major priority to unravel the puzzle of ciliary
signaling. Therefore, the first part of this work aimed to perform initial experiments to improve the

sensitivity of APEX labeling and to investigate the SHH components localized in cilia.
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3.5. Ciliary Signaling — the Sonic Hedgehog Signaling Pathway.

The Hedgehog signaling pathway is one of the most important signaling pathways in embryonic
development, as it regulates numerous processes during this phase. The discovery of Hedgehog
signaling which originally occurred in the fly model organism Drosophila melanogaster significantly
improved our understanding of early embryonic development. For this reason, the discovery of the
Hedgehog pathway was part of a work that was rewarded with a Nobel Prize in 1995 (Niisslein—Volhard
& Wieschaus, 1980). Disruption of Hedgehog signaling in humans and mammals can lead to early infant
death and severe birth defects. These include, for example, neural tube defects such as
holoprosencephaly (incomplete separation of the basal forebrain; Roessler et al., 1996), spina bifida
(open spine; Goodrich et al., 1997), defective axis patterning and cyclopia (Chiang et al., 1996). In
addition, disruption of Hedgehog signaling has been associated with the development and progression
of several cancers in adults, e.g., squamous cell carcinoma of the oral cavity (Takabatake et al., 2019),
ovarian cancer (Liao et al., 2009), and pancreatic cancer (Feldmann et al., 2008), as well as in children,
e.g., medulloblastoma (most common malignant brain tumor in children; Roussel & Hatten, 2011).
Today, three mammalian Hedgehog proteins are known, namely Sonic Hedgehog (SHH), Indian
Hedgehog and Desert Hedgehog, which bind as ligands to a receptor and thus initiate activation of the
signaling pathway. As a result, they form concentration gradients as morphogens that activate the
Hedgehog signaling pathway to varying degrees. Although all three Hedgehog proteins are named after
different Hedgehog species, they are by no means exclusive to this species. Instead, the three Hedgehog
proteins serve as distinct and important functions during embryonic development (Gigante & Caspary
2020). SHH, for example, is essential for the organization of the nervous system (Li ef al., 2020). Neural
ventral cell fates are determined by gradients of the Sonic morphogen that lead to altered ratios of
transcription factors. In this way, SHH target genes are regulated (Niewiadomski et al., 2019). The focus

of this work will be on SHH signaling, which will be discussed below.

In D. melanogaster, but not in any known mammalian species, SHH signaling occurs independently of
primary cilia. Consequently, the importance of the primary cilium for SHH signaling in mammals
remained unknown for a long time. First associations between cilia and SHH signaling were established
in the early 2000s. At that time, mice with defective IFT172 and IFT88 were studied and it was found
that when IFT172 and IFT88 were missing, ventral neural cell fates were lost. Thus, these animals did
not form a neural tube (Huangfu et al., 2003). In 2005, Huangfu and Anderson demonstrated that
primary cilia are essential for all SHH signaling-dependent actions downstream of the receptor Patched
1 (PTCH1) and the positive effector Smoothened (SMO), two of the major SHH effectors (Huangfu &
Anderson, 2005). This confirmed for the first time the importance of primary cilia for SHH signaling in

mammals.
SHH signaling is orchestrated by a precise and complex interplay of positive and negative regulators

that eventually determine embryonic patterning (Gigante & Caspary 2020; May et al., 2021). In the
absence of the Hedgehog ligand Sonic (Fig. 3, left), the signaling pathway is inactive. In this state, the
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12-transmembrane receptor PTCHI1 localizes to the primary cilium (Rohatgi et al., 2007). The presence
of PTCHI in cilia prevents accumulation of the major SHH effector and GPCR SMO. SMO shuttles in
and out of cilia in the SHH inactive state without appreciable accumulation (Kim et al., 2009; Goetz &
Anderson, 2010). This prevents the activation of downstream components of the SHH signaling
pathway (Gigante & Caspary, 2020). SMO that does not remain in primary cilia is post-translationally
modified by addition of ubiquitins and subsequently degraded (Desai et al., 2020). How PTCH1
prevents SMO from accumulating in cilia without interacting directly with it has long been an enigmatic
question to answer. Today, it is now known that lipids in the ciliary membrane play a critical role in the
regulation of SMO by PTCHI1 (Byrme et al., 2016; Luchetti et al., 2016; Kinnebrew et al., 2019).
Another GPCR that localizes to primary cilia during non-active signaling is the orphan GPCR GPR161.
GPR161 serves two known important functions: I) it serves as an A-kinase anchoring protein (AKAP)
for cyclic adenosine monophosphate (cAMP)-dependent protein kinase A (PKA; Bachmann et al.,
2016), IT) constitutively active GPR161 stimulates adenylyl cyclases (AC), resulting in increased cAMP
levels in the cilium. PKA is activated by these elevated cAMP levels (Mukhopadhyay et al., 2013). PKA
is a holoenzyme consisting of complexes of the regulator (PKA-R) and catalytic subunits (PKA-C).
These sub-complexes bind to each other to abolish kinase activity (Uhler ez al., 1986; Uhler et al., 1986;
Taylor et al., 2004; Taylor et al., 2005). However, the regulatory subunit a of PKA (PKA-RIa) binds
cAMP with a high affinity. cAMP allosteric inhibits PKA-RIa binding to the catalytic subunit PKA-C.
Subsequently, high levels of cAMP lead to the release of PKA-C and thus activate kinase activity
(Taylor et al., 2006). PKA-C then phosphorylates the transcription factor GLI3 which is a key step in
the negative regulation of SHH signaling. Phosphorylation of GLI3 ultimately leads to its cleavage
(Niewiadomski et al., 2019). The proteolytic processing of GLI3 results in a truncated repressor (GLI3R)
for SHH target genes (Niewiadomski et al., 2019). Repression of SHH target genes suppresses ventral
cell fates (Gigante & Caspary, 2020).

26



Introduction

- Sonic Hedgehog + Sonic Hedgehog

11 665

=
GPRI6] (g

2
()

- U
—
o
:

)

(@)

:
&

LAY ac)

activated [ &

g) GPR161
=

Sonic
Hedgehog

Cleavage b ' A
Itarget genes
IRIRT

-~ GLIR
[target genes =

Fig. 4: The Sonic Hedgehog Signaling Pathway in Mammalian Cells.

Left side: In absence of the ligand, Sonic localizes the receptor PTCHI to the primary cilium and prevents SMO
accumulation. Active GPR161 induces AC via Go, which results in high cAMP levels, thus leading to the
phosrphorylation with subsequent cleavage of GLI3. SMO is degraded after the addition of ubiquitins.

Right side: In presence of Sonic, PTCHI1 is activated through the binding of its ligand. PTCH1 subsequently exits
the primary cilium resulting in SMO accumulation. Active SMO inhibits AC via Ga, and cAMP levels drop.
GPR161 is phosphorylated by GRK2, a modification that is sensed by B-arrestins which mediate GPR161 exit.
High cAMP levels prevent GLI3 from processing. The GLI3™ is retained and activates target genes (modified from
May et al., 2021, the original figure was designed and conceptualized by Tommy Sroka).

The presence of the Hedgehog ligand, Sonic activates signal transduction through its initial binding to
the receptor PTCH1 (Fig. 3, right panel). After binding, PTCH]1 leaves the primary cilium, resulting in
retention of SMO (Gigante & Caspary, 2020). GPCR kinase 2 (GRK2) then phosphorylates the C-tail
of GPR161 (Bachmann et al., 2016; Pal et al., 2016). This modification is sensed by [B-arrestins,
particularly B-arrestin 2, which mediates the removal of GPR161 (Pal ef al., 2016). Interestingly, SMO
and GPR161 are different types of GPCRs and differ in their specific function. While SMO activates
Ga-proteins, GPR161 activates Go,_ proteins (Ayers & Thérond, 2010). Consequently, the tonically

active GPR161 stimulates adenylyl cyclases, while these are inhibited when active SMO replaces
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GPR161 in primary cilia. The change in the ciliary proteome results in a decrease in cAMP levels
(Mukhopadhyay et al., 2013). Although this mechanism of subsequent decrease in PKA activity is a
compelling and logical idea, it needs further explanation. This is because PKA-C has not been yet
detected in the cilium beyond doubt, and is usually localized at the base of the cilium (Barzi et al., 2010).
When PKA-dependent phosphorylation of GLI3 is abrogated, this leads to a termination of proteolytic
processing. The transcription factor now acts as its full-length version (GLI3"). This mechanism results
in the activation of SHH target genes. Subsequently, other GLI transcription factors are activated and
act on target genes. Upon active SHH signaling, ventral cell fates are induced (Niewiadomski et al.,
2019).

Understanding SHH signaling regulation has been, and continues to be, the subject of extensive research
and the mechanisms described here only partially reveal the complexity of SHH signaling. For these
reasons, many questions about the regulation of SHH signaling remain unanswered. For example, it
remains unclear how the changes in the ciliary membrane that enable PTCH1 regulation of SMO are
achieved. In addition, the regulation of PKA via GPR161 as its dynamics continue to raise questions.
SHH signaling regulates highly complex mechanisms within embryonic development and needs to be
regulated down to the finest differences. How exactly this essential fine-tuning takes place remains to

be another unanswered question.
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3.6. Objectives of this work

The existing cilia APEX approach provided novel information about the primary cilium proteome (Mick
et al.,2015). Despite the achieved results, the method contained some weaknesses which were discussed
above. Improved sensitivity of Cilia-APEX could overcome the described limitations and enable the
studying of unknown protein dynamics. Consequently, this work aimed to establish and apply the
improved Cilia-APEX2 approach to enlighten our understanding of the ciliary proteome (May et al.,
2021). In this context, SHH signaling dynamics were investigated and the putative phosphatase Paladin
1 (PALD1) was linked to SHH signaling for the first time. PALD1 has not previously been associated
with the SHH signaling pathway. Accordingly, the assumption that a fine regulator of the SHH signaling
pathway had been identified was already made at the beginning. These fine regulators can control the
precise tuning of the SHH signaling pathway and thus allow minute changes (Zhou et al., 2006; Ma et
al.,2019). If these so-called mediators could be identified and understood, this would open up numerous
possibilities for new therapeutic approaches that might reduce the danger of undesirable negative effects
(Lietal,2012; Wu et al., 2017; Bufalieri et al., 2017). Consequently, the second aim of this work was
to understand and describe the role of PALD1 in SHH signaling. The exact function of PALD1 should
not only be investigated in the IMCD3 cell line in which the protein was identified. Instead, tissue and
cell type specific influences were included in the analysis. This work further aimed to understand, the
molecular mechanisms underlying the regulation of PALD1 and identify proteins that could be regulated
by PALDI.
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4. Material

4.1. Antibodies

Tab. 1: Primary antibodies

Anti-body Manufacturer Order number Species Dilution
anti-Ac-tub (sl\i/[g:r’jkAé‘g% T7541 mouse IF: 1:2000
anti-ARL13b | ProteinTech Group 17711-1-AP rabbit IF: 1:2000
anti-IFT88 ProteinTech Group 12967-1-AP rabbit 1F: 200
WB: 1:1000
(igggfcliﬁc;gll;li’s ) Self-made n.a. rabbit WB: 1:1000
anti-GPR16] M%ﬁiggh%ay na. rabbit IF: 1:250
anti-GLI3 R&D Systems AF3690 goat WB: 1:1000
anti-Actin Self-made n.a. rabbit WB: 1:5000
anti-GAPDH | ProteinTech Group 60004-1-1g mouse WB:1:3000
anti-PALD1 ?ﬁfé??ﬁéiﬁ% HPA017343 rabbit vJFB:; 11::212(())0
anti-SMO Bisoilel(tf}ln?orlli)zg , Sc-166685 mouse IgG2a IF: 1:250
anti-SMO Abcam ab236456 mouse [gG2a IF: 1:250
anti-PTCH1 Abcam ab53715 rabbit WB: 1:1000
anti-CEP164 | gift from T. Stearns n.a rabbit 1:6000
Streptavidin pHRP | gormo Fisher #1140 na WB: 1:1000
Streptavidin AF647 Invitrogen S21374 n.a IF: 1:1000
anti-Myosin (Sl\i/lggjkAégg; M1570 mouse IgG2b WB:1:1000
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Tab. 2: Secondary antibodies & Dyes

?(1351}; Manufacturer ngl);(lllger:r Species Dilution Dye
anti-mouse Jackson . AlexaFluor

IgG2a ImmunoResearch 115-545-206 goat IF: 1:500 488

anti- Jackson 115-165- e

rabbit ImmunoResearch 207 goat IF: 1:500 Cy3

anti-

mouse Jackson 15-547- goat IF: 1:500 Cys

I ImmunoResearch 287

gG2b

Li-COR
. -G 926- WB: IRDye
anti-goat Blc()}srcligrﬁ:es 30214 donkey 1:15000 300
. Li-COR

anti- Iy 926- WB: IRDye
rabbit Bl‘gggrﬁces 32213 donkey 1:20000 800

anti- B COR 926- donkey WB: IRDye
mouse GmbH 32212 1:20000 680

4.2. Bacteria
Tab. 3: Bacterial strains
Bacterial strain Genotype Reference

Escherichia Coli Machl T1r

F ¢80lacZAM15 AlacX74

hsdR(r,~, m, ") ArecA1398 endAl Thermo Fisher Scientific

tonA
4.3. Buffer & Solutions
Antibiotics
Ampicillin: Cs. 100 pg/ml; Stock diluted in dH,O
Kanamycin: ¢ .- 20 pg/ml; Stock diluted in dH,O
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Bacterial cultivation
Lysogeny Broth (LB)- Agar:
LB- Media:

Biotin

Biotin-tyramide:

Bis-Tris Gels
10% Separation gel:

4.5% Stacking gel:

Blocking Buffers
Blocking Buffer Immunofluorescence:
Blocking Buffer Western Blot:
Intercept LICOR Blocking Solution:

Fixation
Paraformaldehyde (PFA):
Methanol (MetOH):

Ligation
10X T4 DNA ligase buffer:

Membrane Stains

Ponceau S:

Phosphate buffered Saline (PBS)
PBS (10x):

32

1.6% (w/v) LB-Agar in LB-Medium
1% (w/v) Tryptone; 0.5% (w/v) Yeast extract;
0.5% (w/v) NaCl

¢, . 0.5mM, Stock diluted in DMSO

final”

10% (v/v) Acrylamide, 0.3M Bis Tris
in dH,0

4.5% Acrylamide, 4.5% 1M Bis Tris
in H,O dest.

5% (v/v) FBS, 3% (w/v) BSA in 1x PBS
5% (w/v) milk Intercept in 1x PBS
100% or 50% (v/v) in TBS

4% PFA (v/v) in 1x PBS
100% (v/v) MetOH p.a.

0.5% (w/v) Ponceau S, 1% (v/v) Acetic acid
in H,O dest.

27mM KCI; 18mM KH2PO4;
1369mM NaCl; 81mM Na,HPO, x 2 H,O;
H,O dest; pH, =74



Protease inhibitors

Complete EDTA-free Roche:

PMSF:

Running buffer

3-MOPS Buffer:

Sample bufter:

Sample buffers

Laemmli buffer:

Solubilization buffers
Lysis bufter:

Lysis buffer APEX:

Tris-buffered Saline (TBS)
TBS (25x%):

TBS-T:

Materials
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1 tablet in 1ml dH20
200mM PMSF in 100% (v/v) EtOH p.a.

0.5M MOPS, 0.05M Tris, 1% (w/v) SDS,
10.25mM EDTA

4% (w/v) SDS; 20% (v/v) Glycerol;
120mM Tris , 0.02% (v/v) Bromphenolblue
100mM DTT

10% (w/v) SDS; 300mM Tris-HCI pH = 6.8;
50% (v/v) Glycerol,
0.05% (w/v) Bromphenolblue

25mM Tris/HCI, 300mM CaCl,

ImM EDTA, 10% (v/v) Glycerol,

1% Triton X-100 (v/v),

0.1 % SDS (w/v), ImM PMSEF, proteins
inhibitors Complete EDTA-free Roche

600mM NaCl; 200mM Tris-HCI; 20mM
Sodium ascorbate; 20mM sodium azide;
10mM Trolox; 20% (v/v) Glycerol in
H,O dest.

0.5M Tris-HCI; 3.12M NacCl,
H,O dest. pH =74

0.05 % (v/v)Tween in 1 x TBS



Transfer buffers

Tank Blot buffer: 96mM Glycin; 12.4mM Tris; 10% (v/v) EtOH
Quenching buffers
APEX Labeling: 10mM Sodium Ascorbate;

10mM Sodium Azide; 0.5mM Trolox
in 1x PBS (sterile)
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4.4. Cells & Consumables

Tab. 4: Cell lines

Cell line Parental Species Cell type Reference
Cilia-PKI | IMCD3 FlipIN|  mouse | [nerMedullary Collecting | wricie o/ 4/ 2015
Control-PKI IMCD?3 FlipIN mouse Inner Medull)llalrc}t/ Collecting Mick et al., 2015
3T3 na mouse Immortalized Embryonic | Todaro & Green,
: Fibroblasts 1963
C2C12 n.a. mouse Myoblasts Blau et al., 1985
Cilia-APEX | IMCD3 FlipIN | mouse | e Medullary Collecting |- iy o o 2015
Cilia-APEX2 | IMCD3 FlipIN mouse Tnner MeduIl)lig Collecting May et al., 2021
Control-APEX | IMCD3 FlipIN | mouse | e Medullary Collecting | yyiep o 2015
Control-APEX2 | IMCD3 FlipIN | mouse | ner Medullary Collecting | yp, o/ 4 2021
EcR-ShhN HEK human Human Embryonic Kidney | ATCC: JHU-65
HEK293T n.a human Human Embryonic Kidney | Stroud ef al., 2016
Rauchmann et al.,
. Inner Medullary Collecting 1993;
IMCD3 FlipIN n.a. mouse Duct Mukhopadhyay et
al., 2013
IMCD3 Jfi27* | IMCD3 FlipIN | mouse | ("ner Medulary Collecting fg ooy o1 41, 2012
IMCD3 . Inner Medullary Collecting
B-Arr1/2* IMCD3 FlipIN mouse Duct Ye et al., 2018
IMCD3 Tulp3* | IMCD3 FlipIN | mouse | [mnerMedullary Collecting |y, o/ 4y 50138
MIN6p n.a mouse Pancreatic B cell line Poitout et al., 1995
o Immortalized embryonic | May et al., 2021,
313 Paldl 313 mouse fibroblasts this work
C2CI12 PaldIl” C2Cl12 mouse Myoblasts This work
IMCD3 Paldl” | IMCD3 FlipIN mouse Inner Medullary Collecting | May et al., 2021,
Duct this work
RPE1-hTERT n.a. human Retinal Pigment Epithelium | Bodnar et al., 1998
IMCD3 SStr3% | IMCD3 FlipIN|  mouse | \nner Medullary Collecting | .00 of 01 2017

Duct
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Tab. 5: List of consumables

