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Abstract

The primary cilium is a microtubule-based organelle that regulates growth and
development. Defects in ciliogenesis can lead to a group of genetic syndromes
known as ciliopathies. The Oro-facial digital syndrome 1 (OFD1) is a X-linked
ciliopathy caused by mutation in OFD1 gene, whose role in ciliogenesis is well
established. Additionally, cAMP and ubiquitin pathway play a role in
ciliogenesis. In mammals, most of the effects elicited by cAMP are mediated by
protein kinase A (PKA). The cAMP-PKA pathway can induce activation of
praja2, a RING E3-ubiquitin ligase of the ubiquitin-proteasome system (UPS).
By a yeast two-hybrid screening, we identified TBC1D31 as a novel interactor
of praja2. TBC1D31 is a protein localized at the centrosome and basal body,
whose function is unknown. Given the role of centrosome in the control of
primary cilia formation, the aim of my study was to investigate the role of
TBCID31 in ciliogenesis and evaluate the impact of cAMP and praja2 in
TBC1D31-mediated ciliary functions.

We identified a scaffold complex assembled by TBC1D31 at centrosome that
includes the ubiquitin ligase praja2, protein kinase A (PKA) and OFDI1. We
show that TBCID31 is essential for ciliogenesis and for Medaka fish
development. Upon cAMP stimulation, PKA phosphorylates OFD1 at ser735.
Phosphorylation primes OFDI to praja2-mediated ubiquitylation and
proteasomal degradation. Removal of OFD1 promotes primary cilia resorption.
Altogether, our findings indicate that TBC1D31 is a novel centrosomal scaffold
protein that physically and functionally links the activation of the cAMP

signalling to the regulation of primary cilium biology and development.



1. Introduction

1.1 cyclic AMP signaling pathway

Organisms need to respond to the physical and chemical changes in the
environment around them; for this reason, most of multicellular organisms cells
have the ability to emit and receive signals, such as hormones or growth factors.
The reception of extracellular signals is allowed to the presence of a finely
regulated signal transduction system, in which a receptor binds the signaling
molecule and activates an intracellular signaling messenger, called second
messenger. It, in turn, determines a biological response by acting on effector
proteins, such as metabolic enzymes, proteins regulating gene transcription or

proteins involved in cells proliferation and differentiation.

Cyclic AMP (cAMP) is the first second messenger to be identified and it is
involved in a variety of biological functions (Sutherland 1958).
cAMP levels are strictly and rapidly regulated by adenylyl cyclase (AC) and
phosphodiesterases (PDEs). The AC is a transmembrane protein, with the
catalytic site on the plasma membrane cytosolic side; in mammals, there are nine
different AC regulated by G proteins and Ca2+ (Iyengar 1993). Upon an
extracellular signal, AC rapidly generates cCAMP from ATP, determining an
increase of cCAMP intracellular concentration. Conversely, PDEs reduces cAMP
intracellular levels, by hydrolyzing cAMP in 5’-AMP (Francis 2011). PDEs are
more then 50 and contribute to the specificity of cAMP signaling in time and
also in its localization (Jin 1998).

The signaling molecules that lead to increased cAMP levels, act via G protein
coupled receptors (GPCR). In human, there are more then 700 GPCRs, which
constitute the largest family of membrane receptors. GPCRs are characterized
by 7 transmembrane helix, with the N-terminal segment in the extracellular face
and the C-terminal segment on the cytosolic side of the plasma membrane

(Rosenbaum 2009). When activated by the binding of an extracellular molecule,



GPCRs undergo a conformational change that leads to the activation of G
stimulatory proteins (G,). G proteins are localized on the cytosolic side of the
plasma membrane and are composed by three subunits: o, B and y. When a
GPCR is activated by the binding of a ligand, it acts as a guanyl exchange factor
(GEF), exchanging GDP in GTP on the o subunit of the G, protein. The presence
of GTP makes the G, protein active, causing the dissociation from B and y
subunits, and allowing the binding of G.a protein to the target protein. In case
of GPCR acting via cAMP, the Ga protein binds to and activates adenylate
cyclase (Cooper 2014).

The Ga proteins are GTPases, indeed they inactivate themselves hydrolyzing
GTP in GDP and stopping the signaling (Hepler 1992).
GPCRs have a fundamental role in living cells but, at the same time, their
continuous stimulation can be deleterious. For this reason, when cells are
exposed for a long time to a ligand, they carry out a process called receptor
desensitization (Reiter 2006). This process starts with the phosphorylation of
receptors, and then the binding of a class of proteins, called arrestin, that inhibit
the interaction between receptors and G, proteins; receptors are internalized and,
in some cases, proteolyzed (Rajagopal 2018).
In mammals there are three effector proteins of cAMP: protein kinase A (PKA),
exchange proteins activated by cAMP (EPAC:s), and cyclic nucleotide gated ion
channels (CNGs) (Torres-Quesada 2017) (Fig. 1). Most of the cAMP effects

depend on protein kinase A.
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Figure 1. cAMP pathway. When an extracellular ligand binds a GPCR, the active trimeric
G protein (Gso) activates adenylyl cyclase (AC), that converts ATP in cAMP. The three
principal effectors of cAMP in mammals are PKA, EPACs and CNGs. PDEs induces
reduction of cAMP levels, by hydrolyzing it in 5’-AMP.



1.2 Protein kinase A

PKA was one of the first kinases to be isolated and cloned. It is a serine-threonine
kinase, essential for the regulation of many cellular processes such as
metabolism, gene transcription, cell growth and control of ion channels. PKA,
in its inactive conformation, is a holoenzyme consisting of two regulatory (R)
and two catalytic (C) subunits. In presence of cAMP, it binds to the R subunits
causing the dissociation of the C subunits, which can thus phosphorylate the
substrates (Taylor 1990) (Fig. 2).