Consumable Manufacturer Ciloniigiioicnes
number
6-well plate Greiner Bio-One International GmbH 657160
12-well plate Greiner Bio-One International GmbH 665180
24-well plate Greiner Bio-One International GmbH 662160
48-well plate Greiner Bio-One International GmbH 677180
96-well plate Greiner Bio-One International GmbH 10101852
10 cm dish Greiner Bio-One International GmbH 628160
15 cm dish Greiner Bio-One International GmbH 639160
Blotting Paper MN 218 B Machery & Nagel 742111
Cover slips 12 mm #1.5 Thermo Fisher Scientific Inc. 11846933
Cryo tube Greiner Bio-One International GmbH 122263
Disposable Cell Lifter Fisherbrand /Thermo Fisher Scientific Inc. 08-100-240
FACS tube Becton Dickinson GmbH 8003562
Falcon tube 15 ml Greiner Bio-One International GmbH 10384601
Falcon tube 50 ml Greiner Bio-One International GmbH 227261
Filter 0.22 um Sarstedt AG & Co. KG 83.1826.001
Inoculation loop Sarstedt AG & Co. KG 86.1562.050
Serological pipette 50 ml Brand Gmbh + Co KG, Sarstedt AG & Co. KG 86.1256.001
Serological pipette 25 ml Brand Gmbh + Co KG, Sarstedt AG & Co. KG 86.1685.001
Serological pipette 10 ml Brand Gmbh + Co KG, Sarstedt AG & Co. KG 86.1254.001
Serological pipette 5 ml Brand Gmbh + Co KG, Sarstedt AG & Co. KG 86.1253.001
Pla nALp eggiggﬁ (‘:];?:C tives Leica Microsystems AG n.a.
Nitrocellulose membrane GE Healthcare Amersham 15269794
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4.5. Kits

Tab. 6: Kits used within this work

Kit name

Manufacturer

Order number

Gateway LR clonase Il Enzyme mix Thermo Fisher Scientific Inc. 11791100
Machery & Nagel NucleoBond Xtra| 1o, Fisher Scientific Inc. 12798402
Midi prep kit
Monarch Plasmid MiniPrep Kit New England Biolabs (NEB) GmbH T1010L
RNeasy mini Kit Qiagen N.V. 74104
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4.6. Culture media & media supplement

Tab. 7: Culture media & media supplement

Medium/supplement Manufacturer Order number Application
Ampicillin sodium salt Carl Rothlg}(r}n bH + Co. HP62.1 Bacterial cultivation
Bacto Agar BD Biosciences 214010 Production of LB-Media,
cultivation of bacteria
Fujifilm Wako Chemicals Storage of mammalian cell
Bambanker U.S.S. Cooperation 302-14681 lines at -80°C
Difco Yeagt Nltrqgen Base BD Biosciences 291920 Produphqn of LB-Megha,
Amino Acids cultivation of bacteria
Differentiation of myoblasts
Differentiation Medium Thermo F 1Isher Scientific 11594486 into _rn}lscle cglls, DMEM
nc. containing 0.2% (v/v) horse
serum
Dulbecco’s Modified Eagle | Thermo Fisher Scientific 11594486 Cultivation of all cell lines
Medium (DMEM) Inc. except IMCD3s
Dulbecco’s Modified Eagle . _— -
Medium Nutrient Mixture Thermo F 1Isrlllcer Scientific 11594426 Cultlva‘uon1 i?lfe ISMCD3 cell
F-12 (DMEM F-12) ’
Fetal Bovine Calf Serum | Thermo Fisher Scientific Supplement for cell culture
11573397 .
(FBS) Inc. medium
Gibco Horse Serum (HS), | Thermo Fisher Scientific 11520516 Supplement for cell
New Zealand origin Inc. differentiation medium
For all HEK, 3T3 or C2C12
derived cell lines DMEM +
Growth Medium Thermo Fisher Scientific na 10% (v/v) FBS; for al
Inc. o IMCD3 derived cell lines
DMEM F-12 + 10% (v/v)
FBS
. Thermo Fisher Scientific Cultivation of cells during
Kanamycin sulfate Inc. 11578676 and after FACS sorting
LB-Medium Self-made n.a Culture of bacterial cells
Opti-MEM Rgduced Serum| Thermo Fisher Scientific 31985062 Transfection of cells
Medium Inc.
Penicillin -Streptomycin | Thermo Fisher Scientific 11528876 Cultivation of cells during
(Pen-Strep) Inc. and after FACS sorting
. . Thermo Fisher Scientific DMEM or DMEM-F12
Starvation Medium n.a.

Inc.

containing 0.2% (v/v) FBS
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4.7. Laboratory equipment

Tab. 8: List of equipment

Equipment Manufacturer
Bacterial incubator Exotron Infors HT AG
CellXpert C170 cell incubator Eppendorf AG

Cell incubator Heracell 1501

Thermo Fisher Scientific Inc.

Centrifuge 5424 R Eppendorf AG
Centrifuge 5427 R Eppendorf AG
Centrifuge 5804 R Eppendorf AG

Centrifuge Heraeus Megafuge 16R

Thermo Fisher Scientific Inc.

Centrifuge MySPIN12 Thermo Fisher Scientific Inc.
Clean bench Heraeus Instruments
Clean bench SAFE 2020 Thermo Fisher Scientific Inc.

Counting chamber acc. to Neubauer

Hirschmann Laborgerite GmbH & Co. KG

Electrophoresis Mini-PROTEAN Tetra Vertical
Electrophoresis Cell Gel chamber

Bio-Rad Laboratories, Inc.

Foam Pad

Sigma Aldrich (Merck KgaA)

Gel imager 600

GE Healthcare

Leica Dmi8 Plan Apochromat oil objective 63x
1.4.NA

Leica Microsystems

LI-COR Odyssey laser scanner

Li-COR Biosciences

Light Microscope Leica DMIL

Leica Microsystems

Microscope slides

Rogo-Sampiac France - matériel de laboratoire

Magnetic stirrer

Thermo Fisher Scientific Inc.

neoVAQ-Maxi suction device adjustbale with
filling level control

Neolab Migge GmbH

Tecan Reader SPARK 10M

Tecan Group AG

Thermo Mixer HC

Starlab International GmbH

Roller RS-TRO5

Phoenix Instruments GmbH

VortexGenie2

Scientific Industries

Water bath Isotemp GPD 20

Thermo Fisher Scientific Inc.
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4.8. Cloning

Tab. 9: Oligonucleotides

Name

Sequence

oPaldl gRNA fw

CACCGGGTCCTGCAGAAACTCCAGA

oPaldl gRNA rev

AAACTCTGGAGTTTCTGCAGGACCC

oPaldl gSeq fw

GTCAGGATCCCATCACCGAGAAGATGGACATA

oPaldl gSeq rev

GTCAAAGCTTTTTCTGTTCTGAAGTTCCAGGC

Tab. 10: Plasmids

Name

Application

Reference

pCRISPR-Pald1-GFP

Generation of Paldl knock-out cell lines

May et al., 2021

pDaM181

Cilia-APEX2

May et al., 2021

pSPCas9(BB)-2A-GFP

CRISPR Cas9 + GFP encoding plasmid

Ran et al., 2017
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4.11. Reagents

Tab. 11: List of reagents

Reagent Manufacturer Order/reference number
2-Mercaptoethanol Sigma Aldrich (Merck KgaA) M-6250
2-Propanol Sigma Aldrich (Merck KgaA) 34863-2.5L
Acrylamid Carl Roth GmbH + Co. KG 7906.2
Ammoniumperoxodisulfat (APS) Griissing GmbH 700478
Biotin tyramide Iris Biotech LS-3500.1000
Bis-Tris Carl Roth GmbH + Co. KG 9140.3
Bradford Reagent ROTIQuant Carl Roth GmbH + Co. KG KO015.1
Bromphenol blue Carl Roth GmbH + Co. KG B5525-10G
Bovine Serumalbumin (BSA) Sigma Aldrich (Merck KgaA) 3737.3
Complete EDTA-free F. Hoffmann-La Roche AG 5056489001
Coomassie-Brillant Blue G Carl Roth GmbH + Co. KG 17524.02
Cyclopamine Merck Millipore (Merck KgaA) #239806
Difco Yeast Nitro_gen Base BD Biosciences 291920
Amino Acids
Dimethylsulfoxid Carl Roth GmbH + Co. KG A994.2
Ethylendia‘(‘é%‘?ﬁ;‘mﬁc acid | Carl Roth GmbH + Co. KG 8043.2
Ethanol Biesterfeld Spezialchemie 702543
Ethanol absolute Thermo Fisher Scientific Inc. UN1170
Fluromount G Electron Microscopy Sciences 15586276
FuGene ED Transfection Promega E2691
eagent
Formaldehyde, methanol-free Polysciences, Inc. 18814-20
ultra pure
Glycerol Sigma Aldrich (Merck KgaA) 67757-1L
HEPES Carl Roth GmbH + Co. KG 9105.3
Hoechst 33342. trihydrochloreide Invitrogen AG 1154876
Hydrogen peroxide Sigma Aldrich (Merck KgaA) H1009-100ML
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Reagent Manufacturer Order/reference number
Intercglpot cE?lsg E{;ﬁgirn free Li-COR Biosciences 927-80003
Lipofectamine 3000 Thermo Fisher Scientific Inc. 15212475
Milk powder Sucofin n.a.
Methanol Biesterfeld Spezialchemie 701224
MOPS Carl Roth GmbH + Co. KG 69+9.3
Sodium chloride Griissing GmbH 703009
Gibco PBS (cell culture), pH 7.2 | Thermo Fisher Scientific Inc. 11530546

Page ruler plus

Thermo Fisher Scientific Inc.

815-968-0747

peqGOLD Universal Agarose |PEQLAB Biotechnologie GmbH 35-1020
Ponceau S Serva Electrophoresis GmbH 33429
Potassiumhydrogenphosphate Carl Roth GmbH + Co. KG 7758-11-4
Proteaseinhibitor PMSF Carl Roth GmbH + Co. KG 6367.2
Protein standard Bio-Rad Laboratories, Inc 500005
Roti-Mount FluorCare DAPI Carl Roth GmbH + Co. KG HP20.1
Roti-Quant Carl Roth GmbH + Co. KG KO015.1
Sodium dodecyl sulfate Central chemical storage Uds 80294
Sonic condit.ioned cell medium, Self-made na.
N-terminus of Shh-N
Somatostatin Alfa Aesar J66168
TEMED Sigma Aldrich Corp. 2367.1
Trypsin-EDTA (0.25%) phenol | phermo Fisher Scientific Inc, 25200056
Triton X-100 Sigma Aldrich Corp. X100-500ML
Tween-20 Carl Roth GmbH + Co. KG 9127.2
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4.12. Software & clouds

Tab. 12: List of used software & cloud systems

Name W T Version Application
reference
Affinity Designer Serif Ltd 1.9.2 Concep tualization and
y g o design of all figures
Affinity Publisher Serif Ltd 1.92. Writing and design of
this thesis
Benchling [Biology . 2021 retrieved from . .
Software] Benchling https://benchling.com Design of plasmids
Labun et al., 2019, 2018 retrieved from .
Chopchop Labun et al., 2016, https:// %ﬁii%%ﬁfk?iﬁﬁutg
Montague et al., 2014 | chopchop.cbu.uib.no
Preparation of IF & WB
Fiji (ImagelJ) Open source 2.1.0/1.53¢ images, quantification of
IFs
GraphPad Prism GraphPad Software Inc. 9.1.0 (216) Statistics
InterPro Blum et al., 2020 83.0 Protein predictions
Image Studio Lite Li-COR Biosciences 5.2.5 Quantification of WB
Leica Camera System Leica Microsystems DFC3000 Documentation of fixed
images
Leica Application Suite | Leica Microsystems 3.7.0.20979 Imaging slfi‘élel;croscope
Calculation, data
organization (Excel),
Microsoft Office 2018 Microsoft 16.16.5 writing of text passages
(word), communication
(outlook, teams)
2021 retrieved from
NMT predictors Bologna et al., 2004 https://menglel.lmp.ac.at/ Protein predictions
myristate/
SUPLpredictor.htm
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5. Methods

5.1. Sequence analysis
To predict PALD1 domains, the sequence was analyzed using the InterPro 83.9 tool available online and
N-terminal myristoylation (NMT) sites predictors (Bologna et al., 2004; Maurer-Stroh et al., 2002).

Based on these predictions, a possible domain map of PALD1 was designed.

5.2. Phylogenetic Analysis via Gene Clime

Phylogenetic analysis of Paldl was performed using the Gene Clime analysis tool available online
(derived from gene-clime.org). The algorithm, Gene Clime, analyzes gene sequences and clusters them
into evolutionary conserved modules (ECMs), based on homologies according to the bayesian hidden
Markov tree model (Li ef al., 2018). Based on this analysis, a phylogenetic tree was created (Li ef al.,
2014; Li et al., 2018). For this purpose, in addition to the analysis with Gene Clime, for the species
Batrachochytrium dendrobatididis, Chlorella spirulina and Emiliania huxleyi, nucleotide blasts were

performed. Hits with an E-value of less than or equal to 10 were considered hits.

5.3. Bacterial transformation

For transformation of DNA in E. coli, 50ul of the chemically competent E. coli strain Machl T1r was
thawed on ice. Then 1 — 5ul DNA were added to the bacteria and the mix was incubated on ice for
30min. Bacterial cells were subjected to a heat shock at 42° C for 45s and incubated again on ice for
10min. After subsequent addition of 500ul of LB-medium without antibiotics, the cells were grown for
1h at 37° C and 800RPM in a thermo mix. LB Plates containing the appropriate antibiotics were dried
at 37° C during bacterial transformation. After 1h of growth of bacterial cells, they were seeded on the

prepared Agar plates using a Drigalski-spatula and incubated over night at 37° C.

5.4. Bacterial overnight cultures

To amplify the generated plasmids in E. coli, overnight cultures were prepared. For this purpose, the
target plasmid was first transformed in E. coli (see 5.3. Bacterial transformation). Then, a clone was
picked using an inoculation loop and transferred into Sml LB medium containing appropriate
antibiotics. The bacteria was incubated overnight at 37° C and 250RPM to allow for optimal growth.
After 8 — 12h, during the end of the exponential growth phase, cells were harvested for plasmid
preparation. The Monarch Plasmid MiniPrep Kit was used for this purpose and the preparation was
carried out according to the corresponding user manual. For Midi-Preps, pre-cultures were generated in
Sml LB medium with respective antibiotics as described. After 8h, 1ml of the pre-culture was
transferred into 100ml LB-Medium and incubated overnight as described above for 5ml bacterial
cultures. Midi-preps were performed using the Machery & Nagel NucleoBond Xtra Midi prep kit. DNA

preparation was performed according to the corresponding the user manual.
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5.5. Cell lines

5.5.1. Inner Medullary Collecting Duct 3 (IMCD?3) cells

In 1993, cells from an SV40 (large T antigen) carrying transgenic mouse were isolated. Isolation was
performed from the terminal third of the collecting tube of the murine kidney. The cells obtained were
successfully cultured and named after their origin from the Inner Medullary Collecting Tube (IMCD3),
where 3 indicates the clone number. The cell line exhibits some characteristic features of a renal
epithelial cells such as high transepithelial resistance and survival in highly osmotic environments, as
found physiological in the kidney (Rauchman ez al., 1993). Within this IMCD?3 cell line, an FRT site was
introduced, in which specific gene sequences could be inserted. Accordingly, the cell line used in the
following experiments and all IMCD3 derived cell lines are IMCD3 FlipIN cells, which will be referred
to as IMCD3 for simplicity in the following text (Mukhopadhyay et al., 2010).

5.5.2. 3T3 Immortalized Fibroblasts

As early as 1963, the first 3T3 cell line was established, in which 17 to 19 day old Swiss mouse
embryonic fibroblasts were isolated and cultured. As part of their establishment, the cells were subjected
to a strict transfer protocol in which they were transferred every 3 days and seeded at the same cell
density (Todaro & Green, 1963). This immortalization procedure is eponymous for the 3T3 cell line,
which is widely used in experimental research today. In particular, studies investigating SHH signaling

are often performed on 3T3 cells (Breslow et al., 2018; Pusapati et al., 2018).

5.5.3. C2C12 Myoblasts

Myoblasts have the ability to recognize other myoblasts. As a result, they can spontaneously fuse with
each other to form a myotube. The formed differentiated myotube possess multiple nuclei, and is
subsequently called a heterokaryon. Differentiated myoblasts lose the ability to divide or synthesize
DNA. Instead, the resulting heterokarya produce large amounts of muscle proteins (Blau et al., 1968).
The C2CI12 myoblast is a diploid subclone originally obtained by Yaffe (Yaffe, 1968). After
karyotyping, the cells were selected for their ability to rapidly differentiate into myotubes and for
expressing the characteristic muscle proteins. In 1968, the C2C12 subclone was analyzed and
established by Helen Blau (Blau ef al., 1968). The C2C12 cell line used within this work was kindly
provided by Prof. Dr. Dagmar Wachten from the Institute of Innate Immunity from the University of

Bonn.

5.6. Cell culture

All cell lines were cultivated in cell incubators with 5% CO, at 37°C. Depending on the cell line,
cultivation was performed using DMEM with 10% FBS or DMEM F-12 with 10% FBS for all IMCD3
derived cell lines. 10cm cell culture plastic dishes were used for culturing the respective cell lines.
Unless otherwise indicated, all cells were cultured in the absence of antibiotics. For experiments, cells
were counted using a Neubauer counting chamber, fixed cell numbers were seeded as indicated in the

description of the corresponding experiments. To induce ciliation, growth medium was removed, cells
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were washed with 1 x cell culture PBS, and growth factor reduced culture medium (DMEM containing
0.2% FBS or DMEM-F12 containing 0.2% FBS) was added. For some experiments, cell seeding and
division of cells was carried out with technical support by Nicola Byers according to the instructions
described above. For long term-storage, cell lines were pelleted and resuspended in bambanker storage

medium. The corresponding cell aliquots were frozen at -80° C until use.

5.7. APEX Labeling

Ciliary APEX labeling was established in 2015 to study the proteome of the primary cilium (Mick et al.,
2015). Within this work, an IMCD?3 cell line was used in which either the ascorbate peroxidase (APEX)
or the improved ascorbate peroxidase (APEX2) were targeted to the primary cilium (Cilia-APEX/Cilia-
APEX2). The respective cell line was incubated in presence of 0.5mM biotin tyramide for 30min in a
cell incubator at 37°C and 5% CO, Thereafter, the cells were labeled by the presence of 1mM H, 0, for
2min at room temperature (RT). Due to cell toxicity of H,O,, timing of labeling is essential for this
experimental approach. After incubation, the medium was quickly aspirated and the cells were quickly
washed with APEX quenching buffer (see 4.3. buffers & solutions). Washing was repeated three times
with two wash steps of approximately Smin each. Cells can then either be fixed with 4% PFA and
MetOH for Immunofluorescence (IF) experiments or processed into lysates for subsequent Western Blot
(WB) analysis. As a labeling control, the parental cell line, without the Cilia-APEX/Cilia-APEX2

construct was used.

5.8. Sonic conditioned-medium

Different approaches can be chosen for hedgehog signaling assays, as described (see 5.9. Sonic
Hedgehog Signaling Assay) e.g. induction can be executed with the ligand of PTCH1, Sonic. To induce
cells with Sonic, Sonic Conditioned Medium was prepared. This Sonic conditioned medium consists of
cell supernatant that contains the N-terminus of Sonic (Shh-N) which is secreted in the medium by a
specialized HEK derived cell line (EcR-ShhN). The conditioned medium can be harvested and used to
stimulate the cells to elicit the desired SHH response. After recovery from thawing (one week or longer),
the EcR-ShhN cells were split in a 15cm cell culture dish. EcR-ShhN cells were maintained at
approximately 80% confluency throughout the process. From 80% confluency, cells were split into five
new plates and left at 37° C and 5% CO, for two days. Cell density was checked each day to prevent
cells from growing too densely, which leads to detachment from the surface. On the third day, the growth
medium was carefully changed to DMEM containing 2% FBS. Since the cells detached easily, no PBS
washing step was performed. After 48h of incubation at 37° C and 5% CO,, the medium was harvested,
filtered through 0.22um and stored at -20° C until use. Each batch of Shh-N conditioned medium must
be tested to determine the concentration sufficient to induce a significant SHH response (usually 10 —
16% v/v Shh-N per culture medium). This concentration was determined by IF microscopy by observing
SMO accumulation in primary cilia. In parallel with the production of Shh-N, HEK293T cells were
treated accordingly to produce control medium, as HEK293T cells do not secrete Shh-N in the

surrounding medium.
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5.9. Sonic Hedgehog Signaling Assays

Cells were seeded at the desired format two days prior to the experiment (see 5.10. Immunofluorescence
(IF) Microscopy or 5.13. Quantitative Fluorescence Western Blot (QWB) Analysis). After 24h, ciliation
was induced as described above (see 5.6. Cell culture). When cilia formation was induced, cells were
also treated with SHH inducing, or blocking, reagents or vehicle. For induction with Shh-N, the
starvation medium was supplemented with 10 % — 16 % Shh-N or control medium. For induction with
SMO Antagonist (SAG), cells were treated with 200nM SAG or vehicle DMSO. To block the signaling
pathway, cells were treated with 10uM cyclopamine (CYC) or vehicle MetOH. Treatments were
performed for 24h or at the indicated time points. After the subsequent time, cells were either fixed for
immunofluorescence microscopy (see 5.10. Immunofluorescence (IF) Microscopy) or harvested as
lysates for quantitative fluorescence Western blot analysis (see 5.13. Quantitative Fluorescence Western
Blot Analysis).

5.10. Immunofluorescence (IF) Microscopy

Immunofluorescence (IF) microscopy was performed to examine the localization of target proteins,
ciliation rates, cilia length and shape. For this purpose, 50,000 cells were seeded on 12mm #1.5
coverslips two days prior to the experiment. After 24h of growth phase, ciliation was induced and cells
were grown for an additional 24h as described (see 5.6. Cell culture). In addition, cells were treated with
additional reagents during starvation, if necessary (see 5.9. Sonic Hedgehog Signaling Assays and 5.7.
APEX Labeling). Subsequently, cells were fixed with 4% PFA for 10 — 15min. For APEX labeling
experiments, cells were additionally fixed with MetOH for 5min at -20° C. After fixation, cells were
either stored in 1 x PBS at 4° C until experimentation or processed directly for IF. After MetOH fixation,
cells were washed extensively with 1 x PBS for at least 30min to rehydrate coverslips and allow
antibody binding. On the day of the experiment, cells fixed exclusively with 4% PFA were also treated
with 0.2% Triton-X 100 (TrX-100) for 15 — 20min to permeabilize them. Regardless of the fixation
method, all coverslips were blocked with 100ul IF blocking buffer for 20 — 30min (see 4. Materials).
This reduced non-specific binding of the antibodies. This was followed first by three washing steps with
PBS (2 — 5min) and then antibody staining. The corresponding antibodies were diluted in blocking
buffer. Incubation with the primary antibodies was performed for approximately 1h at RT or overnight
at 4° C. Washing steps with PBS were then performed again as described above. Cells were then
incubated in a dilution of dye-conjugated secondary antibodies. The dilution was also prepared in
blocking buffer and incubated for 30min on the coverslips. Finally, all coverslips were stained for 15min
with 40ul of Hoechst 33342 trihydrochloride (1:40,000) and mounted with Fluromount G without dye.
The samples were dried for 24h, after which they were imaged on a Leica Dmi8 microscope with a 64
x 1.4 NA oil objective.

5.11. Cilia Quantification
Primary cilia immunofluorescence signals were assessed from immunofluorescence images using the
open-source ImagelJ software (Fiji). A 3 pixel-wide line was drawn along the cilium using the Fiji

program. Here, the cilium was defined by the ciliary marker, whereas all other channels, especially those
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with proteins of interest, were masked out to blind the analysis. The fluorescent signals of several
randomly selected cilia (at least 30 per condition, exact n indicated in the figure legend) from multiple
images were measured. Images were acquired from different locations of the coverslips (6 or more
images), and of these, at least four were randomly selected for quantification. First assessments of the
measurements were made using Microsoft Excel where values were sorted by channel so that all signals
were assigned to the corresponding protein. Then, the background of each image was quantified using
Imagel]. For this purpose, a square as large as possible was placed over an area without cilia but with
cell background signal. In this area, the signals for each channel’s were measured and then subtracted
from the signals of the respective target protein recorded from the same image. This process was
repeated for all cilia and all channels and will be referred to as background correction. The resulting
values were normalized by dividing the background subtracted mean fluorescence values by the
background subtracted mean cilia marker fluorescence signals. All calculations were performed in
Microsoft Excel. The resulting intensity values were transferred to GraphPad Prism 8 for statistical
analysis (see 5.21. Statistics). Negative values were set to zero and considered as signals below

background. Statistical analyses were performed as described (see 5.21. Statistics).

5.12. Bradford Assay

Bradford assay is a commonly used method to determine protein concentrations down to the pug range.
The assay is based on the binding of the dye Coomassie brilliant blue G-250 to proteins, resulting in a
shift of absorption maximum of this dye from 465nm to 595nm. The change in absorption can be
measured and used to determine protein concentrations using a calibration curve (Bradford, 1976;
Compton & Jones, 1985). To perform this assay, 50ul of a protein standard solution BioRad IgG with a
known concentration of 1.47pg/ul was diluted with 50ul of dH,O (solution 1). A dilution series was
prepared from this solution 1, using 50ul dH,O each for a total of five dilutions. In addition, a sample
of pure dH,O was used to measure the zero value in absence of any protein. For each sample to be
determined, 2ul of each was diluted in 48ul dH,O. This step was performed in a triplicate for each
sample. To determine the protein concentration of the lysates, all prepared dilutions were mixed by
pipetting with 700ul Roti-Quant 1:5 Bradford Reagent. The absorbance of all samples was measured in
a clear 48-well plate using the Tecan Plate Reader. Based on the known calibration curve concentrations
of 36.75ug, 18.375ug, 9.1875ug, 4.59ug, 2.295ug and Opg, protein concentrations were calculated
using Microsoft Excel and GraphPad Prism 8.

5.13. Quantitative Fluorescence Western Blot (WB) Analysis

Quantitative fluorescence Western blots were performed to determine protein steady-state levels. At the
beginning of each experiment, cell lysates were prepared for this purpose. After aspiration of the
medium (careful removal with a pipette in the case of HEK293T and other easily detachable cell lines),
a wash step with cell culture PBS was performed. Cells were then placed on ice, PBS was removed, and
solubilization buffer was added to the cells (800pl for 15cm dish, 180pul for 10cm dish and 80ul for 6
well). The cells were detached by scraping with a cell scraper. The resulting cell solution was transferred

into a 1.5 ml reaction tube and incubated on ice for 10 — 30 min; the cells were exposed to a velocity of
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20,000g for 45min at 4°C. The supernatant was collected, and pellets were discarded. Fresh lysates were
kept on ice throughout the process. Protein concentration was determined by Bradford assay (see 5.12.
Bradford Assay) and samples were diluted to a concentration of 2.5ug/ul or Sp/pl with Laemmli sample
buffer (see 4. Material). Residues were shock frozen in liquid nitrogen for storage, and diluted samples
were heated to 95° C for Smin and stored at -20° C until the experiment. 25ug of protein was separated
by SDS gel electrophoresis with 10% Bis-Tris polyacrylamide gels and transferred to a nitrocellulose
membrane by wet transfer at 100V for lh for proteins less than 100kDa and 1h 15min for proteins
greater than 100kDa. The protein transfer was performed on ice, for the transfer buffer used (see 4.3.
Buffer & Solutions). Membranes were either stained with Ponceau to assess transfer and blocked after
destaining or blocked immediately after blotting with Intercept TBS protein free Blocking Buffer (Li-
COR) for 1 1/2h or longer. After blocking, the membrane was washed three times with TBS-T for
approximately 15min and decorated with primary antibodies, diluted in either 5% milk or 1% BSA. The
primary antibodies were incubated overnight at 4° C with shaking. After TBS-T washing, a second
primary antibody from a different species was decorated as a loading control. If no loading control was
decorated, washing was performed immediately before the addition of secondary antibodies. Primary
antibodies used to determine proper loading (house-keeping proteins, loading controls) were incubated
for 45 min to 1h and the membrane was then washed with TBS-T. Secondary antibodies conjugated with
fluorescent dye were freshly diluted in TBS and the membrane was incubated for 30min under light
protection. Finally, the membrane was washed extensively, twice with TBS-T for 10min or longer and
twice with TBS for 10min or longer. Membranes were scanned using a Li-COR Odyssey laser scanner

and quantification of the bands was performed using the Image Studio Lite program.

5.14. Ponceau Stain

To assess blotting efficiency and uniformity after WB, various staining procedures can be performed.
However, not all staining methods are suitable for LI-COR scanning as some generate high background
Fluorescence signals that can hinder the sensitive fluorescence scanning instrument. Nitrocellulose
membranes, in particular, can be reversibly stained at RT with Ponceau S, a red dye. The staining was
performed for approximately Smin. Subsequently, the membrane was washed twice with TBS. After
assessing the band patterns, the membrane was decolorized with H O. After complete destaining of the
membrane, the membrane was blocked and processed as described (see 5.13. Quantitative Fluorescence
Western Blot (WB) Analysis).

5.15. CRISPR-Cas9 based Genome Editing

The Clustered Regulary Interspaced Short Palindromic Repeats (CRISPR)-CRISPR associate
endonuclease 9 (Cas9) system was originally discovered in bacteria, where it is dedicated to repelling
bacteriophages. Today, CRISPR-Cas9 is widely used in scientific research to generate gene knock-outs.
The general principle of CRISPR-Cas9 is based on a single guide RNA (sgRNA) that encodes a
palindromic sequence of a target gene. Binding of the sgRNA to the target gene marks the DNA
sequence for restriction by the endonuclease Cas9. Although cellular reparative mechanisms occur,

consistent restriction of the DNA sequence can lead to mutagenesis and subsequently defective proteins
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or early transcriptional silencing. Knock-outs can be efficiently generated by transfecting cells with a

plasmid encoding a specific sgRNA, the Cas9 enzyme, and a selection marker.

Sequences for sgRNAs targeting a specific exon were designed using the online tool chopchop (https://
chopchop.cbu.uib.no). Chopchop generates multiple suggestions (CRISPR hits) for sgRNA target
sequences. Based on the position in the target gene (early exon, splice site, conserved region), predicted
restriction efficiency (as high as possible), and predicted off-target effects (as low as possible), a target
sequence matching the described criteria was selected, which is located in the exon 4 of Paldl. The
designed oligonucleotides can be found under 4.9. Oligonucleotides. They have a 5-base pair long
overhang for recombination with the target plasmid. First, an initial phosphorylation and annealing step

was performed in PCR tubes as follows:

TOP OLIGO 100uM 1ul
Bottom OLIGO 100uM 1ul
H,0 oul
10X T4 DNA ligase buffer 1ul
T4 Polynukleotidkinase (PNK) Tl

This mix was incubated at 37° C for 30min, then heated to 95° C for PNK inactivation. The temperature
is then gradually decreased until it reaches 25° C. The decrease is performed at 1°C/min to allow
annealing. Afterwards, the oligonucleotides are stored at 4° C until further processing. Finally, 40ul
dH,O are added to the oligonucleotides and the ligation with the target plasmid, Bbsl pre-digested
pSpCas9 (BB)-1A-GFP encoding a GFP tagged version of Cas9, is performed. The ligation was

performed as follows

Annealed oligos Tul
BbslI pre-digested plasmid 10 ng/ul Tul
10 x T4 Ligase buffer Tul
T4 DNA ligase lul

Subsequently, the mix was incubated for one hour at room temperature and transformed into E. coli as
described (see 5.3. Bacterial Transformation). The constructs can be transfected into the target cell line
after a DNA prep. Transfected clones of this cell line are then selected and cultured via fluorescence
activated cell sorting (see 5.17. Fluorescence Activated Cell Sorting (FACS)).

5.16. Mammalian Cell Transfection

Transfection describes the introduction of foreign DNA or RNA into an eukaryotic target cell line.
Transfections can be either temporary (transient) or permanent (stable). In this work, transient and stable
transfections were conducted. Subsequently, transfection conditions for the different cell lines in our

laboratory were tested and established. These processes included testing different transfection reagents
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and different dilutions of transfection reagents, varying transfection times and conditions. Here, the final
protocols for transient transfections and generation of cell lines are described. All transfections were

carried out in a six well format.

Stable transfection of IMCD3 cells

For the generation of a stable Paldl knockout cell line in IMCD3 cells, the cells were transfected with
the lipid-based, non-liposomal transfection reagent FuGene via modified reverse transfections. That is,
a transfection mix of 100ul Opti-MEM and 5ul FuGene was prepared in a FACS tube. This mix was
gently mixed by swirling the FACS tube. After incubating the mix for five minutes, 1.2ug of DNA or
control plasmid was added. The complete mix was incubated for 30 — 45min at RT. During this time,
IMCD3 cells were harvested and counted as described (see 5.6. Cell culture) and 300,000 cells were
seeded per well. Cells were directly transfected dropwise with the transfection mix and then gently
mixed by sliding the plate back and forth. A total volume of 100ul of transfection mix was added per
well in a six wells. Cells were incubated with the transfection mix for approximately 20h before growth
factor deprivation was performed. After approximately 24h, cells were prepared for FACS sorting as
described (see 5.17. Fluorescence Activated Cell Sorting (FACS)).

Stable transfection of 3T3 and C2C12 cells

To generate a stable Paldl knockout cell line in 3T3 and C2C12 cells, a modified reverse transfection
was performed using the lipid-based transfection reagent Lipofectamine 3000. For this purpose, 6ul
Lipofectamine 3000 was diluted in 100ul Opti-MEM, mixed by vortexing for 1s, briefly spun, and
incubated for 2 — 5 min. In parallel, 500ng of DNA was diluted in 4ul of P3000 and also mixed by
vortexing for 1s, briefly spun, and incubated for 2 — S5min. After incubation, the Opti-MEM/
Lipofectamine dilution was added to the P3000/DNA dilution, mixed by gently tapping the tube, and
incubated for approximately 30min at room temperature. During incubation, cells, which were to be
transfected were harvested as described in (see 5.6. Cell culture). 210,000 cells were seeded and 100l
of transfection mix was added directly dropwise onto the cells. After 4h of incubation, the medium was
replaced with fresh DMEM + 10% FBS and the cells were incubated for approximately 20h until growth
factors were withdrawn. After approximately 24h, cells were prepared for FACS sorting (see 5.17.
Fluorescence Activated Cell Sorting (FACS)). For both approaches, pipetting was kept to an absolute

minimum to avoid deposits of the reagent in the pipette tip.

Transient transfection of IMCD3 cells

For transient transfections, IMCD3 cells were transfected with the polymer-based transfection reagent
JetPrime in a forward transfection. For this purpose, 250,000 IMCD3 cells were seeded in a six-well
plate one day before transfection. On the day of transfection, a mix of the following components,
pipetted in the order indicated, was prepared: 200ul JetPrime buffer, 2ug DNA and 4ul JetPrime
reagent. After addition of the JetPrime buffer, the mix was vortexed for 10s and spun down. Immediately
after, the JetPRIME reagent was added and the mix was vortexed again for 1s, spun down and incubated

for 10min at RT. After the incubation period, the complete mix was added dropwise onto the cells, and
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the cells were gently mixed by sliding the plate back and forth and incubated overnight. After 24h, the
medium was changed to starvation medium, DMEM-F12 containing 0.2% FBS, and the cells were
incubated for an additional 24h. 48h after transfection, cells were fixed with 4% PFA or imaged directly

under the microscope.

Transient transfection of C2C12 and 373 cells
Transient transfections of C2C12s and 3T3s were conducted as the described transfection for production
of'a Paldl knock-out cell line.

5.17. Fluorescence Activated Cell Sorting (FACS)

FACS is a special form of flow cytometry. In this technical approach, the characteristic light scatter of
different cells is used to determine cell populations. In addition, fluorescent markers are used to sort a
defined number of cells into, for example, a 96-well plate to select transfected clones. In this work,
FACS was used to separate cell clones that were successfully transfected with the CRISPR-Cas9
encoding plasmid (pSPCas9(BB)-2A-GFP). Transfected cells could be sorted based on their GFP
expression. For FACS sorting, cells were harvested by detachment using 500ul trypsin (see 5.6. Cell
culture). Cells were then sedimented by spinning for 3min at S00RPM and resuspended in 1ml medium
containing 10% FBS, 20mM HEPES and 1% Pen-Strep. FACS sorting was kindly performed by PD Dr.
Elmar Kraufle from the Center for Integrative Physiology and Molecular Medicine of UdS. Cells were
sorted into 96-well plates and incubated at 37° C and 5% CO, for approximately two weeks before
splitting into new wells in a 48-well plate followed by a 24-well plate. After transferring the cells into

6-well plates, WB analysis was performed confirming the loss of PALDI.

5.18. Muscle differentiation assay

C2C12 myoblasts have the ability to recognize each other and differentiate into myotubes, which
express characteristic muscle proteins, by undergoing cell fusion. Through this property, the
characteristics of muscle cells could be studied in a cell culture model (Blau ez al., 1968). Furthermore,
the ability to differentiate, which depends on different factors such as SHH signaling, can be studied
(Elia et al., 2007). In the following, 60,000 C2C12 cells were seeded per well in a six well plate. These
cells were cultured for 72h in DMEM medium containing 10% FBS at 37° C and 5% CO,. After that,
the growth medium was removed and the cells were washed once with PBS. Furthermore, the cells were
cultivated in differentiation medium which consists of DMEM containing 2% HS. Samples
corresponding to time point T, were taken immediately after the first medium change. Next, medium
was changed daily for a total of four more days in which cells were washed with PBS before the medium
change. One sample was taken on each day. The last well of cells was incubated for 72h at 37° C and
5% CO, without medium change before the last sample was taken. Lysates were generated from all
samples and analyzed by quantitative WB as described (see 5.13. Quantitative Fluorescence Western
Blot (WB) Analysis).
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5.19. Scratch Assay

For the scratch assay, 200,000 3T3 WT and 3T3 Paldl” cells per well were seeded per well in growth
medium in a 6-well plate. Cells were incubated for 24h in 2ml medium at 37° C and 5% CO,. Then
scratches were applied to the monolayer using a Sml pipette. Immediately after adding the scratches, the
cells were analyzed under the light microscope and the imaged area was marked on the plate. After that,
an image was taken every day from the same spot until the scratch in the 3T3 WT cells was overgrown.
Then, the cell borders of the scratch in Fiji were determined and the distance between the cell borders
was measured. Each measured distance was then normalized to the maximum distance of the respective

cell line. Values were analyzed as described (see 5.21. Statistic and respective figure legend).