The catalytic subunits are encoded by three different genes, o, B and y (Taylor
1992) . The catalytic subunit consists of a smaller N-terminal lobe made up of
beta strands with the ATP binding site, a linker and a larger C-terminal lobe that
contains the catalytic portions and the substrates docking sites (Knighton 1991;
Taylor 1993).

There are two different types of regulatory subunits, RI and RII, and two
different isoforms of each type, o and f3, so that in total there are 4 different
regulatory isoforms, which differ in both localization and affinity for cAMP
(Huang 1999). In fact, RI is mostly cytoplasmic and has a higher sensitivity to
cAMP than RII which is mainly associated with specific cellular structures and
organelles (Skalhegg 2000).

Despite these differences, the various isoforms have the same structural
organization. At the N-terminus there is a dimerization/docking domain (D/D),
which is necessary for binding of A-kinase anchor proteins (AKAPs) and for
dimerization of the various subunits; in the middle, there is an autoinhibitory site
and at the C-terminus, two cAMP binding domains (CBD), called A and B. CBD
contains a phosphate-binding cassette, where the ribose phosphate of cAMP is
anchored (Taylor 2005).

After the activation of AC, cAMP binds B site of R subunits, provoking a
conformational change with the exposure of A site. When cAMP is bound to
both CBD sites, Ser 39 in the autoinhibitory domain of R subunit is

phosphorylated, leading to the dissociation of catalytic subunits (Taskén 2004;
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Taylor 1990). The active catalytic subunits phosphorylate serine and threonine

of substrate proteins, included in a specific consensus sequence (R-R-X-S/T).

cAMP
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Figure 2. Activation of PKA. PKA, in its inactive form, is a holoenzyme constituted by
two regulatory (R) and two catalytic (C) subunits. Two cAMP molecules bind each
regulatory subunit, inducing a conformational change that led to the release of catalytic

subunits. Dissociate catalytic subunits are active and can phosphorylate substrates.

The localization of PKA holoenzyme depends on AKAP proteins. AKAPs are
proteins with similar features that targets PKA on specific substrates (Michel
2002). The first AKAP to be identified was the microtubule associated protein
(MAP2) (Theurkauf 1982). AKAPs bind the D/D domain of R subunit through
an amphipathic helix (PKA binding motif) of 14-18 conserved residues (Carr
1992; Newlon 2001). AKAPs have high affinity for the RII subunit (Carnegie
2003), but in some cases they bind also RI, with lower affinity (Burgers 2012;
Burton 1997). The importance of AKAPs, is not only to target PKA near the
substrates, but also, by binding the inactive holoenzyme, they make it subject
only to the local cAMP and PDEs effect (Fraser 1999).

AKAP can also bind PDEs, thus providing an even major regulation of cAMP
signaling in a specific site (Dodge 2001; Taskén 2001).
Therefore, AKAPs constitute complexes, called transduceosome, in which are
included not only PKA but also GPCR, AC and PDE:s; these complexes allow to
regulate the cAMP signaling locally, improving the response to extracellular
signals (Feliciello 2001) (Fig. 3).

During cAMP stimulation, there is a phase in which cells begin to reduce their
responsiveness to cAMP, called refractory phase; during it cAMP/PKA

signaling is attenuated. This is due to reduction in C subunit transcription or
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stability, activation of PDEs (often via phosphorylation by PKAc itself),
proteolysis of various components of cAMP pathway, or binding of protein
kinase inhibitors (PKI) to the C subunit (Armstrong 1995; Knighton 1991;
Michel 2002; Rinaldi 2015). Moreover, it has been recently shown that signal
attenuation depends also on the ubiquitylation and proteolysis of C subunit by

the E3 ligase CHIP (Rinaldi 2019).

ATP ATP
Inactive Protein Kinase A \p_hosphopepﬁde
C C Activated catalytic
C C subunits

Other

Proteins,

Subcellular localization Subcellular localization
Absence of cAMP Presence of cAMP

Calejo eTasken, 2015

Figure 2. AKAP complexes. AKAPs target PKA in its inactive conformation near the
substrates and in specific subcellular localization. AKAPs also bind PDEs, GPCRs and other
signaling proteins generating complexes, called transduceosome, that regulate the cAMP

signaling in a specific compartment.
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1.3 The ubiquitin proteasome system

Proteolysis is a fundamental process for different biological function such as
metabolism, growth and stress adaption. One of the proteostasis most important
role is to avoid the formation of misfolded proteins during transduction, which
would lead to the onset of diseases such as neurodegeneration and cancer (Dikic
2017).

Most of vertebrates cytosolic proteins are degraded via ubiquitin proteasome
system (UPS), that is the first system for degradation of misfolded, damaged and
short half-life proteins (Dikic 2017; Lilienbaum 2013).

UPS controls gene expression, metabolic pathways and activity or localization
of signaling pathway molecules (Callis 2014).

UPS acts adding ubiquitin molecules to the substrates as a tag for degradation.
Ubiquitin is a protein of 76 amminoacids, that binds to the lysine (K) of
substrates (Husnjak 2012).

Substrates of the UPS can be modified in three different manner:
monoubiquitylation, multi-mono ubiquitylation and polyubiquitylation. In
monoubiquitylated proteins a single molecule of ubiquitin is added to lysin of
substrates; in multi-mono ubiquitylated proteins, single molecules of ubiquitin
are added on various lysins of the substrates; in polyubiquitylated proteins,
polymers of ubiquitin are added on one or more lysin of the substrates (Callis,
2014). Ubiquitin has seven lysin and the ubiquitin chain can be assembled on
each of them (Ikeda 2008). Each monomer of ubiquitin is bound with its C-
terminal portion to the lysin of the substrate, or in case of polyubiquitin, to the
lysin of the previous ubiquitin molecule.