5.20. Reverse transcription Quantitative real-time Polymerase Chain Reaction (qRT-
PCR)

By means of quantitative real-time PCR, cellular RNA can be isolated, reverse transcribed in cDNA and
thereby quantified by interaction with a specific dye. In this way, conclusions can be drawn about the
expression of certain genes. In this work, qRT-PCR was used to compare the transcriptional SHH
response of different cell lines. For this purpose, 150,000 cells per well were cultured in a 12-well plate
in the presence of the respective cultivation medium for 24h at 37° C and 5% CO,. This was followed
by deprivation of growth factors (see 5.6. Cell culture) and induction of the SHH signaling pathway
using Shh-N or the respective control (see 5.9. Sonic Hedgehog Signaling Assays). After 24h of
incubation at 37° C and 5% CO,, cellular RNA was then purified using the miRNeasy mini kit according
to the manufacturer's protocol. Further steps were kindly performed by Dr. Nicole Ludwig and Esther
Maldener from the Department of Human Genetics in Homburg. In this process, the RNA was first
purified by ethanol precipitation. Subsequently, 200ng of RNA was converted into cDNA using the
QuantiTect reverse transcription kit. After reverse transcription, qRT-PCR was performed with 4ng of
cDNA per batch using the StepOnePlus Real-Time PCR system with SybrGreen dye. Specific primers
for the Glil and Gapdh were used to amplify the constructs as previously described, Gapdh was used as

a reference (Everson et al., 2018).

5.21. Statistics

All statistical analyses were performed using GraphPad Prism. For immunofluorescence microscopy, at
least 30 cilia per experiment were analyzed (exact n indicated in the figure legend). To compare
biological replicates, relative fluorescence values (RFU) were normalized to WT cells treated with
vehicle or control medium, as described (see 5.11. Cilia Quantification and 5.9. Sonic Hedgehog
Signaling Assay). Statistical significance was tested by t-test for comparison of two groups or by two-
way ANOVA for comparison of more than two groups. The two-way ANOVA was followed by one of
two post hoc tests; Holm-Sidak’s test or Tukey’s tests. The applied test and exact p-value is stated in the
respective figure legend. For quantitative WB analysis of GLI3 forms, the means of three biological
replicate experiments were calculated. For each replicate, the FL/R ratio was normalized to FL/R of WT
cells in the absence of the inducing reagents. Two-way ANOVA was then performed and p < 0.05 was

considered statistically significant.
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6. Results

6.1. Improved Cilia-APEX2 expressing cell line enables proteomic screen to investigate
the remodeling of the primary cilium proteome in response to SHH signaling

Some of the following experiments were previously published in May et al., 2021 in the Journal of

Cellular Biology (JCB) and have been cited accordingly.

Prior to this work, an IMCD?3 cell line expressing an enhanced, cilia localized APEX construct was
generated. This cell line will be referred to as IMCD3 Cilia-APEX2 hereafter. IMCD3 Cilia-APEX2 was
generated by David Mick, based on his previous study in which he established the predecessor cell line,
IMCD3 Cilia-APEX (Mick et al., 2015). For the transgene encoding the APEX2 enzyme and its
targeting sequence, the general structure of the first APEX transgene sequence was maintained. The
Cilia-APEX2 transgene encodes the amino acids 1 — 200 of NPHP3, which contain the ciliary targeting
sequence (Bergmann et al., 2008). This is followed by a sequence encoding a green fluorescent protein
(GFP) which can be used for the subsequent detection of the construct in vivo and in vitro (Zimmer,
2002). At the end of the construct lies the sequence encoding APEX, the ascorbate peroxidase for
proximity labeling. However, instead of APEX, APEX2, an improved peroxidase with higher labeling
efficiency, was used here (Lam ef al., 2015). As a high transgene expression could result in non-
physiological changes in the cell, a considerably weaker promoter was used to generate Cilia-APEX2.
The possibility of using a weaker promoter was opened up by the use of the APEX2 enzyme, so that
labeling capacity could be maintained while exchanging the pEF1a with a pCMVA6 promoter (Morita
etal.,2012; Ye et al., 2018; Fig. 5).

Myr
pEFla 5] 200 211 488 501 751

1 NPHP3 GFP APEX L_

Cilia-APEX
Myr

pCMVAﬁl 200 211 488 501 751
eeps | Gre HeempExaee—

Cilia-APEX2

Fig. 5: The Cilia-APEX construct vs. the improved Cilia-APEX2 construct.

Cilia-APEX (top) encodes NPHP3 for cilia targeting, GFP for detection and APEX, an ascorbate peroxidase, for
specific labeling in presence of hydrogen peroxide under the control of a pEF1a promoter. The improved Cilia-
APEX2 construct (bottom) encodes NPHP3, GFP and the improved APEX2 enzyme. The construct is expressed
under the control of the weaker pPCM VA6 promoter (modified from May et al., 2021)

In the first experiments of this work, the IMCD3 Cilia-APEX?2 cell line was analyzed in comparative

assays with the predecessor IMCD3 Cilia-APEX and the parental IMCD3 (WT) cell lines. Quantitative

WB and IF microscopy assays were thus used to obtain information on the expression levels of the
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transgenes, their correct localization in the primary cilium, and their labeling capacities. Quantitative
fluorescence WB analysis demonstrated that the steady-state expression levels of IFT88 showed no
differences between IMCD3 Cilia-APEX2 and the reference cell lines IMCD3 Cilia-APEX and WT
(Fig. 6A). The expression of IFT88 in IMCD3 Cilia-APEX2 alternates around 100% of the expression
in Cilia-APEX expressing cells (Fig. 6B). These observations indicated that ciliary proteins are
generally unaffected by ectopic expression of the transgene. Furthermore, GFP expression levels of the
two APEX cell lines were compared to the WT. As expected, no transgene could be detected in the WT
cells (Fig. 6A). However, GFP detection showed that the steady-state expression levels of the Cilia-
APEX2 transgene decreased approximately 4-fold compared to the Cilia-APEX transgene (Fig. 6B).
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Fig. 6: Cilia-APEX2 exhibits weaker transgene expression.

(A) Representative image of a quantitative WB of IMCD?3 Cilia-APEX, IMCD3 Cilia-APEX2 and WT cell lysates.
IFT88, GFP and actin were detected with specific antibodies. GFP detection was used to assess steady state
expression levels of the Cilia-APEX and the Cilia-APEX2 transgenes. Actin was used to ensure equal loading of
protein. (B) Quantification of three biological replicates (n = 3) of (A) shows protein steady state expression levels
of GFP and IFTS88 of Cilia-APEX2 in percentage of cilia-APEX expressing cells. Signals were assessed relative

to their respective actin signals. Bar graphs indicate mean values with SD (modified from May et al., 2021).

To assess the labeling capacity, further comparative IF microscopy was performed on WT, Cilia-APEX,
and Cilia-APEX2 expressing cells. Here, after APEX labeling was performed, labeling efficiency was
checked by staining biotinylated proteins using fluorescently labeled streptavidin on fixed cells.
Transgene expression was detected by GFP fluorescence and cilia were stained using an antibody
against a cilia marker protein (ARL13B). GFP fluorescence demonstrated that Cilia-APEX2 signals are
significantly reduced by approximately 4-fold (Fig. 7A and B). In contrast, ciliary biotin signals nearly
doubled after labeling (Fig. 7A and C). This indicated that increased labeling capacity was achieved at
lower transgene expression. Consequently, proteins that were below the detection limit in previous
experiments could be identified in future screenings using IMCD3 Cilia-APEX2 (May et al., 2021).
Furthermore, cilia length from the parental, Cilia-APEX, and Cilia-APEX2 expressing cell lines was
analyzed based on [F microscopy to assess if cilia formation and maintenance were affected. The length
analysis showed no significant changes in ciliary length between the three cell lines (Fig. 7D).
Nevertheless, cilia length for IMCD3 Cilia-APEX2 could be distinguished into two different
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populations, whereas for the WT cell line the length is homogeneously distributed. For IMCD3 Cilia-

APEX, cilia length seemed to vary more, but did not lead to significant differences on average.
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Fig. 7: Cilia-APEX2 labels ciliary proteins with a higher efficiency than Cilia-APEX at lower transgene
expression.

(A) IF micrographs of representative images, scale bar shows 2um. WT, Cilia-APEX and Cilia-APEX2 expressing
cells were fixed after APEX labeling and stained with an antibody against ARL13b and fluorescently labeled
streptavidin. (B) Quantification of absolute ciliary GFP fluorescence signals in FU. Violin plots are shown. The
dotted lines show the quartiles, the thick black continuous line shows the median. Statistic significance was
assessed with an unpaired, two-tailed t-test; p <0.0001. (C) Quantification of absolute cilia biotin signals in FU in
IMCD3 Cilia-APEX vs. IMCD3 Cilia-APEX2 shown as violin plot. Statistic significance was assessed with an
unpaired, two-tailed t-test; p < 0.0001 (A-C was modified from May et al., 2021). (D) Quantification of cilia length
in WT, Cilia-APEX and Cilia-APEX2 expressing cells. Shown are violin plots. Statistic significance was assessed

with a Dunnett’s T3 multiple comparisons test; p < 0.01.
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In previous studies, Cilia-APEX was limited to recognizing cilia-localized, low-abundance membrane
proteins (Mick et al., 2015). One example was the cilia-localized GPCR GPR161, which plays a critical
role in SHH signaling. This transmembrane protein was barely detectable in the cilia of Cilia-APEX
expressing cells in previous studies (Mick et al., 2015). In this work, GPR161 localization was
determined by IF microscopy in WT, IMCD3 Cilia-APEX and IMCD3 Cilia-APEX2 cells. Here,
GPR161 was detected by antibody staining and ciliary signals were assessed relative to acetylated-
tubulin (ac-tub). The relative ciliary GPR161 signals in IMCD3 Cilia-APEX2 cells were comparable to
those of the WT cell line, whereas the signals in IMCD3 Cilia-APEX cells were significantly reduced
and almost below the detection limit (Fig. 8 A). After induction of SHH signaling, GPR161 exit from the
primary cilium was detectable in Cilia-APEX2 expressing and the WT cells, whereas no significant
changes in ciliary GPR161 signals were observed for IMCD3 Cilia-APEX cells (Fig. 8B).

These initial experiments indicated that in IMCD3 Cilia-APEX2 cells, ciliary proteins were labeled with
higher efficiency at lower transgene expression compared to IMCD3 Cilia-APEX cells. In addition, the
IMCD3 Cilia-APEX2 cell line proves to be a model with higher similarity to the WT cells, as low-
expressed membrane proteins were detectable well above the detection limit of IF assays. The fact that
these proteins were hardly detectable in IMCD3 Cilia-APEX cells limited the sensitivity of previous
proteomic screens using APEX (Mick et al., 2015). Subsequently, the IMCD3 Cilia-APEX2 cell line
was selected as a new cell line for a potentially more precise proteomic analysis of the ciliary proteome.
In addition, the ability to detect low-expressed SHH components allowed for the investigation of time

dependent proteome changes in response to SHH signaling for the first time.
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Fig. 8: Detection of GPR161 in WT, Cilia-APEX and Cilia-APEX2 expressing cells.

(A) Representative IF micrographs of fixed WT, Cilia-APEX

and Cilia-APEX2 expressing cells in the presence

and absence of Shh-N stained with antibodies against ARL13B and GPR161 with a scale bar showing 2pm. (B)

Quantification of ciliary GPR161 signals relative to ARL13B

in RFU from 30 cilia (n = 30) showed significant

reduction of GPR161 ciliary signals in WT and IMCD3 Cilia-APEX2 cells after treatment with Shh-N. Shown are

violin plots, the dotted lines show the quartiles, the thick black continuous line shows the median. Statistic

significance was assessed with 2-way ANOVA and Sidak’s multiple comparison test; p < 0.0001 (modified from

May et al., 2021).
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6.2. Improved proteomic screen identifies a new potential SHH Signaling component

The Cilia-APEX2 cell line was used with appropriate controls for a comparative proximity labeling.
This approach was combined with quantitative mass spectrometric (MS) analysis. Proximity labeling
experiments for MS were performed by David Mick and the MS analysis was kindly performed by
Marian Kalocsay at Havard Medical School (for details on the proteomic study please see May et al.,
2021). The study, on which this work is based, represents the first temporally resolved proteomic screen
of the primary cilium proteome remodeling during the SHH response. It was demonstrated that upon
stimulation with SHH inducing reagents, the regulatory subunit of PKA, PKA-RIa, co-exits the cilium
in a regulated manner together with GPR161. In addition, a new potential SHH signaling component
was identified. The putative phosphatase Paladin (PALD1) was the only component of the ciliary
proteome that was undergoing kinetics similar to the SHH effector SMO. Both proteins accumulated in
the primary cilium after stimulation of the SHH signaling pathway in a specific kinetic (May et al.,
2021). Although numerous screens for SHH components have been performed, PALD1 had never been
identified as a potential SHH signaling component. Instead, PALD1 has been linked to insulin signaling
and neural crest migration in the past (Huang et al., 2009; Roffers-Agarwal et al., 2012). These facts
raised many interesting questions about the role and function of PALDI and its possible cell type
specificity. In the following, these aspects will be discussed. The following chapters of this work will
focus on the biochemical and molecular biological analysis of PALD1 with respect to ciliary signaling.

Some results of this work are published in May et al., 2021 as indicated in the respective figures.
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6.3. The role of PALDI in ciliary signaling in IMCD3 cells

As mentioned earlier, PALD1 possesses features indicative of its function as a potential protein-tyrosine
phosphatase. Specifically, this involves four predicted minimal catalytic site motifs (CX5R) for
phosphatase activity. These motifs indicate that the protein consists of at least one or two potential
protein tyrosine phosphatase domains. However, despite the structural similarities, no protein-tyrosine
phosphatase catalytic activity has yet been shown for PALD1. Also, no potential protein substrates of
PALDI1 had yet been identified. A recent preprinted study suggested that PALD1 functions as a
Phosphatidylinositol (PIP) phosphatase targeting PI(4,5)P2 (Nitzsche et al., 2020). Furthermore,
PALDI possesses the amino acid Glycine at position two, a property that scores high for a predicted
myristoylation (Myr) (Fig. 9). The Myr at position two is a specific lipid modification that can be found

on many ciliary proteins and oftentimes functions as a ciliary targeting signal (Roy & Marin, 2019).

Myr
55 121161 315 375 444 664 818
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859
Protein tyrosine phosphatase domains Predicted minimal catalytic motifs (CXXXXXR)

Fig. 9: Domain structure of PALDI1.
PALDI1, a 859 kDa in size protein, harbors two predicted protein tyrosine (PT) phosphatase domains with

respective three and one minimal catalytic motifs consisting of CX5R. These motifs allow for the conclusion of a

PT-phosphatase activity that had not yet been experimentally confirmed (modified from May et al., 2021).

To confirm the PALD1 accumulation observed in the proteomic screen, an independent IF microscopy
assay was performed. For this purpose, IMCD3 cells were treated with the SHH-inducing reagents Shh-
N or SAG for 24 hours (Fig. 10). While Shh-N activates SHH via binding to the SHH receptor PTCHI,
the Smoothened agonist (SAG) bypasses the receptor PTCHI1 and activates the SHH pathway by
directly interacting with SMO (Gigante & Caspary, 2020). Accordingly, activation with Shh-N is more
similar to activation in living organisms in that the protein Sonic also binds directly to PTCH1. After
treatment, cells were fixed. PALD1 and SMO were stained with the corresponding antibodies. In
addition, to determine the respective localization of PALD1 and SMO, ac-tub was stained as a cilia
marker. The inducing reagents Shh-N and SAG are commonly used for SHH assays and the question

arises whether both will induce protein accumulation of PALDI.

60



Results

It was shown that in response to both stimuli, SMO and PALD1 co-accumulate in the primary cilium
(Fig. 10). To gain a better understanding of the underlying protein kinetics, Shh-N was also titrated to
test whether a critical concentration could be identified. At this critical concentration, only SMO or
PALDI1 alone could accumulate in each case under certain circumstances, but not both. This could
provide insight into whether a specific strength of SHH response underlies the respective accumulation.
As a result, the co-accumulation of SMO and PALD1 observed in the MS analysis after treatment with
SHH stimulating reagents could be confirmed; however, in the experiment, such a critical concentration
could not be identified (Fig. 10). Thus, the type of induction seems to play a rather minor, or no role at
all, in PALD1 accumulation. Because no critical concentration was observed at which only one of the
two proteins accumulated, this raised the question whether PALD1 forms a complex with SMO and co-
localizes solely because of direct interaction with it. That PALD1 and SMO further undergo a very
similar time-dependent kinetic has not only been shown via MS analysis, but has also been confirmed

in an IF assay by Inés Galtier D’ Auriac from the University of San Francisco (UCSF; May et al., 2021).
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Fig. 10: PALD1 and SMO after treatment with different concentrations of Shh-N or SAG.

Representative IF micrographs of fixed IMCD3 cells stained with antibodies against SMO, PALD1 and the ciliary
marker protein ac-tub. The scale shows 2um. 24h prior to the experiment, the cells were treated either with titrated
concentrations of Shh-N, SAG or respective controls. In the absence of Shh-N or SAG no accumulation of either
PALDI1 or SMO was observed. Clear and reliable accumulation of PALD1 and SMO was observed starting from

a concentration of 10-12 % Shh-N per total medium volume.

To address the question regarding the complex formation of SMO and PALDI1, IMCD3 cells were
treated with the SHH-blocking reagent cyclopamine (CYC). CYC is a SMO antagonist that occurs
naturally in Veratrum californicum (corn lily; Chen et al., 2002). Although studies indicate its potential
as an anti-cancer agent for the medical treatment of patients with SHH-dependent tumors (Bar et al.,
2007), CYC is not currently approved by the FDA or any other drug agency. Unlike other SHH
inhibitors, CYC has the unique property of blocking SHH-induced signaling while leading to ciliary
accumulation of SMO. On this account, IMCD3 cells were treated with CYC and the fixed cells were
analyzed via IF microscopy using indicated antibodies against SMO, PALDI1 and ac-tub. Treated cells
display unambiguous SMO accumulation with cocomitant absence of PALD1 from primary cilia. Cells
seeded the same day were treated with SAG as a control and displayed ciliary SMO and PALDI
accumulation (Fig. 11A). Quantification of the ciliary signals confirmed the absence of PALDI1 from
cilia in CYC-treated cells and time dependent accumulation of SMO (Fig. 11B and C).

These results confirm that PALDI1 could fulfill a role in SHH signaling without permanent protein
complexation with SMO as a pure cause of co-localization. Based on the fact that PALD1 changes its
localization after SAG induction as well as after Shh-N induction, it could be suspected that PALD1

might function downstream from SMO in SHH signaling.
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Fig. 11: CYC-treated IMCD3 cells show ciliary SMO but not PALD1 accumulation.

(A) IMCD3 cells were treated with SAG or CYC 24h before the experiment, fixed and stained with specific
antibodies against PALD1, SMO and ac-tub. The scale bar shows a distance of 2um. (B) Quantification of ciliary
SMO signals in IMCD3 cells after treatment with CYC in a time course over 24h (images not shown). The SMO
signals relative to ac-tub in RFU were quantified with 30 cilia per condition (n = 30). Shown are violin plots, the
dotted lines show the quartiles, the thick black continuous line shows the median. (C) Quantification of ciliary
PALDI signals in IMCD3 cells after treatment with CYC in a time course over 24h (images not shown). PALD1
signals were quantified as described in (B; the figure was partially modified from May et al., 2021).
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6.4. PALDL1 is a cell type specific factor conserved among species.