Conjugation of ubiquitin to substates is performed through different reversible
enzymatic reactions mediated by a complex of three proteins, E1, E2 and E3
(Husnjak 2012). E1 is the ubiquitin activation enzyme; in an ATP dependent
reaction, ubiquitin is activated through the binding to a cysteine residue of El,

generating a thioester.
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E2 is the ubiquitin conjugating enzyme; ubiquitin is transferred to it from E1,
generating the E2-ubiquitin thioester. E2 enzymes are important in determining
the type of assembled ubiquitin chain. E3 is the ubiquitin ligase; it binds
substrates and lead to the formation of an isopeptide between the lysin of
substrates and the C-terminal of ubiquitin molecules (Husnjak 2012).

Three different kinds of E3 ligases can catalyze the ubiquitin bond to substrates:
HECT domain E3 ligases, RING domain E3 ligases and ring between ring
(RBR) ligases. HECT E3 ligases are characterized by a cysteine residue that is
the binding site for ubiquitin; ubiquitin is passed from E2 to HECT E3 and then
to the substrate (Weissman 2001). RING E3 ligases bind E2 and substrates,
allowing the ubiquitin passage directly from E2 to substrate (Metzger 2014).
These enzymes have a RING domain constituted by 40-60 amminoacids with
conserved residues of cysteine and histidine that bind two atoms of zinc (Zn).
More recently it has been identified a new kind of E3 ligase, RBR, characterized
by the presence of two RING domains. RBR interacts with E2-ubiquitin complex
and ubiquitin is passed to a cysteine residue of RBR and then to the substrate
(Smit 2014).

In case of polyubiquitylation, three model of ubiquitin chain formation has been
proposed. In the first model, ubiquitin molecules are added sequentially on the
substrates; in the second model, the chain is assembled on E2 and then
transferred to E3; the third model is a combination of the other two (Wiegering
2019)

The position of ubiquitin, and the kind of ubiquitin-ubiquitin binding, determine
the consequences of substrates ubiquitylation. Generally, ubiquitinations that
involves lysin48 of ubiquitin, lead to degradation of substrates; instead,
ubiquitinations involving lysin63 are related to non-proteolytic functions (Fu
1998; Haglund 2005). Moreover, monoubiquitylation is commonly associated
with alteration of substrates localization or with alteration of protein complexes

stoichiometry (Pohl 2019).
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Ubiquitination is a reversible process. Deubiquitinating enzymes (DUBs)
removes ubiquitin chains from substrates (Wilkinson 2009). There are more than

100 DUBs divided into five different families (Amerik 2004).

Proteins targeted for degradation by the UPS are proteolyzed into the proteasome
26S. The proteasome is a complex of several protein subunits and catalyzes the
degradation of 80% of proteins in eukaryotic cells. It is constituted by proteins
belonging to the AAA family, which induce conformational changes of the
substrates, by hydrolyzing ATP (Bard 2018). The proteasome allows the
digestion of polypeptides into small peptides of 2-10 residues (Kisselev 1999)
(Fig. 3)

The proteasome consists of a central catalytic portion, 20S, and a regulatory
portion, 19S, responsible for the recognition of substrates (Liu 2013). Two
subunits are most important for substrates binding: RpnlO (which has a
ubiquitin-binding domain) and Rpn13 (Finley 2016); in some cases, the binding
is indirect through other proteins that have ubiquitin-binding domains (Collins
2017). Once bonded to the substrate, the proteasome, via DUBs, disassembles
and releases the ubiquitin molecules, which can be reused. Three main DUBs
are associated with the proteasome: Rpnl1, which is located at the entrance of
the channel through which the substrate passes (Beck 2012), Uspl4
(Borodovsky 2001) and Uch2 (Stone 2004).

Considering the importance of UPS system in different biological functions, an
alteration of its activity is related to defects in the normal transduction of

signaling pathways and related cellular processes (Wiegering 2019).
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Figure 3. UPS system. Conjugation of ubiquitin to substrates occurs through three steps:
binding of ubiquitin to E1 (activation), transferring of ubiquitin from E1 to E2 (conjugation)
and association of ubiquitin to the substrates by E3 ligases. HECT-E3 ligases receive the
ubiquitin from E2, and passes it to the substrates. RING-E3 ligases allow the passage of
ubiquitin from E2 directly to the substrates. Substrates can be monoubiquitylated, multi-
monoubiquitylated and polyubiquitylated. Ubiquitylated proteins are often degraded in the

proteasome. Deubiquitinating enzymes (DUBs) removes ubiquitin from the substrates.
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14 Praja 2

Praja2 is a protein belonging to the RING-H2 E3 ligase family. RING-H2 E3
ligases have as only difference from RING E3 ligases, the substitution of
cystein4 with a histidine (Freemont 1993). The family of praja is constituted by
two proteins, prajal and praja2, that have a homology of 52.3%. Prajal is a 78
kDa protein, encoded by a gene located on the X chromosome. Prajal is highly
expressed in different brain tissues and it has been associated with mental
retardation (Yu 2002) . Furthermore, trough the regulation of tgf- pathway, it
has a role in tumorigenesis (Saha 2006).

Praja2 is encoded by a gene located on the long arm of chromosome 35, it is
composed of 708 amino acids and has a molecular weight of 78 kDa. It is
characterized by the presence of the RING-H2 domain in the C-terminal portion
(amino acids 634-675).

Praja2 has a fundamental role in the cAMP pathway, in fact, it has an
amphipathic helix constituted by aminoacids from 583 to 600, that is typical of
AKAP proteins (Lignitto 2011). Thus, praja2 is an AKAP that binds RI and RII
subunits of PKA and localizes the holoenzyme at plasma membrane, perinuclear
region or in various cell organelles. During cAMP stimulation, praja2
ubiquitinates and degrades regulatory subunit of PKA, supporting cAMP
signaling. Therefore, it plays a fundamental role in generating and sustaining a
localized activation of PKA (Lignitto 2011).