Although numerous SHH screens have been performed, PALD1 was not identified as a potential
pathway component. One could speculate that the choice of cell line might be the reason for this.
Whereas 3T3 cells are commonly used as a model for SHH signaling studies because of their strong
SHH response (Breslow et al., 2018, Pusapati et al., 2018), the proteomic screens of our laboratory were
performed in IMCD3 cells (Mick ef al., 2015, May et al., 2021). Thus, one possible hypothesis was that
PALDLI is a cell type-specific factor. In this context, PALD1 might even be exclusive for the weakly
SHH-responsive IMCD3 cells which will be illuminated below.

Several ciliated murine and human cell lines were examined by quantitative WB assay to perform a
screen for PALD1 expression. Because some SHH signaling components change their steady-state
expression levels according to active SHH signaling, such as the receptor PTCHI1, cells were treated
with SAG or the respective control 24h before lysate preparation (Cohen et al., 2015). Cells selected for
the experiment included 3T3 cells, murine, immortalized, embryonic fibroblasts (Todaro & Green,
1963) and myoblasts (C2C12 cells) which were chosen due to their proliferation and differentiation into
muscle protein expressing myotubes under the influence of SHH signaling (Elia et al., 2007). In
previous studies, it has been demonstrated that PALD1 plays a role in insulin signaling and therefore
may also be responsible for SHH independent ciliary signaling (Huang et al., 2009). Because of this,
MING6p cells were also analyzed in terms of their steady state expression of PALD1. Two human cell
lines were also included in the analysis because of the possibility that PALD1 exhibits specificity for
certain organisms as well as cell type specificity. The used human cell lines were RPE cells, as they are
frequently used as a model in cilia research (Phua et al., 2017; Huang et al., 2018; Alsolami et al., 2019)
and HEK cells, as they are a common model for biochemical approaches (Liu et al., 2007; He et al.,
2018). Quantitative analysis of two to three experiments per cell line demonstrated and IMCD3 and
MING6 cells displayed the highest PALD1 steady state expression levels relative to a loading control.
C2C12, 3T3 and HEK cells show lower PALDI1 steady-state expression levels relative to a loading
control whereas no PALD1 was detected in RPE cells. The expression levels of PALD1 remained
independent of SHH pathway activation by SAG (Fig. 12).

These initial results suggested a cell-type specific role for PALDI, but it does not appear to be exclusive
for IMCD3s. To follow up on these observations, the screened cell lines were analyzed by IF
microscopy. The IF microscopy aimed to investigate if PALD1 accumulates in the primary cilia of any
of the positively screened cell lines. As an additional control and to completely rule out a possible
function of PALD1 in these cells, RPE cells were included in the analysis, although they did not show
PALDI steady state expression in WB.
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Fig. 12: Steady state protein expression levels of PALD1 vary in dependence of the cell line.

(A) Cell lysates of IMCD3, C2C12, RPE, 3T3, MIN6f and HEK cells were separated via SDS PAGE and
analyzed in a quantitative WB. PALD1 and GAPDH were detected with specific antibodies. GAPDH was used to
ensure equal loading of protein. (B) Quantification of PALD1 relative to GAPDH in RFU of 2 — 3 biological
independent experiments (n = 2 — 3) from (A). Shown are mean values in a bar diagram. Dots show individual

values and error bars show SD (reanalyzed after May et al., 2021).

As expected, there was no ciliary accumulation of PALDI1 detected in RPE cells after activation of SHH
signaling (Fig. 13 A). In C2C12 cells, PALD1 accumulated in primary cilia after treatment with SAG
(Fig. 13 B). Consequently, quantification of ciliary signals for PALDI relative to ac-tub at different time
points after treatment with SAG was performed for C2C12 cells and showed a significant increase in
signal (Fig. 13 C). However, the observed time dependent kinetics differed from the previously reported
kinetics for PALD1 accumulation in IMCD3 cells (May et al., 2021). This observation could have
technical reasons or indicate differences within the exact molecular mechanisms. Despite successful
SHH activation detected by accumulation of SMO via antibody staining, no ciliary PALDI
accumulation was observed in 3T3 cells (Fig. 13 D). For MIN6p, neither ciliary PALD1 nor SMO
accumulation was detected in primary cilia. This lack of accumulation of both investigated SHH
components may indicate an inability to respond to SHH signals for MIN6f cells. To investigate this
theory, cells were stimulated with both SAG and Shh-N, neither of which produced a measurable SHH
response (Fig. 13 E). Whereas previous studies successfully examined the cilia of HEK cells (Vien et
al., 2020), the attempt made in this work to elicit sufficient ciliation in HEK cells failed. Thus, the
responsiveness of HEK cells to SHH signals as well as possible accumulation of PALDI1, could not be

conclusively assessed (data not shown).
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Fig. 13: Accumulation of PALD1 was observed in primary cilia of C2C12 cells but in no other cell line.

(A) Representative IF micrographs of RPE cells treated with SAG 24h prior to IF microscopy. After fixation, cells
were stained with antibodies against PALD1 and ac-tub. (B) Representative IF micrographs of C2C12 cells. The
experiment was performed as described in (A). (C) Primary cilia of C2C12 cells were analyzed for different time
points after the addition of SAG. Ciliary PALDI signals of 30 cilia per condition (n = 30) relative to ac-tub were
analyzed in RFU. Statistic significance was assessed by one-way-ANOVA and Tukey’s multiple comparisons test.
Shown are violin plots, the dotted lines show the quartiles, the thick black continuous line shows the median (B
and C were modified from May et al., 2021). (D) 3T3 cells were fixed and stained with antibodies against PALD1
and SMO 24h after treatment with SAG. Shown are representative IF micrographs. (E) Representative IF
micrographs of MING6B cells treated with SAG, Shh-N or respective controls. 24h after treatment MIN6p cells
were fixed and stained with antibodies against SMO and PALD1. All scale bars show 2um.

These results suggested that PALD1 is not exclusive for IMCD3 cells which raised the question whether
PALDI1 is conserved between species. This was tested in a comparative analysis using the online
available algorithm CLIME (Clustering by Inferred Models of Evolution). In a first step, CLIME
clusters genes in evolutionarily conserved modules (ECM) based on a combination of statistic models
and algorithms (Li et al., 2018). Next, CLIME performs an expansion step in which the algorithm
evaluates and ranks other genes that might have co-evolved with the gene of interest (Li et al., 2014).
This expansion is based on a log-likelihood ratio test, a test that compares the fit of two models to reduce
errors based on uncertainties of the evolutionary tree structure (Li ef al., 2014, Li et al., 2018). Genes
with similar functions are often gained or lost at similar time points of evolution (Pellegrini ef al., 1999,
Kensche et al., 2008). Identifying co-evolution of genes is therefore an important tool to predict possible

functions of unknown genes.

PALDI is conserved between organisms. The corresponding gene is present in species that possess both
primary cilia and motile cilia e.g. Homo sapiens. It is therefore striking that C. elegans, which have only
primary cilia, do not have a PALD1 gene whereas species such as Nematostella vectensis, which possess
exclusively motile cilia, do have a PALDI1 gene. Interestingly, PALD1 was clustered with the
intraflagellar transport component IFT25, which is conserved between some but not all species.
Individual IFT proteins can be assigned to one of two defined protein complexes that differ not only in
composition but also in their function. In the past, [FT-A and IFT-B were differentiated mainly on their
function in retrograde and anterograde transport or in the import and export of cargoes, respectively.
However, since there are some exceptions to these rules, the characterization cannot be done entirely on
this basis (Nakayama & Katoh, 2020). IFT25 is assigned to the IFT-B complex and is not essential for
cilia formation, however is involved in SHH signaling (Eguether et al., 2018). Other cilia-associated
proteins clustered with PALD1 were the cilia- and flagella-associated protein 54 (CFAP54), the tubulin
detyrosinases vasohibin-1 and -2 (VASH1/2), the dihyrdoxylase OFDI1 the centriolar protein (CEP19)
and the Phosphatases PHOSPHO1 and PHOSPHO?2 (Roberts et al., 2004; Fig. 14). CFAP54 is a ciliary
protein that has previously been associated with motility defects of cilia in mice (McKenzie et al., 2015).
VASHI1/2 are tubulinyl-tyr-carboxypeptidases (Nieuwenhuis et al., 2017) whereas PHOSPHO1/2 are

members of the haloacid dehalogenase phosphatase superfamily that has no resemblance with protein-
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tyrosine phosphatases and thus are independent of PALD1 (Baldwin et al., 2001; Roberts et al., 2004).
CEP19 is a cilia-associated protein that plays a role in cilia assembly, where it recruits RAB GTPases
and binds [FT-B complexes to initiate ciliation (Kanie ef al., 2017; Nishijima et al., 2017). Surprisingly,
no co-clustering with SMO could be observed in the analysis, suggesting a function of PALD1 that is
distinct from that of SMO.
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Fig. 14: Co-evolutionary analysis of PALDI.

Species from all clades of life were analyzed using gene CLIME (Li et al., 2014, Li et al., 2018). The simplified
phylogenetic tree shows different groups of eukaryotic organisms in different colors (purple: Ophistokonts, blue:
Amoebozoa, green: plants, yellow: Alveolates and Heterokonts, orange: Haptophytes, brown: Excavates; modified
from Carcalho-Sanots et al., 2010). Primary cilia are shown in blue, motile cilia are shown in green. Organisms
written in grey font were analyzed via NCBI gene blast. Proteins with E-values above 10° were scored as co-
clustered hits. The black circles indicate hits while IFT-B complex subunits are indicated by different shades of
gray (black 100 %; darg gray < 100 %; light gray < 60 %, white < 30 %; modified from May et al., 2021, figure
after Carvalho-Santos et al., 2010; Shida et al., 2010).
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The CLIME analysis confirmed that PALD1 is conserved among of all life clades. Nevertheless, the
function and the role of PALD1 continued to remain enigmatic. PALD1 was clustered with intraflagellar
transport components and other ciliary proteins that perform essential functions within the cilium but
initially show little functional similarity to PALD1. As the clustered phosphatases show no similarity to
PT phosphatases, the question arrises whether PALD1 fulfills its role in SHH signaling independent of
its potential phosphatase function. In addition, it remains unclear in which form PALD1 and IFT25
might interplay. To investigate these questions, an IMCD?3 If#27 cell line (Liew et al., 2014) was tested
for PALD1 and SMO accumulation. This cell line was chosen because PALD]1 clustered in the gene
CLIME analysis most strongly with [FT25 which forms a complex with IFT27. Upon loss of I[FT27,
IFT25 is also degraded, which is why both components, IFT25 and IFT27, are absent in a corresponding
IMCD3 Ift27" cell line. (Keady et al., 2012).

In previous studies, IFT27 was shown to mediate export of SMO from the primary cilium (Eugether et
al., 2018) which is consistent with the observation made here. Comparisons between IMCD3 cells (WT)
and IMCD?3 [f27" cells were made, and each cell line was treated with SAG to induce SHH signaling
and stained with antibodies against PALD1 and SMO 24h after treatment. It was evident that SMO
accumulation was significantly increased in the cilia of IMCD3 [ft27 cells as compared to WT cells.
This was true in both absence and presence of the SHH stimulating reagent SAG, which leads to further
enhancement of ciliary SMO accumulation (Fig. 15A and B). In contrast, no significant accumulation of
PALDI1 was observable in either the presence or absence of SAG, suggesting that SHH-mediated
accumulation of PALD]1 is dependent of IFT27 and consequently IFT25 (Fig. 15A and C). These
interesting first insights on the molecular mechanism of PALDI accumulation raises the question
whether PALD1 has a functionally similar role to IFT25/IFT27.
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Fig. 15: PALD1 accumulation is impaired in the IMCD3 Ift27” cell line.

(A) Representative IF micrographs of WT and IMCD3 [ft27-" cells treated with SAG or vehicle 24h before IF
microscopy. After fixation, cells were stained with antibodies against PALD1, SMO and ac-tub. (B) Cilia signals
of SMO were quantified from three independent replicates, 20 — 30 cilia per condition and per experiment relative
to ac-tub in RFUs from WT and IMCD3 [f#27" cells (n
the quartiles, the thick black continuous line shows the median. Statistic significance was assessed by two-way
ANOVA and Tukey’s multiple comparison test. (C) PALDI1 cilia signals of WT and IMCD3 [f#27 cells were
quantified and analyzed as described in (B).

=76 —87). Shown are violin plots, the dotted lines show

Total

71



Results

6.5. IMCD3 Paldl” cells show mild pre-activation phenotype.

To obtain information on the physiological function of PALDI1, a Paldl knockout cell line was
generated in IMCD3 cells using the CRISPR-Cas9 system. The exon 4 was targeted for appropriate
DNA editing via CRISPR-Cas9, which induces an early termination of translation. The cDNA of the
resulting cell clones was sequenced and they were further examined for complete knockout of Paldl
based on detection of PALD1 in quantitative fluorescence WB analysis. Sequencing confirmed early
protein ablation due to a nonsense mutation while WB analysis confirmed loss of PALD1 (Fig. 16A and
B). The cell line generated will be referred to as IMCD3 Paldl”" in the following.

Further, the expression of IFT88 and PTCH1 in the presence and absence of Shh-N was examined in
steady state by antibody detection in the quantitative fluorescence WB analysis (Fig. 16 B). No
significant changes were detected in IMCD3 Paldl” cells for IFT88 or PTCHI compared to the
parental cell line (WT). Also, the correct localization of IFT88 was examined with IF microscopy and
no differences were detected in IMCD3 Paldl”- when compared with the WT cells (Fig. 16 C). In
addition, cilia length was analyzed and showed a significant reduction by approximately 15%.
Strikingly, the cilia length of the Paldl knockout cell line was not only shorter on average, but also the
lengths were more homogeneously distributed than those of the WT cells (Fig. 16 D).
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Fig. 16: Generation of a IMCD3 PaldI” cell line and analysis in comparison to WT cells.

(A) Sequencing of the cDNA from the generated IMCD3 Paldl”" cell line confirmed early protein ablation due to
a nonsense mutation. (B) Cell lysates were separated via SDS-PAGE and transfered in a quantitative fluorescence
WB. PALDI, IFT88, PTCH1 and Actin were detected with specific antibodies. Actin was detected to ensure equal
loading of protein. (C) WT and IMCD3 Paldl™ cells were fixed and stained with antibodies against IFT88 and the
cilia marker ac-tub. Localization of the ciliary protein IFT88 remained unaffected in IMCD3 Paldl”* compared to
WT cells. The scale bar shows 2um (D) Cilia length of WT and IMCD3 Paldi” cells was assessed based on (B).
Shown are violin plots, the dotted lines show the quartiles, the thick black continuous line shows the median.

Statistic significance was assessed by an unpaired t-test, p < 0.0002 (modified from May ef al., 2021).

During embryonic development, cell fates such as ventralization or dorsalization in the neural tube are
determined by specific signaling pathways. SHH signaling, when activated, determines the
ventralization of cells (Gigante & Caspary, 2020). This is designated by ratios of certain transcription
factors, called glioma-associated oncogene (GLI) (Niewiadomski et al., 2019). In the absence of SHH-
stimulating signal, the GLI3 transcription factor is post-translationally modified and proteolytically
cleaved into a repressor form (GLI¥). Upon induction of SHH signaling, e.g. by Shh-N, the modifying
enzymes are inhibited, leading to disruption of proteolytic of GLI3 cleavage and consequent increase in
GLI3 full-length (GLI3). The repression of SHH target genes by GLI3®, such as the additional GLI
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transcription factor GLI1, is thus stopped, and the signaling pathway is activated (Niewiadomski et al.,
2019; Gigante & Caspary, 2020).

Based on the mechanisms described, the ratio of GLI3FY/GLI3R can be used as an indicator of active
SHH signaling. In this case, high values for the GLI3*-/GLI3® ratio indicate an active SHH signaling
pathway, whereas low ratios indicate an inhibition of signaling (Niewiadomski et al., 2019; Gigante &
Caspary, 2020). For each cell line, these values must be considered in relation to corresponding controls
to make a conclusive statement. In the following experiment, the GLI3"/GLI3R ratio was assessed by
quantitative WB analysis using an antibody that detects the GLI3"™ and the GLI3® forms (Fig. 17 A).
Quantification of three independent experiments and consideration of the respective ratios relative to the
WT control of each experiment showed that IMCD3 Paldl” has significantly increased GLIFY/GLI}?
ratios compared to the WT. Effectively, GLI**/GLI® in +Shh-N WT is not significantly different from
IMCD3 Paldl”- -Shh-N. This indicates that untreated IMCD3 Paldl”~ exhibits a state of active SHH
signaling without induction. After addition of Shh-N, the GLI'*Y/GLI® ratio in WT and IMCD3 Paldl"
increases significantly (Fig. 17 B). This suggests that although IMCD3 Paldl”" is pre-activated in
absence of signal, further activation can still occur after treatment with SHH inducing reagents. These
experiments provide a first indication of the function of PALD1 as a negative regulator or attenuator of

SHH signaling.

The described observations and conjectures raise the question whether other SHH signaling components
that function upstream of GLI proteins might be altered by the loss of PALD1. The orphan receptor
GPR161 is a major SHH signaling negative regulator that accumulates in the primary cilia of
unstimulated cells. By activating Ga.-proteins, GPR161 stimulates adenylyl cyclases (Mukhopadhyay
et al., 2013). Thus, the increased cAMP level contributes to the modification and processing of GLI3 by
activating PKA (Tschaikner et al., 2020). SMO, the main SHH positive effector, accumulates in the
primary cilia of stimulated cells upon signaling pathway activation. As it has previously been shown,
SMO also co-accumulates with PALD1 and belongs to a different class of GPCRs than GPR161
(Tschaikner et al., 2020; May et al., 2021). SMO activates a Ga.-protein which results in the inhibition
of adenylyl cyclases (Tschaikner et al., 2020). Subsequently, cAMP levels decrease which results in
inhibition of GLI3 processing. Decreasing cAMP inhibits PKA, which phosphorylates GLI3
modification and results in processing of GLI3™ and consequent transformation to GLI3®
(Niewiadomski et al., 2019). To examine a possible effect of PALDI on the distribution of SHH
dependent GPCRs such as SMO and GPR161, WT and IMCD3 Paldl” cells were analyzed via IF

microscopy.
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Fig. 17: GLI3™/GLI3® in IMCD3 Paldl” cells indicates pre-activation of SHH signaling after loss of
PALDI.

(A) WT and IMCD3 Paldi" cells were treated for 24h with Shh-N. Lysates were separated via SDS-PAGE and
analyzed in a quantitative fluorescence WB assay. GLI3™ and GLI3R were detected by staining with one specific
antibody against both versions GLI3. (B) Quantification of the GLI3" and GLI3® bands from three independent
experiments (n = 3) confirms pre-activation of IMCD3 Paldl” cells. GLI3fY/GLI3® ratios were calculated and
internally normalized to the respective untreated WT for each experiment (WT - Shh-N = 1). Statistic significance
was assessed by two-way-ANOVA with Tukey’s multiple comparison test, p < 0.05. Shown are mean values with

SD, dots indicate single values (modified from May et al., 2021).