Several roles have recently been attributed to this E3 ligase in different cellular
processes, in many cases related to cAMP pathway.
For example, through regulation of Mobl, praja2 has an important role in
proliferation of glioblastoma. Mobl is a positive regulator of the tumor
suppressor Hippo cascade and it has been identified as a substrate of praja2. In
proliferating cells, praja2 ubiquitinates and degrades Mob1, causing attenuation
of the Hippo pathway and supporting the growth of glioblastoma (Lignitto
2013).
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Another important role of praja2 related to growth of cancer cells depends on
the regulation of MAPK cascade mediated by praja2. Praja2 ubiquitinates and
induces proteolysis of kinase suppressor of ras (Ksrl). Ksrl is a component of a
complex that promotes raf family member phosphorylation and contributes to
the activation of ERK. Praja2, inducing Ksrl proteolysis, is involved in
regulation of cancer cells growth and in maintenance of undifferentiated
pluripotent state of mouse embryonic stem cells (Rinaldi 2016). This mechanism
has been recently confirmed also in gastric cancer cells (Zhao 2021).
Furthermore, praja2 has also a role in cAMP-mediated neuronal differentiation
and growth. It ubiquitinates and promotes degradation of NOGO-A, an inhibitor
of neuronal growth in the mammalian brain (Sepe 2014).

Moreover, it also plays a role in glucose homeostasis and stem cell
differentiation. Praja2 ubiquitinates and degrades TCF/LEFI1, that are

transcription factors of Wnt/pB-catenin pathway. Through this mechanism, praja2

inhibits Wnt/B-catenin pathway and regulates stem cells differentiation (Song
2018).

Finally, praja2 is also involved in macrophage polarization. It ubiquitinates
MFHASI, a potential oncogene, positively regulating Jnk/p38 pathway and
inducing macrophage polarization (Zhong 2017).

Stem cell TCF/ _—
differentiation Lsiﬂ s ac:v}g:;on

Olr.:lt;:(;i\;ih N(i@ P RAJA2 ( MOB1‘ GIi(;l:l:;’:gma

Regulation
Macrophage MFHAS1 KSR1 — cancer cells
polarization 8 Ny growth

Figure 4. Praja2 substrates. Praja2 ubiquitinates several target proteins involved in

different cellular processes.
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1.5 The primary cilium

Cilia are microtubule-based organelles highly conserved throughout eukaryotic
evolution, that protrude from the cells surface. These complex structures are
divided into two subtypes: motile and non-motile. Motile cilia protrude in large
number from a single specialized cell, such as cells of respiratory epithelium.
They are involved in mucus clearance, cerebrospinal fluid flow and ovum
transport (Spassky 2017).

Non-motile cilia (primary cilia) are present in a single copy in almost all type of
human cells (Mitchison 2017). Primary cilia act as antennae that receive signals
from the extracellular space and convert them into signaling cascades that start
within the ciliary compartment, and then are transduced to the cell body. Several
important functions of primary cilia have recently been identified such as
growth, development, differentiation and metabolism (Satir 2010).

Cilia consist of a basal body, a transition zone (TZ) and of an axoneme that is
surrounded by the ciliary membrane, continuous with the plasma membrane.
The axoneme is constructed from nine doublets of microtubule, known as outer
doublets, surrounding a central pair in the motile cilia (the 9 + 2 arrangement);
this central pair is loss in primary cilia (the 9 + O arrangement) causing their
immobility (Satir 2007). The axoneme structure is subjected to different post-
translational modification such as acetylation, glutamylation and glycylation that
contributes to the assembly and stability of primary cilia (Ishikawa 2011). The
basal body derives from the mother centriole and anchors the axoneme at the
cell body surface. The TZ localizes between the basal body and the axoneme and
it is important for the compartmentalization of cilium, because it forms a gate
that controls the entry and exit of proteins in the ciliary compartment (Avidor-

Reiss 2015).

Primary cilia emerge from centrosome through a mechanism by which one

centriole of the centrosome transforms into the basal body (Fig. 5).
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During GO or G1 phase of cell cycle, the centrosome is constituted by a pair of
centrioles (mother and daughter) surrounded by a membranous material, known
as pericentriolar matrix. During the S phase, occurs the duplication of the
centriole, and at the proximal end of both centrioles, starts to grow a new single
one. The mother and daughter centriole have some differences, in fact the mother
centriole has two sets of projection at the distal end, called distal and subdistal
appendages, that are required for primary ciliogenesis (Piel 2000). The centrioles
are formed by nine triplets of microtubules arranged around a central axis; each
triplet contains one complete (A tubule) and two incomplete (B tubule and C
tubule) tubules (Winey 2014). When cells exit the mitotic cycle in response to
nutrient deprivation or other causes, different events cause the remodeling of the
distal end of the mother centriole transforming it into the basal body. In this
condition, small cytoplasmic vesicles generated from the Golgi and from the
recycling endosome, called distal appendage vesicles (DAVs), start to
accumulate near the distal appendages of the mother centriole (Schmidt 2012).
The vesicular fusion generates a membranous cap, named first ciliary vesicle, on
the distal tip of the mother centriole, that is the first sign of the centriole to basal
body transition (Sorokin 1968). Below this cap, microtubules start to elongate,
transforming the triplets of the basal body into doublets typical of the axoneme
structure (the C-tubule of centrosome terminates within the TZ, instead A and B
tubule continue to extend). At the same time, the vesicular trafficking enlarges
the cap, enclosing the growing axoneme in a double membrane. This growing
cilium migrates and sticks under the plasma membrane; the fusion of the plasma
membrane with the ciliary one creates continuity of two these compartments
(Séanchez 2016).

The axoneme microtubules undergo a series of post-translational modifications
such as acetylation, detyrosination, polyglutamylation and polyglycylation.
Acetylation on lysine 40 is the main post-translational modification that occurs
on the luminal surface of a tubulin and stabilizes the axoneme (Cueva 2012;

L’Hernault 1983).
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Since ribosomes are absent in cilia, the extension of the axoneme and its
maintenance require the import of proteins from cytoplasm. Microtubules in the
axoneme elongate incorporating tubulin subunits at the axoneme tip (Johnson
1992). The intraflagellar transport (IFT) is the principal pathway that allows to
incorporate and move protein into the cilia (Kozminski 1993). IFT trains are
polymers of IFT proteins which, interacting with motor proteins, traffic cargoes
up and down the cilium (Wingfield 2017). This system is responsible not only
of the movement of protein from the basal body to the tip (anterograde transport),
but also for the return of protein from the tip to the basal body (retrograde
transport). Kinesin 2 is the principal motor protein involved in the anterograde
transport; dynein is responsible of the retrograde transport (Cole et al., 1998;
Signor et al., 1999). The IFT particles are subdivided in IFT-A and IFT-B
complexes. The IFT-B subcomplex is constituted by sixteen polypeptides
involved in the anterograde transport; the IFT-A subcomplex is composed by six
polypeptides involved in the retrograde transport and also in the returning of
IFT-B proteins  to  the  base of cilia  (Pazour 1998).
Transport mediated by IFT proteins consists of four phases: complex assembly
at the basal body, passage through the TZ, transport of cargoes to the ciliary tip
by the anterograde movement and transport of the cargoes to the ciliary base by
retrograde transport (Webb 2020). This last step is due to the remodeling of
anterograde trains into retrograde trains, supported by modification in kinesin 2

at the cilia tip (Craige 2014).

Another important complex that moves in association with IFT is the BBSome,
composed by eight BBS proteins. BBSome plays a fundamental role in
regulation of IFT assembly and turnaround in cilia; actually, it is involved in the
assembly of IFT at the ciliary base and it binds the anterograde IFT particles,
reaching the ciliary tip to regulate IFT recycling (Wei 2012).
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Cilia disassembly is also an important process, strictly dependent on the cell
cycle phase, but the mechanism by which this process occurs are not completely
understood. There are a lot of proteins that regulate this process, including the
scaffolding protein HEF1 and the calcium-calmodulin activate Aurora A kinase,
that, respectively, induce enter in mitosis and deacetylation of axoneme tubulin
(Plotnikova 2012; Pugacheva 2007).

Cilium disassembly requires also destabilization and depolymerization of
microtubules; the protein family of kinesin-13 is involved in this process. In
particular, Kif2a, is activated by phosphorylation during growth signals
stimulation and exhibits microtubule-depolymerizing activity at the mother
centriole, leading to disassembly of primary cilium. Cells deficient of Kif2a, are

not able to disassembly cilia after growth stimulation (Miyamoto 2015).
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Figure 5. Primary cilia structure. Primary cilia consist of a basal body and an axoneme,
surrounded by the ciliary membrane, continuous with the plasma membrane. The basal body
derives from the mother centriole of the centrosome. Axoneme and basal body are separated

by the transition zone, that regulates passage of proteins in and out ciliary compartment.

The presence of primary cilium is closely related to the phase of cell cycle; cells
in GO phase are highly ciliated, cells in G1, S and G2 are poorly ciliated and
cells in M are non-ciliated (Plotnikova 2009). To allow this, the assembly and
disassembly of cilia are highly dynamic and must be finely tuned. Both the
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ubiquitin-proteasome system and autophagy, which represent the main protein
degradation systems within the cell, are involved in this dynamic regulation of
primary cilia structure and function.

The UPS system is involved in degradation of protein necessary both for the
assembly and for the disassembly of cilia. Proteomic analysis revealed the
presence of several E1 and E3 ligases and also DUB at the base or along the
primary cilia (Mick 2015); although most of substrates of these enzymes have
not been identified, their localization in the cilia suggests the importance of the
ubiquitin-proteasome system in this organelle. Some examples of ubiquitinated
ciliary proteins have been described. CP110, that is a negative regulator of
primary ciliogenesis localized at the centrosome, is regulated by two E3 ligases
(SCF and EDD-DDBI) that ubiquitinate it inducing cilia formation and also by
a DUB (USP3) that deubiquitinates it (D’ Angiolella et al., 2010; Li et al., 2013).
UPS controls ciliogenesis also during axoneme elongation: the E3 ligase CRL3
ubiquitinates and remove trichoplein, that binds Aurora A kinase at the
centrosome. The degradation of trichoplein leads to inactivation of Aurora A
kinase and induction of primary ciliogenesis (Kasahara 2014). Similarly, the
disassembly of primary cilia is regulated by UPS. Thus, the E3 ligase APC
ubiquitinates Kif2a in quiescent cells abrogating its capacity to induce cilia
disassembly. NEK 10, a kinase essential for cilia formation, is ubiquitinated and
degraded by the E3 ligase CHIP, inducing cilia resorption (Porpora 2018).
As well as the ubiquitin proteasome system, autophagy is involved in the
regulation of ciliogenesis. At least 12 ATG proteins have been identified that
localize along the ciliary axoneme and a large number also in the basal body,
indicating the involvement of autophagy in ciliary formation or function
(Pampliega 2013). However, the role of autophagy in ciliogenesis is still
debated. MEF knocked down for ATGS formed longer cilia then wild type cells,
indicating that autophagy reduces cilia growth. In addition, autophagy in basal
condition limits the enter of IFT20 in the cilium, causing a reduction in the traffic

of component required for cilia growth (Pampliega 2013). At the same time, it
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has also been demonstrated that autophagy induced by starvation leads to the
formation of primary cilia by removing OFDI1, a protein located at the

centrosome and at the pericentriolar matrix (Tang et al., 2013).

The principal role of primary cilia is to transfer extracellular signals to the cell
body. Actually, primary cilia are enriched of receptors, in particular GPCRs, and
signaling molecules; each point of cilia structure is crucial to support this
signaling pathways (Mykytyn 2017). Sonic Hedgehog (SHH) is the most
important pathway identified within the primary cilium. It is involved in
development and stem cells maintenance. Most of components of the pathway
are located within the cilia (Goetz 2010).