The two SHH effectors GPR161 and SMO principally show a normal localization in IMCD3 Paldl™
that is comparable to WT cells. While GPR161 is depleted from the cilium after induction with SAG,
SMO accumulates in IMCD3 Paldl” similar to WT primary cilia (Fig. 18 A). Quantification of the
ciliary signals displays no significant changes in SMO accumulation between WT and IMCD3 Paldl”
cells (Fig. 18 B). However, GPR161 quantification of three biologically independent experiments
reveals that ciliary GPR161 signals are reduced in unstimulated IMCD3 Paldl”" cells compared to
unstimulated WT cells by approximately 30 —40 % (Fig. 18 C). Because GPR161 is a negative regulator
of SHH signaling, these results agree with the previous observation that IMCD3 Paldl”- cells show a
SHH signaling pre-activated phenotype. Moreover, reduced ciliary GPR161 levels could be the cause
of the observed pre-activation in IMCD3 Paldl” cells.
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Fig. 18: Ciliary GPR161 signals in IMCD3 Paldl” are decreased in unstimulated cells compared to WT
cells.

(A) Representative IF micrographs of fixed WT and IMCD3 PaldI” cells stained with antibodies against GPR161,
SMO and ac-tub. Cells were treated with SAG for 24h. The scale bar shows a distance of 2um. (B) Quantification
of cilia signals of SMO relative to ac-tub in RFU. 30 ciliary signals were quantified per condition from a total of
= 60). Shown are violin plots, the dotted lines show the quartiles, the

2 biologically independent experiments (n

thick black continuous line shows the median. Statistic significance was assessed by two-way ANOVA with
Tukey’s multiple comparison test. (C) Quantification was done for GPR161 as described in (B) for SMO cilia
signals. Statistic significance was assesed by two-way ANOVA with Tukey’s multiple comparison test from 30
cilia quantified per condition for three independent experiments (n, = 90). GPR161 signals were significantly
reduced in unstimulated IMCD3 Paldl” cells. Statistic significance was assessed by two-way ANOVA with
Tukey’s multiple comparison test (reanalyzed after May et al., 2021).

With respect to SMO, induction with SAG most probably bypasses effects by the loss of PALD1 on
SMO by direct binding of SAG to SMO. For this reason the experiment was repeated by treating cells
with Shh-N instead of SAG. When the experiment was repeated upon treatment with Shh-N, a
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significant reduction in GPR161 was again observed in unstimulated WT cells as compared to
unstimulated IMCD3 Paldl”~ cells (Fig. 19 B). In addition, the accumulation of SMO in the cilium was
significantly increased for IMCD3 Paldl” cells after stimulation (Fig. 19 C), suggesting a stronger SHH
signaling activation of the IMCD3 Paldl” cell lines compared to WT cells.
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Fig. 19: SMO accumulation is increased in IMCD3 Paldl” cells compared to WT cells after induction with
Shh-N.

(A) Representative IF micrographs of fixed WT and IMCD3 Pald 1™ cells stained with antibodies against GPR161,
SMO and ac-tub. Cells were treated with Shh-N for 24h before fixation. The scale bar shows 2pum. (B)
Quantification of cilia signals of GPR161 relative to ac-tub in RFU of 30 cilia per condition from two independent
experiments (n, = 60 cilia) in WT and IMCD3 Paldl™" cells. Shown are violin plots, the dotted lines show the
quartiles, the thick black continuous line shows the median. Statistic significance was assessed by two-way-
ANOVA with Tukey’s multiple comparison test. (C) Quantification and analysis of ciliary SMO signals was done
as described in (B).
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All in all, these findings further suggest a negative regulating role of PALD1 in SHH signaling. The
phenotypes observed after loss of PALD1, however, are much milder than those observed after the loss
of other proteins that negatively regulate SHH signaling e.g. PTCH1 and SUFU. In the absence of these
key negative regulators, SHH signaling is fully activated to a degree that cells are not responsive to SHH
signaling activating reagents (Pusapati ef al., 2018). Consequently, PALDI is suspected to possess a
mediating role in SHH signaling. In that case, PALD1 may function as an attenuator of the SHH
pathway. The fine modulating role of PALD1 in the SHH signaling pathway could be an additional
explanation why PALD1 was not detected in previous SHH screens. Additionally, proteins positively
interfering with SHH signaling are easier to identify than those that negatively regulate the signaling
pathway (Breslow et al., 2018).
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6.6. Molecular mechanisms of PALD1 accumulation.

Having obtained initial information on the possible role of PALD1, the next question was how PALD1
mediates SHH signaling. PALD1 appears to be an SHH signaling attenuator that affects GPCR
trafficking, as concluded from the decreased ciliary GPR161 levels. Therefore, a link to other
components of the SHH pathway that also affect GPCR trafficking is possible. An important negative
SHH signaling regulator is the Tubby-related protein (TULP3). TULP3 recruits the GPCR GPR161 to
the cilium and in this way, inhibits SHH signaling. A functional antagonist of TULP3 when SHH
signaling is activated is B-arrestin. This protein mediates the BBSome-dependent exit of GPR161 from
the cilium, by recognizing phosphorylation of GPR161 and initiating exit (Nachury, 2018). To
investigate a possible link between PALD1 and these two components of GPCR trafficking, IMCD3
Tulp3”- and IMCD3 S-Arrestinl/2” (S-Arrl/2”") cells were treated with SAG for 24h before being

examined by IF microscopy.

SMO accumulation was not affected in IMCD3 Tulp3” cells, IMCD3 pS-Arri/2 - cells showed a
significant increase in SMO signal in absence of SHH stimuli compared to unstimulated WT cells.
However, after treatment with SAG cilia SMO signal increased in IMCD3 S-Arr1/2 " cells (Fig. 20A and
C). This data is consistent with previous studies (Mukhopadhyay et al., 2010; Nachury, 2018). In
contrast, changes in PALD1 accumulation were observed in both knock out cell lines(Fig. 20A and B).
In IMCD3 B-Arri/2” cells, PALD1 accumulation is generally more comparable to WT cells but still
shows no significant differences after induction (Fig. 20D); however, in IMCD3 Tulp3™ cells, the

accumulation of PALD1 is significantly impaired.

The present data indicates that PALDI is related to GPCR trafficking, especially GPR161, which is also
dependent to TULP3 and B-arrestins. Both GPR161 and SMO accumulation affect ciliary cAMP levels,
and the latter occurs in parallel with PALD1 (Mukhopadhyay et al., 2013; Praktiknjo et al., 2018).
Therefore, it can be assumed that the accumulation of PALD1 might also be dependent on changes in
cAMP levels. In this case, there could also be a link to one of the cAMP-dependent key regulators of
SHH signaling, PKA. No potential substrate of PALD1 has yet been identified, nor has any functional
phosphatase activity of PALD1 been demonstrated. Consequently, the possibility that PALD1 functions
as an anti- or pseudo-phosphatase should be considered (Roffers-Agarwal ef al., 2012; Nitzsche ef al.,
2020). Since no catalytic activity can be detected in the class of anti-phosphatases despite structural
similarities to phosphates, it has long been assumed that they consequently have no particular function.
Today, we know that anti-phosphatases can regulate other enzymes, albeit especially other phosphates,
by direct interaction, e.g. by blocking catalytic sites (Reiterer et al., 2014). It is conceivable that PALD1
could bind kinases in analogy to a possible anti-phosphatase activity. Accordingly, a connection between
PALDI1 and PKA can also be suspected on the basis of a possible cAMP dependence of PALD1. The
idea that PALD1 might bind PK A would be one way to explain the function of PALD1 in SHH signaling.
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Fig. 20: PALD1 accumulation in the primary cilium is TULP3 dependent.

(A, B) Representative IF micrographs of WT, IMCD3 Tulp3”- and IMCD3 S-Arr1/2”" cells, treated 24h prior to
experimentation with SAG and stained with specific antibodies against PALD1, SMO and ac-tub. The scale bar
represents a distance of 2um (C) Quantitative analysis of (A) and (B). 30 — 27 cilia signals of PALD1 were

quantified per condition from two independent, biological replicates (n. = 57 cilia). Signals were analyzed

Total

relative to ac-tub in RFUs. Statistic significance was assessed by two-way ANOVA with Sidak’s multiple
comparison, p < 0.0001 ((D) Quantitative analysis of (A) and (B) as described in (C) Signals were analyzed
relative to ac-tub in RFU, p < 0.0001.

6.7. PALD1 accumulation is dependent on cAMP

The activity of PKA can be abolished in presence of a small protein kinase A inhibitory peptide (PKI)
that mimics the natural substrate of PKA (Knighton et al., 1991; Dalton & Dewey, 2006). For the
following experiment, IMCD3 cells expressing a cilia-localized version of NPHP3[1-203]-GFP—PKI
(Cilia-PKI; Mick et al., 2015) were used. It has been shown that cilia localized PKI leads to ciliary PKA-
C localization (unpublished data, David Mick.) Based on these observations, it can be assumed that if
PALDI1 binds to PKA or one of its subunits (e.g. PKA-C), PALD1 accumulation will be altered in the
described cilia-PKI cell line. This could be because 1.) PALD1 directly interacts with a PKA subunit and
localizes to the primary cilium with the respective subunit or II.) PKA is inhibited in Cilia-PKI which in
turn activates SHH signaling as GLI3 modification and subsequent processing would be abolished.
Consequently, PALDI should accumulate in the primary cilia of the Cilia-PKI cell line in the presence
and absence of SHH inducing reagents. To test this hypothesis, Cilia-PKI and a control cell line
expressing a PKI-4A, a 4-residue mutant that is also cilia-localized but inactivated and consequently
fails to block PKA activity (Control-PKI; Mick et al., 2015), were treated 24h prior to fixation with Shh-
N. After that, cells were analyzed in IF microscopy with antibodies against PALD1 and ac-tub. The
ciliary signals of PALD1 were evaluated relative to the cilia marker ac-tub. GFP signals confirmed

localization of PKI.

Inhibition of PKA or the presence of a catalytic subunit in the cilium appears to latently decrease the
presence of PALD1. This can be concluded from the fact that ciliary PALD]1 levels in stimulated cilia-
PKA cells are not significantly different compared with restimulated control-PKI cells (Fig. 21).
However, this observation does not hinder a significant PALD1 accumulation after addition of Shh-N in
Cilia-PKI and Control-PKI (Fig. 21B). Accordingly, PALD1 does not appear to be related to PKA in the
way presumed. Whether PALDI is possibly regulated analogously to PKA via changes in cAMP levels

will be discussed below.
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Fig. 21: PALD1 accumulation in stimulated Cilia-PKI cells does not differ from unstimulated Control-PKI
cells.

(A) Representative IF micrographs of Cilia-PKI and Control-PKI cells. Cells were fixed and stained in the
presence and absence of Shh-N with antibodies against PALD1 and ac-tub. Incubation with Shh-N was executed
for 24h prior to fixation. The scale bar shows 2pm (B) Quantification of 30 cilia signals of PALD] relative to
ac-tub in RFUs per condition from 3 independent biological replicates (n_ , = 90 cilia). Statistic significance was

assessed by two-way-ANOVA with Tukey’s multiple comparison test; p < 0.01.

To address the question whether PALD1 accumulation is cAMP dependent, artificial somatostatin
signaling in the cilia of IMCD3 cells was investigated. Somatostatin (sst) is an inhibitory peptide
secreted by endocrine cells as well as the central nervous system (Ampofo et al., 2020). Sst binds to the
sst receptor (SSTR3), which regulates a variety of processes such as inhibiting the secretion of glucagon
and insulin as well as inhibiting the secretion of various hormones. These processes take place through
the activation of a Go,-protein and subsequent inhibition of adenylyl cyclases (Mykytyn & Askwith,
2017; Ampofo et al., 2020). Hippocampal neurons express cilia—membrane localized SSTR3 (Berbari
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etal.,2007). As WT IMCD3 cells do not harbor SSTR3, SSTR3 was ectopically expressed and localized
specifically to the cilium of IMCD3 cells to induce changes in ciliary cAMP levels upon activation
(Nager et al., 2017). Accordingly, the IMCD?3 cell line used expresses NeonGreen (NG) labeled SSTR3
(SSTR3XY) in the primary cilium (IMCD3 SSTR3YS;Fig. 22; Nager et al., 2017). After addition of sst,
it binds to SSTR3 and activates the receptor. The receptor activates the Ga, protein, resulting in the
corresponding decrease in cAMP level and is internalized afterwards for inactivation (Green et al.,
2015; Mykytyn & Askwith, 2017). Thus, based on the previous hypothesis that PALD1 accumulation
may be cAMP dependent, activation of SSTR3 should result in a change in ciliary cAMP levels. To test
the general ability of IMCD3 SSTR3NC cells to accumulate PALD1 in the primary cilium, an additional
sample was treated with SAG.

After addition of sst, the receptor was activated and removed from the cilium for inactivation as
expected (REF). This is evident from the loss of green signal within the cilium (Fig. 22A). Interestingly,
cells treated with either SAG or sst both show ciliary accumulation of PALD1. Only after treatment with
SAG is this accompanied by no change in SSTR3C (Fig. 22A). Ciliary signals after addition of sst were
quantified and evaluated for SSTR3N6 and PALDI, respectively, relative to the ciliary marker ac-tub.
After activation, with sst, a significant reduction in the ciliary SSTR3MC signal is observed. Meanwhile,

the ciliary PALD1 signal increases significantly (Fig. 22B).

Based on these findings, it can be speculated that PALD1 may fulfill a more general role in cellular
signaling. This role is probably not limited to SHH signaling, as PALD1 accumulates in the cilium by a
change in cAMP levels. While such a change occurs in the context of SHH signaling, it also occurs in
relation to other signaling pathways (Besschetnova et al., 2010; Jiang et al., 2019; Sherpa et al., 2019).
It is therefore possible that PALD1 exerts different signal-dependent roles in cellular signaling
depending on the cell type.
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Fig. 22: PALDI1 accumulation is induced by changes in cAMP levels.

(A) Representative IF micrographs of IMCD3 SSTR3NC cells treated with SAG, sst or vehicle and stained with
antibodies against PALD1 and ac-tub. The scale bar represents 2pm (B) Quantification of 1 experiment out of 2
biological replicates with the same qualitative results. 30 cilia were quantified per condition (n = 30). Statistic
significance was assessed by 2way ANOVA with Sidak’s multiple comparisons test; p < 0.05.
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6.8. PALD1 in SHH related and non-related ciliary signaling of C2C12 and 3T3 cells.

In IMCD3 cells, PALD1 accumulates in response to changes in cAMP levels and attenuates SHH
signaling. As PALDI] is also expressed in 3T3 cells, in which it does not accumulate in primary cilia
during SHH signaling, it could be a general factor of ciliary signaling. Consequently, the question arises
which role PALD1 could play in 3T3 cells. Another question that has risen is whether PALD1 possesses
a function in SHH signaling in C2C12 cells or mediates SHH signaling dependent processes, as it
accumulates in primary cilia of C2C12 cells. Further, other ciliary signaling pathways could be affected
by PALD1. To address these questions, a Paldl knock out was generated in C2C12 cells (C2C12 PaldI
~) and 3T3 cells (3T3 Paldl”). For this purpose, the CRISPR-cas9 system was used, as described
previously, for the generation of the IMCD3 Paldl” cell line. After generation of potential knock out
cells, cells were screened via quantitative fluorescence WB analysis to confirm for the complete loss of
PALDI.

The WB screen confirmed efficient knock out of Paldl in C2C12 and in 3T3 cells (Fig. 23). The
generation of the knock out was so efficient that no PALD1 was detected in a pool of cells consisting of
100 different cell clones that were sorted into one well during FACS sorting (C2C12 Paldl” Pool, 3T3
Paldl” Pool). As cell pool reduce single clone effects, they were chosen for the following experiments
and will be referred to as C2C12 Paldl” and 3T3 Paldl”~ from hereafter.
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Fig. 23: Generation of a Paldl knock out in C2C12 and 3T3 cells.

After generation of the potential Paldl” cell lines via the CRISPR-cas9 system, the cell lines were screened for
PALDI1 expression in a quantitative fluorescence WB analysis. The WB analysis of the C2C12 parental cells
(C2C12 WT), the 3T3 parental cells (3T3 WT) and their respective knock outs was done in comparison to IMCD3
WT and IMCD3 Paldl” cells. For C2C12 and 3T3 cells, single Paldl”" clones were tested as well as the cell
populations of potential knock out cells (modified after May et al., 2021).
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Because no PALD1 accumulation in primary cilia during SHH signaling was observed for 3T3 cells, the
question remained whether PALDI could regulate other ciliary signaling processes in 3T3 cells. 3T3
cells are fibroblasts that play an essential role in wound healing and have the ability to migrate (Schreier
et al., 1993). Previous studies have shown that PALDI regulates cell migration in neural crest cells
(Roffers-Agarwal et al., 2012); therefore, it was investigated within this work whether the loss of
PALDI1 would affect the migration of 3T3 cells in a scratch assay. Scratches were introduced into a
monolayer of 3T3 cells using the tip of a pipette. The width of the scratches was measured on the first
day after scratching (T0) and every day thereafter. In 3T3 cells and in 3T3 Paldl” cells, the scratches
began to heal immediately after application (Fig. 24A). The width of the scratches was measured and no
significant differences were found between 3T3 and 3T3 Paldl™ cells (Fig. 24B).
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Fig. 24: Scratch assay of 3T3 and 3T3 Paldl” cells showed no significant differences.

(A) 3T3 and 3T3 Paldl” cells were seeded and grown in a monolayer. Scratches were introduced in the cell layer
with a 5ml pipette tip. Images were taken from the cells immediately after introducing the scratch (Time point 0;
TO) and every 24h until no scratch was visible in 3T3 WT cells (T1-T3). Yellow dotted lines indicate the cell
border. The scale bar (black) shows 30um. (B) The distance between two cell borders from (A) was measured from

two technical replicates (n = 2). The width measured at TO for the respective cell line was considered as 100% and
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each time point was assessed in percentage of the width at T0. Statistic significance was assessed by 2way ANOVA

with Sidak’s multiple comparisons test.

The results for 3T3 cells are preliminary and will be critically discussed under 7. Discussion. However,
the current lack of phenotype in 3T3 cells after loss of PALD1 in connection with the lack of ciliary
PALD1 accumulation indicated that PALD1 could play a insignificant role in this cell line.
Consequently, the investigation of C2C12 cells and C2C12 Paldl”- was further pursued instead of 3T3

cells.

As mentioned previously, C2C12 cells have the ability to differentiate into myotubes which express
specific muscle proteins. This process is dependent on SHH signaling and can be examined in a cell
culture model and assessed by certain markers such as the protein myosin heavy chain (MYHI). After
induction of differentiation into myotubes from C2C12 and C2C12 Paldl” cells, cell lysates were
generated and examined by quantitative fluorescence WB. Here, MYHI was used as a differentiation
marker and assessed relative to the GAPDH signals of each sample. Each day, samples of each cell line
were taken and analyzed via quantitative fluorescence WB. The aim of the experiment was to compare
the differentiation abilities of the two cell lines, and thus to investigate the influence of PALDI on this

process.

Reduced MYHI signal indicating a reduced differentiation capacity was observed in C2C12 cells after
loss of PALD1. While during the first three days after induction of differentiation (time points (T) 1 — 3)
no increase in MYHI signal was observed, C2C12 WT cells showed a clear increase in MYHI signals
from day 4 (T4), indicating progressing differentiation into myotubes (Fig. 25A). In contrast, MYHI was
barely detectable in C2C12 Paldl” cells even after more than a week (T5 = 7 days) of induced
differentiation. The increase in MYHI was observed relative to the respective GAPDH signals and is
significantly different in C2C12 WT cells as compared to C2C12 Paldl” cells (Fig. 25B). The latter
show no changes in their MYHI signal, indicating insufficient differentiation into myotubes. These
initial results, together with the observed accumulation of PALD]1 in primary cilia of C2C12 WT cells,
suggest that PALD1 controls SHH signaling-dependent processes like differentiation into myotubes. It
is possible that PALDI1 plays a similar role in C2C12 cells as it does in IMCD3 cells.
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Fig. 25: Muscle differentiation assay of C2C12 WT cells in comparison to C2C12 Paldl” cells.