Patched 1, in absence of ligand, inhibits the activity and the accumulation of
smoothened (SMO), a seven transmembrane protein (Rohatgi 2007). In this
condition, SUFU interacts with gli proteins that are proteolyzed and act as
transcriptional repressors (in particular Gli3). The binding of hedgehog ligand
to Patched 1, leads to the activation of SMO, which translocates into the cilium.
Here, SMO inhibits the interaction between SUFU and gli proteins, that in non-
proteolyzed form function as transcriptional activators of gene involved in
proliferation, differentiation, survival and growth (in particular gli2) (Robbins
2012; Ruiz i Altaba 2002) (Fig. 6).

Considering that most of SHH pathway proteins are located within the cilia, both
IFT and basal body proteins are required for response to this pathway (Bangs

2017; Huangfu 2003).
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Figure 6. Sonic Hedgehog pathway. In unstimulated cells, the GPCR Ptcl, inhibits the
activity of SMO and SUFU interacts with gli proteins, leading to their processing. In
proteolyzed form, gli functions as a transcriptional repressor. When Shh ligand interacts
with Ptc1, SMO is active and inhibits the interaction between SUFU and gli. Gli proteins,
in their non-proteolyzed form, act as transcriptional activator of genes involved in

development, survival and growth.

Alterations in function or structure of primary cilia can lead to a broad spectrum
of genetic disorders, known as ciliopathies (Badano 2006). The hypothesis that
alteration in primary cilia could be related to human disorders came out when it
was discovered that polycystin 1 gene, responsible of polycystic kidney
syndrome, was located within the cilium (Barr 1999).

Ciliopathies could be due to alterations in cilia assembly, maintenance and
disassembly, or to alterations in trafficking and signaling pathways within the
cilia. The most common phenotypic manifestations of ciliopathies include
kidney diseases, retinal degeneration, obesity, hepatic cysts, polydactyly, mental
retardation and skeletal defects (Davis 2012). The number of ciliopathies
reported is 35, but it is constantly growing, as well as the number of genes

associated with ciliopathies. In addition, a very large number of candidate genes
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that could be associated with ciliopathies have been identified, but they have yet
to be verified (Reiter 2017).

Polycystic kidney syndrome (ADPKD) was the first ciliopathies identified; it is
caused by mutation in polycystin 1(PKD1) and polycystin 2 (PKD2) genes,
which are essential for renal tubules differentiation and act as mechanosensors
at the ciliary compartment (Torres 2007).

Most of ciliopathies are caused by alterations in the assembly of primary cilia
structures. Mutations in centrosomal or basal body proteins are responsible for
several ciliopathies such as Joubert's syndrome, orofacial-digital type 1 (OFDI)
syndrome, nephronoptisis and Bardet-Biedel syndrome (BBS). Joubert’s
syndrome is caused by mutations in the centrosomal protein CEP290 or even by
mutation in Talpid 3, a protein of the distal appendages of the centrioles (Alby
2015; Parisi 2004).

OFDI syndrome is caused by mutations of OFDI, a protein located at
centrosome and pericentriolar matrix (Romio 2003).

Bardet-Biedel syndrome is one of the best-known ciliopathies. It is associated
with mutations of BBSome, that alter the transport of protein within the cilia
causing defects in ciliary functions and leading to manifestations of several
symptoms (Blacque 2006).

Developmental alterations represent the most common phenotypic manifestation
of ciliopathies. These alterations are mostly related to disruption of SHH

pathway, whose loss of activity causes birth defects (McMahon 2003).
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1.6 cAMP and cilium

The primary cilium, functioning as an antenna that receive extracellular signals
and transmits them into the cell body, is enriched of receptors (in particular
GPCRs) and signaling molecules. GPCRs have a consensus sequence, called
ciliary localization sequence, that allow their transport from the Golgi to the
primary cilium (Berbari 2008).

The amount of receptors and signaling molecules within the cilia is different
from that of the cell body, thus generating an environment rich in signal
pathways (Hilgendorf 2016).

cAMP is one of the majors signaling molecules located within the cilia.
The earliest examples of cAMP role in cilia was discovered in the olfactory
neurons. In these cells, odors lead to the activation of GPCRs that stimulate
cAMP production by AC3; cAMP activates the cyclic nucleotide-gated ion
channels, leading to depolarization that is transmitted from the cilia to the
synapses (Kaupp 2010).

In the cilium there are high levels of cAMP, five times more than the whole cell;
this depends mainly on the activity ACS5 and AC6 (Moore 2016).
The main effector of cAMP within the ciliary compartment is protein kinase A.
Both catalytic and regulatory subunits of PKA are located in the cilia. They were
initially identified in the basal body region, but it was later proved their
localization in the ciliary shape (Barzi 2010; Mick 2015; Tuson 2011). The
anchoring of PKA at the cilium is controlled by AKAP (Barzi 2010;
McConnachie 2006).

The main role so far identified of cAMP and PKA in the cilium is the regulation
of the Sonic Hedgehog pathway. PKA negatively regulates Shh pathway by
phosphorylating and inducing proteolysis ofgli2and Gli3, thus activating their
function of transcriptional repressor (Tempé 2006). In addition, PKA
phosphorylates SUFU, stabilizing it in complex withgli2and Gli3 and favoring

their proteolysis even more (Chen 2011).
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At the same time, the Shh pathway negatively regulates the activity of PKA.
Indeed, the seven transmembrane protein SMO, acting through an inhibitory Ga
protein, reduces cAMP levels in response to Sonic Hedgehog (Ogden 2008).
Moreover, Gprl75 receptor, upon Shh pathway activation, localizes within the
cilium, couples with inhibitory Go. proteins and inhibits cAMP production
(Singh 2015). It was later shown that Shh reduces cAMP levels mainly through
entry of calcium, rather than through the activation of inhibitory Ga protein

(Moore 2016).