(A) Cell lysates prepared during different time points (TO-T5) of myoblast differentiation was analyzed in a
quantitative fluorescence WB. TO represents the time point before induction of muscle differentiation. GAPDH
and MYHI were detected with specific antibodies. (B) Quantification of MYHI signals relative to respective
GAPDH signals in C2C12 WT cells and C2C12 Paldl” cells. Analyzed were three biological replicates (n = 3).
Values are shown in % of the maximum MYHI signal of each experiment in C2C12 WT cells. Statistic significance

was assessed by two-way-ANOVA with Sidak’s multiple comparisons test; p < 0.0001.

To further investigate the potential dependency of PALD1 on PKA already mentioned in previous
experiments in IMCD3 cells, IF microscopy was performed. First, C2C12 WT and C2C12 Paldl”" cells
were stained with antibodies against PKA-C and SMO and ac-tub, as a corresponding cilia marker. The
aim of this analysis was to detect potential differences in the localization of PKA-C or in the
accumulation of SMO. In addition, the cilia length of C2C12 Paldl”- was also assessed and compared
with that of C2C12 WT cells.

In previous studies, PKA-C was shown to localize to the cilia base (Barzi et al., 2010). No clear change
in the localization of PKA-C between WT and C2C12 Paldl” cells was detected (Fig. 26A). In both cell
lines, the protein continues to localize to the ciliary base. Ciliary SMO signals were quantified and
assessed relative to the cilia marker ac-tub (Fig. 26B). No significant differences in ciliary SMO signals
were found for C2C12 Paldl”- compared with C2C12 WT cells. However, the signals appear to be less
heterogeneous in C2C12 Paldl”" than in the C2C12 WT cells. Cilia length was quantified and again no
significant differences were found between C2C12 WT and C2C12 Paldl” cells (Fig. 26C).
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That no significant, or if so, only minor differences were detected between WT and C2C12 Paldl” cells
in this first experiment was initially surprising. This is because C2C12 cells, along with IMCD3 cells,
are the only cell line to show detectable ciliary accumulation of PALD1. Because of these results, a more
holistic approach was chosen by investigating SHH-mediated processes instead of single molecular
defects to find out whether PALD1 controls SHH mediated processes in C2C12 cells. Since these defects
suggest a SHH defect, the qPCR analysis was performed below.
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Fig. 26: C2C12 Paldl” cells showed no SHH or cilia defects in comparison to C2C12 WT cells.

(A) Representative IF micrographs of C2C12 WT and C2C12 Pald 1™ cells stained with specific antibodies against
PKA-C, SMO and ac-tub. 24h before experiment, cells were treated with SAG. The scale bar represents 2um. (B)
Quantification of cilia signals of SMO relative to ac-tub in RFU. 30 cilia per condition were quantified from one
experiment (n = 30). Statistic significance was assessed by two-way-ANOVA with Tukey’s multiple comparisons
test. (C) Cilia length was analyzed from 20 cilia (n = 20) based on IF microscopy from (A). Statistic significance
was assessed by two-way-ANOVA with Sidak’s multiple comparisons test; p < 0.05.
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6.9. Prospect - pre-liminary qRT-PCR analysis confirms pre-activation of Paldl” in
IMCD23s and surprisingly also in 3T3 but not in C2C12 cells

For the final analysis within this work of the PALD1 dependent transcriptional SHH response, IMCD3
Paldl*, C2C12 Paldl” and 3T3 Paldl cell lines were analyzed by qRT-PCR in comparison to their
respective WT cell lines. The qRT-PCR experiment aimed to identify potential transcriptional changes
in SHH signaling in C2C12 Paldl”, 3T3 Paldl”, and also IMCD3 Paldi* cells and was performed in
collaboration with the junior research group of Dr. Nicole Ludwig (Department of Human Genetics,
UdS Homburg). RNA was isolated from the cell lines as described above and then, the corresponding
gPCR assay was performed in cooperation with Esther Maldener and Dr. Nicole Ludwig. Glil
expression levels were determined using appropriate primers. In contrast to GLI3, GLII is not
proteolytically processed. Instead, total expression levels change depending on the SHH signaling status
of the cell. This results in decreased GLI1 levels in the absence of signal, making GLI1 a suitable marker

to determine the transcriptional response of SHH signaling.

SHH pre-activation of IMCD3 Paldl”" cells compared with IMCD3 WT cells was confirmed in this pre-
liminary experiment. These results are consistent with previous data in this work. In fact, the observed
effects on Glil expression were very prominent. IMCD3 Paldl” cells showed, in the absence of Shh-N,
a state of pre-activation, which is comparable to IMCD3 WT cells after treatment with Shh-N. However,
as already observed for GLI3 in quantitative fluorescence WB, the status of activation was increased
after treatment with Shh-N. The results for 3T3 cells surprisingly resembled the observations made in
IMCD3 cells. 3T3 Paldl” cells showed increased Glil expression compared to 3T3 WT cells. However,
this effect was only visible in absence of Shh-N. After treatment with Shh-N, the observed pre-activation
phenotype disappeared. This result differed from observations in IMCD3 cells where the activation was
further increased after treatment with Shh-N. Moreover, the induction of 3T3 Paldl” cells was even
weaker compared to 3T3 WT cells after treatment with Shh-N. It is notable that the effects were also
significantly weaker than those observed in IMCD3 cells. Overall, the observed effects suggest a
different role for PALDI in 3T3 cells than in IMCD?3 cells (Fig. 27). Surprisingly, C2C12 cells did not
show strong effects in the qRT-PCR after PALD1 loss. While the non-induced samples of C2C12 WT
and C2C12 Paldl” cells showed comparable induction, C2C12 Paldl”- displayed a mild increase of
Glil after treatment with Shh-N compared to C2C12 WT. It should be noted when looking that the
results for C2C12 cells show strong variations (Fig. 27).
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Fig. 27: qRT-PCR analysis of PaldI”- and respective WT cells reveals differences in signaling status.
Glil expression levels were measured via qPCR in cooperation with the group of Dr. Nicole Ludwig. All cell lines
were serum starved for 48h in presence of absence of Shh-N. Shown are means of G/i/ transcript levels relative to

Gapdh of (n = 2) with relative Romin and R values.
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7. Discussion

7.1. Improved Cilia-APEX2 study improves our understanding of the ciliary proteome.

During the last decades, primary cilia became more and more the focus of attention. Numerous now
known ciliopathies highlighted the relevance of learning more about primary cilia (Reiter & Leroux,
2017). The aim is to better understand the molecular details and function of primary cilia in order to
explore new therapeutic options for the rare, but very severe, cilia-dependent diseases. Unraveling the
ciliary proteome improves our understanding of ciliary signaling and the role of primary cilia in various
physiological processes. However, some challenges had to be overcome to study the ciliary proteome,
e.g., the small reaction compartment of primary cilia. With a length that usually varies between 3 — 5
um, the ciliary reaction space is very small and the amount of proteins is accordingly low. Therefore,
the use of very sensitive assays as well as the appropriate enrichment of the ciliary components is
essential. The additional fact that cilia are not enclosed by a continuous membrane poses more
difficulties in the purification of cilia. The combination of APEX labeling and MS analysis provided the
first simple and feasible approach to study the ciliary proteome (Mick et al., 2015). As innovative as this
was, this method had certain limitations. For instance, low abundance of transmembrane proteins and
TZ components were lacking from the analysis in the first Cilia-APEX study (Mick et al., 2015). This
fact considerably limited our understanding of important cilia-dependent processes and also prevented
a detailed study of the SHH pathway. For this reason, it remained logical to further improve the APEX
approach and thus eliminate previous weaknesses. APEX labeling was first refined by using a ciliary
membrane localized, improved version of APEX, cmAPEX2. The cmAPEX2 version efficiently
biotinylated ciliary membrane-associated proteins and identified actin-binding proteins as important
cilia components (Kohli et al., 2017). However, while significantly more membrane components were
identified with the cmAPEX2 version compared to Cilia-APEX, some soluble proteins were lacking
from the study, despite of the use of the improved APEX2 version (Mick et al., 2015; Kohli et al., 2017).
Moreover, some low abundance transmembrane proteins such as GPR161 were still missing from the
list of identified cilia proteins. By generating Cilia-APEX2, the new APEX cell line that labels cells with
higher efficiency at lower transgene expression compared to Cilia-APEX, the identification of ciliary
components was significantly improved in the subsequent study. Thus, both SHH and TZ components
were identified in a new, improved Cilia-APEX2 study (May et al., 2021). Nevertheless, a common
weakness of the proteomic analyses described above remains that they were all performed in IMCD3
cells, and thus, potential differences in the proteomes of different cell lines remain unexplored by these

approaches.

The cilia TZ forms an important barrier of the primary cilium, thereby enabling its function as a cellular
signaling compartment. TZ components were absent in the first Cilia-APEX study (Mick et al., 2015).
However, by using Cilia-APEX2, approximately half of the known components from the ciliary TZ
were successfully identified (May et al., 2021). Interestingly, previous studies have established that the
old concept of the TZ as a static construct is outdated. In contrast, it has been shown that the TZ forms

a complex structure composed of static and non-static components that shuttle in and out of the primary
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cilia in low amounts (Craige et al, 2010; Takao et al, 2017). Interestingly, particularly those
components that are considered dynamic were successfully identified using Cilia-APEX2 (May et al.,
2021). This indicates, on the one hand, a high sensitivity of the Cilia-APEX2 approach. On the other
hand, it opens the possibility to observe signal- and cell-state-dependent changes of TZ components in

the future and thus gain further insights into the various important functions of the TZ.

Most importantly, Cilia-APEX2 provided a better understanding of the SHH signaling pathway. Due to
its importance in embryonic development and the adult organism, the SHH signaling pathway is a
widely studied research topic (Gigante & Caspary, 2021). Nevertheless, many mechanisms remain
poorly understood and many questions unanswered. Seven of the eight known SHH core components
were identified in the Cilia-APEX2 study (May et al., 2021). These components were namely SMO,
which accumulates in the cilia after SHH activation, PTCH1 and GPR161, which exit the primary cilium
when the SHH signaling state is active, and GLI2, GLI3, SUFU, and KIF7, which accumulate at the
ciliary tip after SHH activation (Liem et al., 2009; Hsu et al., 2011; He et al., 2014; May et al., 2021).
The only known SHH signaling component not identified in the Cilia-APEX2 study was the
transcriptional activator GLI1. Independent of this, it was observed for the first time that a regulatory
subunit of PKR1a leaves the primary cilium together with GPR161 after induction of SHH signaling.
Among others, it was speculated that GPR161, PKR1a, and PKA-C are removed from the cilium after

activation as a holoenzyme, but this has not yet been experimentally confirmed (May et al., 2021).

7.2. Identification of PALD1 as a new component of SHH signaling.

In addition to the observations described, the potential phosphatase PALD1 was linked to SHH signaling
for the first time through the Cilia-APEX2 study (May et al., 2021). While previous studies have already
identified PALD1 as an important signaling factor in various cellular signaling pathways, its association
with SHH signaling was novel (Huang et al., 2009; Wallgard et al., 2012; Roffers-Agarwal et al., 2012;
Nitzsche et al., 2020). In 2012, PALDI1 expression was detected in pre-migratory and migratory neural
crest cells (Roffers-Agarwal et al., 2012). Furthermore, PALD1 was shown to have a regulatory
influence on cell migration during embryonic development (Roffers-Agarwal et al., 2012). However,
because the observations described appeared to be independent of the conserved cysteines within the
PTP catalytic domains of PALD1, it was suspected at the time that PALD1 exerts its regulatory function
in the role of an antiphosphatase and not as a PT phosphatase, as initially suspected on the basis of
sequence similarities (Roffers-Agarwal et al, 2012). However, the notion of PALDI as an

antiphosphatase needed further confirmation as phosphatase assays completely lacked from this study.

Another group identified PALD1 as a novel inhibitor of insulin signaling (Huang et al., 2009). The
mechanism involving PALD1 1is suggested to inhibit the upstream insulin-stimulated AKT
phosphorylation. While the group suspects that PALD1 targets a component upstream of AKT, the study
lacks identification of a target protein of PALDI1. Subsequently, the question of whether PALDI

regulates AKT via phosphatase activity or as an antiphosphatase could not be addressed. However, this
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study further clarifies that PALDI1 is an important general factor in cellular signaling (Huang et al.,
2009). Although, many questions about the precise mechanisms and overall role of PALD1 remain

unanswered, the study provides further relevant evidence on the function of PALD1.

Shown within this work in independent IF microscopy, PALD1 co-accumulated together with SMO in
primary cilia of IMCD3 and C2C12 cells after induction of SHH signaling. This co-accumulation
appeared to be independent of the degree of pathway activation (see Fig. 10 and Fig. 13) and underwent
a similar kinetic (May et al., 2021). The most obvious interpretation was, that the co-accumulation of
PALDI1 and SMO was due to the complexation of the two proteins. However, this idea could be rebutted
by the treatment of IMCD3 cells with the SHH blocking reagent CYC (see Fig. 11). CYC treatment
resulted in an accumulation of SMO in primary cilia with inactive SHH signaling. PALD1 lacked from
cilia under these conditions which indicated an accumulation only after SHH pathway activation.
Moreover, SMO was permanently detected in primary cilia of IMCD3 Ifi27 cells while PALDI1
accumulation in IMCD3 [fi27" cells was impaired, which was additional proof that PALD1 and SMO
do not form a permanent complex (see Fig. 15). Therefore it can be concluded that I.) PALDI1 does not
stably interact with SMO and it was also confirmed that II.) SMO accumulation in primary cilia is not
sufficient to induce PALD1 accumulation. Consequently, PALD1 accumulation needs to be induced by
further mechanisms upstream or downstream of SMO. As PALDI1 accumulates after physiological
pathway activation via binding of the ligand Sonic to PTCHI1 (induction with Shh-N) and after pathway
activation via direct binding of an agonist of SMO (induction with SAG), it can be suspected that
PALDI1 functions downstream of SMO in SHH signaling.

Based on previous studies, it was not surprising that PALD1 was detected in different murine and human
cell lines. In all cell lines tested, steady state expression levels appeared to be independent of SHH
induction. This observation suggested that the role of PALD1 in SHH signaling depends primarily on its
localization and that expression levels appear less important for the function of PALD1. However, it is
possible that PALD1 exerts more significant roles in cell lines with generally higher steady-state

expression levels such as IMCD3 cells.

This theory could be one possible explanation why PALDI1 has not been identified in previous SHH
screens in 3T3 cells, as 3T3 cells displayed weaker steady state Paldl expression levels than IMCD3
cells, which were used for the Cilia-APEX2 study (May et al., 2021). 3T3 cells showed neither a ciliary
accumulation of PALDI after stimulation with SHH-inducing reagents nor a significant defect in a cell
migration assay (see Fig. 13 and Fig. 24). This suggests that polarization and migration, which are
essential for wound healing, are not disrupted in 3T3 cells lacking PALDI1. To further validate this first
data generated from the cell migration assays, additional assays of this type could be performed in which
the normalization of scratch width is optimized. In addition, scratches of different widths could be
generated to test how this affects the ability of 3T3 WT and 3T3 Paldl” cells to migrate. When
transcriptional activation of SHH signaling was investigated via qPCR, no significant differences

between 3T3 cells and 3T3 Paldl” cells were detected. Summarized, these initial data could not identify
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the role of PALDI1 in 3T3 cells. The analysis of 3T3 cells could be extended by further methods to
investigate the transcriptional response of 3T3 cells to different SHH signals. In addition to further
gPCR experiments, a luciferase assay would be a valuable tool, as well as the investigation of the
transcription factor GLI in WB analysis (Watanabe et al., 2003; Hwang et al., 2021). Nevertheless,
based on the underlying data already available, it can be speculated that the role of PALDI1 in 3T3 cells
is less significant than the role of PALD1 in IMCD3 cells.

In C2C12 cells, Paldl steady state expression and accumulation of PALDI1 in cilia were detected after
treatment with SHH-inducing reagents. This observation suggested that C2C12 Paldl” cells should
show distinct defects compared to C2C12 WT cells in IF microscopy. However, analysis by qPCR assay
in C2C12 cells showed only a slightly stronger response to the SHH stimuli in C2C12 Paldl” cells. No
strong effects for C2C12 Paldl” cells could be observed without activation of SHH signaling that would
indicate the previously observed phenotype of pre-activation in IMCD3 cells. It must be clarified that
the qPCR analysis is more of an experimental outlook that requires further investigation. Nevertheless,
it was observed that loss of PALDI prevented differentiation of C2C12 cells into myotubes, indicating
that PALD1 may play an important role in cilia signaling in C2C12 cells, specifically SHH signaling.
Additionally, experiments that investigate the transcriptional response of SHH signaling in C2C12
Paldl” could bring further information on molecular mechanisms and confirm preliminary data (Mok
et al., 2018). Future experiments could further investigate the ciliary GPR161 levels in C2C12 Paldl”
compared to C2C12 WT cells.

In addition to the cell lines described above, Paldl steady state expression was also detected in the
murine MIN6f cells. Although the steady state expression levels of Paldl are relatively high, no
accumulation in the primary cilia of MING6 cells could be detected here. While this initially contradicts
the assumption that high Paldl expression levels are associated with strong PALDI1 function in the
corresponding cell line, the observation here in MING6 cells here can be explained by the lack of a SHH
response. It could be suggested that PALD1 accumulates in cilia of MIN6p cells in response to stimuli
other than SHH signaling but remains to be investigated. As it was shown that PALD1 accumulates in
the cilia of IMCD3 cells in response to changes in cAMP levels (see Fig. 22), PALD1 accumulation in
other cell lines could also be associated with changes in ciliary cAMP levels that are independent of
SHH signaling. Since PALD1 has been previously identified as a negative regulator of insulin signaling
as described previously (Huang et al., 2009), the possibility that PALD1 accumulates in MIN6p cells in
response to changes in the extracellular glucose levels remains to be investigated. This hypothesis could
be tested by IF microscopy as the ciliation rate in MIN6p cells is high. However, the responsiveness of
the cell line to glucose must be established as this would be crucial for this experiment. PALD1 was
further detected in HEK cells, but lacked from human RPE cells. Thus, analysis of additional human cell

lines may be of interest for the future investigation of PALDI.

After showing that Paldl expression is neither restricted to IMCD3 cells nor to murine cell lines, the

question regarding the evolutionary conservation of Paldl arose. The simultaneous gain or loss of
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different genes during evolution can provide information about their function (Pellegrini ef al., 1991).
Therefore, the CLIME gene analysis was performed with the aim to gain further insights into a potential
function of PALD1. While other SHH signaling components were of particular interest, Pald! clustered
with the gene of the IFT-B component [f#25, among others, in the comparative CLIME gene analysis.
This indicates a coevolution of [fi25 and Paldl, implying a similarity in their function or an
interdependence. IFT25 is an IFT-B subcomplex component that is conserved among some but not all
ciliated species and is not essential for cilia assembly. However, IFT25 regulates ciliary export of SHH
components and plays a role in early kidney development (Keady et al., 2012; Eguether et al., 2014). As
IFT25 physically interacts with IFT27 through complexation, loss of IFT27 leads to degradation of
IFT25 and vice versa (Wang et al., 2009). The IFT27/IFT25 complex is essential for the export of SMO
from primary cilia in an inactive SHH signaling state. [FT27, thus also an IFT-B sub-complex
component, promotes ARL6-mediated exit of SHH components through the BBsome (Keady et al.,
2012, Eguether et al., 2014, Eguether et al., 2018). Because of the IFT25 loss in IMCD3 [fi27" cells,
the relation between PALDI1 and IFT25 was investigated using IMCD3 [ft27" cells. SHH signaling has
been shown to be generally attenuated by loss of IFT27/IFT25, as indicated by reduced GLI2 levels
(Eguether et al., 2014). Within this work it was shown that ciliary SMO accumulation in IMCD3 If#27”
cells can be further increased after stimulation with SHH reagents. In contrast to the earlier assumption
that SMO accumulates in cilia only in the active signaling state, SMO has since been shown to shuttle
in and out of the primary cilium without significant accumulation (Kim ez al., 2009; Goetz & Anderson,
2010). In response to a signal, ciliary SMO is retained and exit is prevented (Gigante & Caspary, 2020).
The observed phenotype of SMO accumulation in IMCD?3 [fz27 cells and the subsequent weakening
of the SHH signaling pathway may be the result of insufficient SMO removal. Impaired ciliary exit of
SMO could attenuate the SHH response through a constitutive negative feedback. In this condition,
SHH signaling would never be completely turned off, which could permanently weaken the ability of
cells to respond to stimuli (Gigante & Caspary, 2020). However, the mechanisms explained could also
be the result of the complex function of IFT27 downstream of SMO in SHH signaling (Eguether ef al.,
2018). The mislocalization of several SHH components associated with the loss of IFT27 could also be

the result of a weakened response to the signal (Eguether ef al., 2014; Eguether et al., 2018).

As discussed above, ciliary PALD1 accumulation is not purely dependent on ciliary SMO accumulation.
It seems logical to expect that disturbed PALD1 accumulation in IMCD3 [f#27” cells is the result of
general SHH defects and depends, for example, on a mislocalized pathway component downstream of
SMO. Apart from that, the impaired PALD1 accumulation in IMCD?3 [fz27" cells could also be a direct
effect of the loss of IFT27. While both options are possible, based on the gene CLIME analysis, it seems
more likely that PALD1 is dependent on IFT27/25.

Based on the gene CLIME analysis and IF microscopy of IMCD3 [ft27 cells, one could consider the
possibility that PALD1 permanently complexes with IFT27 and IFT25. In that case PALDI, would
represent an unknown IFT-B component. In principle, this theory could be tested by co-isolation

experiments. However, even if PALD1 would interact with IFT27/25, which should be suspected, it is
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likely that PALD1 does not permanently complex with IFT27/25 as it is not lost in IMCD3 227" cells.
In that respect, PALD1 would display some similarities to TULP3 with respect to IFT-A. TULP3 is a
negative regulator of SHH signaling that localizes to primary cilia through interaction with the IFT-A
complex. TULP3 is a protein that contains a tubby domain, a 260 amino acid long sequence that can
bind both DNA and phosphorylated PIPs (Santagata et al., 2001; Mukhopadhyay et al., 2010). TULP3
is essential for the recruitment of GPR161, which is also impaired in IMCD3 Pald1" cells, and promotes
PKA dependent SHH repression (Mukhopadhyay et al., 2010). In this regard and based on the described
similarities, it would be interesting to test whether PALD1 can be co-isolated with other IFT-B
components suggesting that PALD1 could generally bind IFT-B components and execute a function
similar to those of TULP3. In particular, it would be interesting to test whether the interaction partners
change depending on SHH signaling status. Nevertheless, as PALDI1 clustered specifically with IFT25
and is not conserved among all species that express [FT-B components, a specific interaction solely with
the IFT25/27 complex appears to be more likely. Besides that, an interaction between PALD1 and
TULP3 is also plausible. TULP3, like PALDI1, has a negative regulatory role in SHH signaling and, like
potentially PALD1, also interacts with IFTs. Within this work, it was observed that the loss of TULP3
indeed has an effect on the accumulation of PALD1. The fact that a link between PALD1 and IFT-B and
PIPs could be established strongly resembling the mechanisms via TULP3 regulating SHH signaling.

Another interesting property of TULP3 is that the protein, consisting of a helix -barrel structure, binds
PI(4,5)P2 and PI(3,4)P2 (Santagata et al., 2001). Recently, a group proposed PALDI1 as a potential
PI(4,5)P2 phosphatase (Nitzsche et al., 2020). If the assumption that PALD1 possesses PIP phosphatase
activity is true, it could regulate the SHH signaling status of the primary cilium via changes in the ciliary
membrane composition. These changes could then be sensed by other SHH components such as TULP3
or GPR161 which would convert them into the appropriate signals. The ciliary membrane became the
focus of scientific interest within the past years due to the discovery of similar mechanisms. Several
exciting studies have demonstrated that the ciliary membrane plays an important regulatory role in
regulating SHH signaling (Kowatsch et al., 2019; Rudolf et al., 2019; Kinnebrew et al., 2019). For
example, it has been demonstrated that the long enigmatic regulation of SMO by PTCH1 most likely
occurs via changes in the accessibility of cholesterol in the ciliary membrane (Kinnebrew et al., 2019).
These are minute changes that are then sensed by SMO and lead to its retention in the cilium (Kinnebrew
etal., 2019). Similar mechanisms could conceivably be responsible for the regulation of GPR161 levels
by PALDI. Nevertheless, the previous evidence for PALD1 as a PIP phosphatase remains critical as
measurements of PALD1 phosphatase activity isolated from whole-cell lysates harbors the risk of
contamination due to other cytosolic phosphatases that could falsify results. Therefore, the research
group of our laboratory will investigate the PIP phosphatase activity of PALD1 with purified
components in vitro. Finding and investigating potential interaction partners of PALDI1 could shed
further light on its function. Consequently, first experiments have been initiated which will certainly

ensure exciting insights and new information on the role of PALDI.

97



Discussion

Interestingly, Paldl was also clustered with other phosphatases as shown in the gene CLIME analysis,
although these do not share structural similarities with the PT phosphatase group to which PALD1
belongs. In addition, PALD1 was clustered with other cilia-localized proteins that do not carry a
phosphatase domain and some of which have unknown functions. This observation may suggest that
PALDI1 could function independently of any possible phosphatase function in SHH signaling or other
cellular signaling pathways. In this case, PALD1 could regulate signaling through a mechanism that is
independent of its potential phosphatase function. Pseudophosphatases and pseudokinases are catalytic
inactive enzymes that have structural similarities to catalytic active phosphatases/kinases, but have
structural defects in their active regions and, thus, lack catalytic activity (Reiterer et al., 2014). These
changes usually occur through viral insertion of genetic material into the gene site encoding the active
domains (Reiterer et al., 2014). While these pseudoenzymes were long thought to have no relevance in
cellular signaling, it is increasingly coming to light that they perform important roles in cellular
signaling by, for example, binding and inhibiting other enzymes, such as blocking a potential substrate
via binding (Kharitidi ef al., 2014). This may also be the key to the observations made in preceding
studies when the potential functions of PALDI could not be attributed to phosphatase activity as
described (Huang et al., 2009; Wallgard et al., 2012; Roffers-Agarwal et al., 2012). Nevertheless, this
idea is partially contradicted by the finding that PALDI acts in a negative regulatory manner in insulin
signaling by inhibiting AKT phosphorylation (Huang et al., 2009). Since the exact mechanism is
unknown, it would be possible that PALD1 directly interacts with AKT and removes the corresponding
phosphates (Sarbassov et al., 2005, Feng et al., 2004). To date, no potential substrate for PALD1 has
been identified. However, since phosphatase assays have proven to be challenging and error-prone, the
mere absence of detected activity should not be sufficient to classify a protein as a pseudophosphatase.
In contrast, detection of weak signals indicating a functional phosphatase could be equally misleading.
To identify a pseudophosphatase, Kharitidi et al. propose an approach that involves gene alignment,
mutagenesis of the potential domains, and pufication of the potential pseudophosphatase in a eukaryotic
system (Kharitidi et al., 2014). Although this approach is laborious, this thorough testing should occur

before a protein is classified.

An example of the complex regulation of pseudophosphatases are the myotubularin-related proteins
MTMRO, 11, and 12, all three of which lack a catalytic activity. However, they are able to form dimers
with active members of the myotubularin family and subsequently affect phosphatase activity (Kharitidi
et al., 2014). Parallels can be drawn here with INPP5SE and PALD1. INPPS5E is a cilia-localized PIP
phosphatase that positively regulates SHH signaling. PALD1 could bind to INPP5E to antagonize its
function as an anti-phosphatase and thus prevent signaling overactivation through INPP5E (Dyson et
al., 2016).With this knowledge, just as with an active phosphatase, the question as to what the potential
binding partner for PALD1 in SHH signaling is must be asked. Considering this, the PTMs in SHH
signaling that could be affected by PALD1 downstream of SMO need to be observed first and foremost.
Obviously, besides PIP modifications through INPPSE, a modification that would come into

consideration would be the well-studied modifications of GLI transcription factors that are regulated via
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PKA. However, because GPR161 levels are reduced in the primary cilia of IMCD3 Paldl” cells, this
suggests that PALDI is either involved in a feedback loop or may function upstream of GLI proteins.

Consequently, GPR161 also represents a potential target protein of PALD1, as it is itself phosphorylated
at its C-terminus. The C-terminus of GPR161 has several important functions, including representing
the A Kinase Anchoring Protein (AKAP) for PKA and containing several protein kinase consensus sites
(Bachmann et al., 2016). The idea that PALD1 could bind to GPR161 and thus counteract its
phosphorylation is intriguing for both mechanisms proposed in this work. Phosphorylation of GPR161
could be prevented by PALD1, and loss of PALD1 could subsequently lead to increased phosphorylation
of GPR161 and its exit from primary cilia. The data obtained so far from IMCD3 Paldl” cell lines
supports this idea. However, as a transmembrane protein with low abundance, detection of GPR161
remains challenging. In addition, GPR161 has a specific and important role in SHH signaling. As
PALDI was not associated with SHH signaling before this work, the before mentioned aspects would
provide an explanation as to why GPR161 was not identified as a substrate or binding partner of PALD1.
Perhaps PALD1 removed phosphates from GPR161 and this ability was evolutionarily lost, resulting in
only binding and anti-phosphatase activity.

Loss of PALD1 in IMCD3 cells showed that PALD1 is an attenuator of SHH signaling by increasing
Gli3fR signaling in the presence and absence of pathway activating reagents. Besides that, loss of
PALDI1 reduced ciliary GPR161 levels. The effect on ciliary GPR161 signaling suggests a possible link
to B-arrestins. B-arrestins sense phosphorylation of GPR161 and mediate exit of GPR161 after activation
of SHH signaling. Decreased ciliary GPR161 levels in IMCD3 Paldi” cells could indicate that PALD1
inhibits binding of B-arrestins to GPR161 to prevent hyper activation of SHH signaling. However, this
theory has not yet been experimentally confirmed. Especially due to the fact that the loss of f-arrestin
had no effect on PALDI1 suggests that PALD1 functions upstream of p-arrestin. Accordingly, B-arrestin
levels should be examined in Pald” cells in future experiments. Thus, it was shown that PALD1 most
likely accumulates in response to changes in the cAMP status of the primary cilium. This results in the
hypothesis that PALD1 accumulation is initiated by a change in cAMP status provided by SMO and/or
GPR161 in the SHH pathway. The same effect could be possibly achieved by other GPCRs unrelated to
SHH signaling such as SSTR3 related signaling.

Two protein phosphatases, Protein phosphatase 1 (PP1) and Protein phosphatase 2A (PP2A), have been
reported to dephosphorylate SMO and attenuate SHH signaling in Drosophila (Su et al., 2011; Liu et
al., 2020). As Drosophila are the only organisms that do not require cilia for SHH signaling, the role of
PP1 and PP2A remains unclear with respect to primary cilia. Nevertheless, PP2A and PP1 are abundant
phosphatases in eukaryotes which suggests a similar function in mammals (Zhao et al., 2017). PALD1
could have a function analogous to PP1 and PP2A, but the data generated here does not suggest this, so
far. In mammals, the PIP-phosphatase INPP5SE has been clearly shown to localize to cilia and regulate

signaling by modifying the respective membrane environment (Xu et al., 2016; Dyson et al., 2017). This
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could indicate that PALDI exerts a lipid phosphatase activity, as well, and support the theory of
Phosphatidylinositol (PiP) phosphatase.

7.3. The relation between PALD1 and PKA.

The data generated in this work has shown that ciliary PALD1 accumulation is regulated by changes in
cAMP levels. This observation suggests a link between PALD1 and PKA, which was investigated in this
work using an IMCD3 cilia-PKI cell line which expresses a cilia-localized version of the inhibitory
peptide of PKA (Mick et al., 2015). After successful SHH signal activation, adenylyl cyclases are
inhibited leading to activation of the signaling pathway through inhibition of PKA. Interestingly,
inhibition of ciliary PKA through PKI in IMCD3 cilia-PKI resulted in a reduction of ciliary PALD1
levels compared with a control cell line, while the opposite would be expected (see Fig. 21). So far,
PKA-C has only been detected at the ciliary base (Barzi et al., 2010; Tuson et al., 2011). In several
experiments within this work, attempts ensure undeniable detection of PKA-C in the primary cilium
failed. A recent study that provided a multitude of new insights into ciliary cAMP signaling claimed to
have detected PKA-C by fluorescence tag in primary cilia (Truong et al., 2021). However, PKA-R1a
and PKA-C both were tagged within one cell line, using Yellow Fluorescent Protein (YF) and NG. The
absorption spectra of YF and NG lie very close to each other, consequently this aspect of the study
should be viewed extremely critically. Another very interesting study shows cilia localized PKA-C after
stable expression of fluorescence tagged PKA-C in live cell imaging (Arveseth et al., 2021). However,
it must be criticized that the images were acquired in the absence of a reliable cilia marker such as
ARLI13B or ac-tub. Thus, possible background signals or fluorescence from cilia-like structures can be
hardly distinguished from the protein of interest. A clear localization of PKA-C to primary cilia was
shown by antibody staining in IMCD3 cilia-PKI cells (unpublished data, David Mick). This observation
might be a first step in confirming the previously described theory of a cilia localized holoenzyme, that
among others, consists of PKA-R1a and PKA-C and exits the cilium after activation of SHH signaling
(May et al., 2021). The fact that detection of PKA-C has not yet been achieved in a physiological set-up
could be explained by the possibility that PKA-C levels normally remain below the detection limits of
microscopy experiments. PKI binds to PKA-C with a high affinity which in turn binds PKA-R1a and
could result in an increase of PKA-C levels that would raise them above detection limits (Knighton et
al., 1991; Dalton & Dewey, 2006). However, PKA-C could not be identified in primary cilia of WT cells
neither in the MS analysis nor in IF microscopy (May et al., 2021). Thus, if PKA-C does not localize to
primary cilia in WT cells, mislocalization of PKA-C in IMCD3 cilia-PKI could perturb ciliary

accumulation of PALD1 in a yet unknown mechanism.

To investigate this idea, an attempt was made to permanently localize PKA-R1a to the cilia of IMCD3
and 3T3 cells within this work (data not shown.) For this purpose, a GFP tagged version of PKA-R1la
was permanently directed to primary cilia via the cilia targeting sequence of NPHP3. The approach of

mislocating PKA-R1a permanently to the primary cilium would bring information on how PKA activity

100



Discussion

influences GPCR localization and with which proteins subunits of PKA interact during different stages
of SHH signaling. However, this only applies if one assumes that such a dramatic permanent change of
the cell can be carried out successfully, as the cells frequently lost the PKA-RIa construct which
unfortunately made it impossible to investigate its effects on SHH signaling within the time frame of
this work. It should be noted that the permanent localization of PKA-RIa in primary cilia represents a
major change in the cell as PKA functions in a multitude of cellular processes beyond SHH signaling
(Aley & Levine, 1999; Tuson ef al., 2011; Bachmann et al., 2016). Consequently, ectopical localization
of PKA subunits could pose corresponding problems and result in cell death or loss of the construct.
While a similar attempt was recently performed by the group of Jeremy Reiter, the impact of such
changes on the localization and activity of GPCRs remains uncertain (Truong ef al., 2021). Using a cell
line that expresses permanently cilia localized PKA-R1a could also bring information on the exact
localization of PKA-C during SHH signaling. It would also be possible to investigate whether the
possible detection of ciliary PKA-C in IMCD3 cilia-PKI cells is actually due to an increase in PKA-R1a

levels, as suspected here.

7.4. Proposed mechanism and Perspectives.

The improved Cilia-APEX2 cell line allowed new, important insights into one of the most important
embryonic signaling pathways, the SHH signaling pathway. Based on the results described within this
work, the following mechanism can be proposed. After SMO entry, which leads to a decrease in cAMP
levels, PALDI is transported to the primary cilia. As cilia PALD1 accumulation was impaired in IMCD3
Ift27" cells, this process is most likely mediated via IFT-B components. In particular, PALDI
accumulation should be achieved by the IFT25/27 sub-complex, which would explain why Pald] is
appropriately co-conserved with [fz25 in particular. After entering the primary cilia, PALD1 appears to
attenuate signaling in a negative feedback loop. This could possibly occur via changes in the PIP status
of the cell membrane, which is then sensed by GPR161 or B-arrestin (Gigante & Caspary, 2020). Thus,
PALDI could functionally act as an antagonist of f—arrestin2 or INPPSE, which is likely to prevent
over-activation of SHH signaling. Respective excessive SHH signaling pathway activity bears
concerning dangers, as it could lead to tumor formation and developmental defects (Bijlsma & Roelink,
2010). Loss of PALDI results in decreased ciliary GPR161 levels and stronger SHH signaling
responses, accordingly. It is possible that the accumulation of PALDI1 is enhanced by direct interaction
with TULP3, at least to the extent that a measurable signal is generated. This could be below the
detection limit in the IMCD3 Tulp3™ cell line. The described mechanism would thus play a crucial role,
especially for the fine-tuning of the SHH signaling pathway. Accordingly, loss of PALD1 may lead to
mild defects, especially in highly SHH active cells such as C2C12 and 3T3 cells.

As fascinating as the described mechanism may be, this proposed model awaits further confirmation.

Therefore, further investigation of the transcriptional read-out of the respective knock out cell lines is

recommended. More detailed information about potential interaction partners of PALD1 should be
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obtained. In this way, the molecular mechanisms by which PALD1 regulates potential interaction
partners can become clearer. More functional assays with PALD1 should be performed to learn about
the activity by which PALD1 regulates the described interaction partners. Even if PIP phosphatase
activity is suspected as it most likely is currently, this should be further confirmed experimentally. In
addition, the possibility that PALD1 regulates SHH signaling pathway components as an anti-
phosphatase should also be broadly investigated. In conclusion, knowledge of such finely regulating
proteins such as PALD1 may have a crucial impact on the therapy of diverse SHH-dependent genetic
diseases. The targeting of fine regulatory effectors could open up the possibility of treating patients
without inducing a corresponding secondary disease by too strong interventions. For this reason, the
investigation of corresponding fine regulators not only opens up a deeper understanding of the SHH

signaling pathway, but also includes multiple promising therapeutic approaches.
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