Gpr161 is an orphan GPCR that has a fundamental role in localization of PKA
within the cilium and in antagonization of the Shh pathway; in fact, its loss leads
to hyperactivation of Shh pathway (Mukhopadhyay 2013). Gpr161 acts as a high
affinity AKAP for RI subunits of PKA. It increases cAMP levels, coupling with
a Ga stimulatory protein. Gprl61 is a substrate of PKA, thus mutations in the
kinase phosphorylation sites alter the ciliary localization of the receptor
(Bachmann 2016).

When Shh is activated, Gprl61 is released from cilia and cAMP levels are
reduced (Mukhopadhyay 2013) (Fig. 7).

ARHGAP36, a rho GTPase activating protein, represents another connection
between PKA and Shh pathway. It reduces the sensitivity of cells to cAMP,
inducing intraciliary ubiquitylation and lysosomal degradation of PKA catalytic
subunit. The inhibition of PKA by ARHGAP36 promotes Shh pathway (Eccles
2016).
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Figure 7. cAMP and Shh pathway. In absence of Shh ligand, Gprl61 increases cAMP
levels in the cilium and contributes to the activation of PKA. PKA phosphorylates gli
proteins, inducing their proteolysis and thus inhibiting Shh pathway. In presence of Shh

ligand, Gpr161 is released from the cilium and cAMP ciliary pathway is inhibited.

PKA is also involved in the control of cilium length. In part, this regulation
depends on the phosphorylation of NEK10 by PKA. NEK10 is a kinase essential
for the formation of primary cilia; in serum deprived cells, PKA phosphorylation
induces NEK10 ubiquitylation and proteolysis mediated by the E3 ligase CHIP,
resulting in cilium disassembly. This therefore demonstrates that PKA plays a

key role in inducing cilia resorption (Porpora 2018) (Fig. 8).
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Figure 8. cAMP induces primary cilium disassembly. In growth arrested condition,
NEK10 promotes the formation of primary cilium. Production of cAMP induces NEK10
phosphorylation mediated by PKA. Phosphorylated NEK 10, is ubiquitinated by E3 ligase
CHIP and proteolyzed. The proteolysis leads to cilium disassembly.

Conversely, cAMP promotes ciliogenesis in serum supplemented confluent
cells. In epithelial and mesenchymal cells, the raise of cAMP levels, increases
cilium length by enhancing the velocity of anterograde flux, but not the one of
the retrograde (Besschetnova 2010).

Through an approach based on the use of nanoparticles, it has been shown that
the compartmentalization of cAMP plays a fundamental role in determining its
effect on ciliary dynamics. In fact, the amount of cAMP located inside the
cilium, determines an increase in its length; conversely, cytoplasmic cAMP

leads to cilia length reduction (Hansen 2020).

In addition to PKA, also phosphodiesterases (PDEs) are localized and play a role
within the cilia. PDElc has been identified in the olfactory neuron’s cilia
(Cygnar 2009); PDEG6d localizes in the cilium and it is involved in the entry of
preylated proteins (Humbert 2012).
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1.7 OFD1

OFD1 is a protein localized at the centrosome and basal body, whose mutation
are responsible of a genetic syndrome known as Orofacial digital type 1
syndrome.

The orofacial digital syndromes (OFD) are a group of developmental genetic
disorders, identified among ciliopathies. There are nine different forms of OFD,
that share phenotypical features, especially malformation of face, oral cavity and
digits (Macca 2009). The orofacial digital type 1 syndrome was described for
the first time by Psaume in 1954. It is the most common type of OFD with an
incidence of 1:50000 live births, and no differences determined by the race
(Wahrman 1966). It is easily distinguishable from the other OFD thanks to a
typical X-linked transmission, with male mortality during first and second
pregnancy trimester; anyway, some cases of affected male were reported (Macca
2009).

The phenotypic anomalies are in common with the other types of orofacial
digital syndromes and also with other kinds of ciliopathies. The principal
phenotypic features are malformations of the face (cleft in the upper lip, frontal
bossing, prominent root of the nose, facial asymmetry, variable degree of
alopecia), oral cavity (multilobulated tongue, cleft or high arched palate,
supernumerary teeth) and digits (rachydactyly, syndactyly, polydactyly), defects
in the brain structure, developmental defects, kidney cysts and in some cases
mental delay (Macca 2009).

The gene responsible for this syndrome is OFD1 gene, located on the Xp22.2-
Xp22.3 region (Feather 1997; Ferrante 2001). This gene generates a protein of
1012 aminoacids that has a Lis homology (LisH) domain at the N-terminal
portion and downstream of it, five coiled-coil domains (de Conciliis 1998). The
LisH domain is involved in cell migration, nucleokinesis and chromosomal
segregation (Emes 2001).

OFD1 is localized at the centrosome (Romio 2003), and also at the base of the

primary cilium in post mitotic cells (Giorgio 2007; Romio 2004). More
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specifically, it has been demonstrated that OFD1 localizes at the distal end of
both centrioles (mother and daughter) and it is strictly associated with
microtubules; in fact, it is in complex with o and y tubulin (Singla 2010). A
quote of OFDI1 also localizes in the nucleus, where it interacts with RuvBl1, a
protein of the AAA+ family of ATPases, involved in the control of cell division
and transcriptional regulation and associated with the formation of kidney cysts
(Giorgio 2007).
Finally, OFDI is an important component of centriolar satellites, as well as
BBS4 and Cep290. The N-terminal portion of OFDI is necessary for its
localization at the centriolar satellites. In this compartment, OFD1 binds BBS4
and this functional interaction determines morphogenesis (Lopes 2011).

OFD1 has an important role in the regulation of centriole length and distal
appendages. It acts as a cap that stabilizes centriolar microtubules at a specific
length; actually, cells with mutation in OFD1 gene show instability of centriolar
microtubules and also alteration of centriolar length. Moreover, OFD1 absence
affects also the structure of distal appendages, that are required for the formation
of primary cilia (Singla 2010).

The principal role of OFD1 is its involvement in primary ciliogenesis; in fact,
cells lacking OFD1 are unable to form primary cilia (Corbit 2008).

The use of animal models provided a lot of information about OFDI1 function
both in physiological and pathological conditions. Murine models of
heterozygous female with deletion of exons 4 and 5 of OFDI, generate a
truncated mRNA of 106 aminoacids; whereas male embryos die. The female
mice have a phenotype similar to the one generated by the human disease. This
phenotype is mostly related to cilia alteration. In fact, primary cilia are absent in
the 50% of kidney cysts cells, instead, they are present in the non- cystic
glomerulus and in the normal kidney tubules (Ferrante 2006). OFD]1 is essential
for the formation of the ciliary axoneme; thus, in heterozygous female mice limb
cells the ciliary axoneme is shorter and malformed, instead the basal body is

normal (D’Angelo 2012).
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OFD1 is also important for the left-right asymmetry; the expression of gene such
as Nodal (that is expressed only in the left lateral plate mesoderm) is bilateral in
the male mice embryos, who die, instead, it is normal in the female mice and in
wild type mice (Ferrante 2006). These anomalies probably depend on altered
capacity of ciliogenesis, in fact, they were described also in other mice with
mutations of genes involved in primary cilia formation (Pennekamp 2002). The
heterozygous mice have also defects in brain development, with a variable
phenotype from middle to severe (D’Angelo 2012), due to the X-inactivation
that occurs in mice, but not in human (de Conciliis 1998). Expression of Shh
pathway components is altered in the neural tube, in fact Ptchl andglilare
reduced in the male neural tube, and to a minor extent, also in female mice
(Ferrante 2006). Conversely, in the brain there is a higher activation of Shh
pathway, due to increased expression ofgli2and Ptchl in the dorsal
telencephalon (D’ Angelo 2012).

Analysis in Zebrafish, that expresses a homologous of the human OFD1 with a
29,6 % of identity, show that OFD1 always localizes at centrosome/basal body
and also in the nucleus. Zebrafish silenced for OFD1 show a typical ciliary
phenotype, with curved body, laterality defects, hydrocephalus and edema. Also
in this case, the phenotype is related to alteration in primary cilia, thus in mutant
Zebrafish cilia are shorter, confirming that OFDI is necessary for axoneme
formation and maintenance. Therefore, the phenotype observed in Zebrafish is
comparable to that of mouse models and confirms the importance of OFD1 in
the formation of primary cilia and in brain development, and also its involvement

in the pathogenesis of  kidney cysts (Ferrante 2009).

At molecular level, the role of OFDI in ciliogenesis, among others, is related to
its capacity to recruit IFT88, an important protein of the IFT-B complex.
Actually, in cells without OFDI1, IFT88 is not associated at the centrosome,

allowing ciliogenesis inhibition (Singla 2010).
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The distal appendages of centrioles play a crucial role in primary cilia
formation, so the ability of OFDI to regulate their structure is another way
through which it is involved in ciliogenesis (Singla 2010).

The population of OFD1 localized at the centriolar satellites has a different role
in primary ciliogenesis. Thus, pericentriolar OFD1 has an important role in
inhibiting ciliogenesis, unlike the centriolar one. It binds BBS4, preventing its
translocation inside cilia and blocking ciliogenesis. During serum starvation,
pericentriolar portion of OFDI1 is removed by autophagy, allowing the release

of BBS4 with consequent correct formation of primary cilium (Tang 2013)(Fig.
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Figure 9. Dual role of OFD1 in primary ciliogenesis. (A) Centrosomal OFD1 is involved
in the maturation of centriole during G2 phase of the cell cycle. It also recruits Ift88 at the
mother centriole, allowing cilia formation in GO/G1 phase. (B) Pericentriolar OFD1 inhibits
primary ciliogenesis, retaining BBS4. In serum deprivation, pericentriolar OFD1 is removed

by autophagy, leading to BBS4 translocation and cilia formation.

Mutations of OFDI are observed in the 80% of patients with orofacial digital
syndrome (Thauvin-Robinet 2009). More than 130 OFD1 mutations have been
identified; they occur throughout the gene, without hotspot region (Franco and

Thauvin-Robinet 2016; Romio 2003). There is a lot of variability in the type of
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mutations identified and often without correlation between the type of mutation
and the phenotype (Prattichizzo 2008). About the 30% of mutation are point
mutation (including missense, non-sense and splice site), 58% are frameshift and
about 20% are deletions that cause premature stop codon (Macca 2009;
Prattichizzo 2008).

The analysis of mutations in the different regions of the gene, demonstrate that
LisH domain is fundamental for all OFDI function including recruitment of
Ift88 and Cepl64, whereas mutations downstream the LisH domain are most
important for the regulation of centriolar length. Thus, mutations in LisH domain
completely block ciliogenesis, instead mutations in the C-terminal domain cause

only a reduction of primary cilia formation (Singla et al., 2010).
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2. Aim of the study

The primary cilium is a microtubule-based organelle involved in key biological
function. Formation of primary cilium is a finely regulated process that starts
with the rearrangement of the centrosome into the basal body. Defects in primary
ciliogenesis can lead to a group of genetic disorders, known as ciliopathies.
Among them, the orofacial digital syndrome type I is caused by mutation in
OFD1 gene.

Recently it has been identified an important role of cAMP/PKA and UPS system
in promoting disassembly of primary cilia (Porpora 2018), but their role in
ciliogenesis is still debated.

Praja2 is a RING-H2 E3 ubiquitin ligases, mostly regulated by cAMP, that is
carefully studied in the laboratory where I performed my PhD program.

We identified TBC1D31, a centrosomal protein with unknown function, as a
novel interactor of praja2, by a yeast two hybrid screening.
Moreover, it has been previously demonstrated that centrosomal protein OFD1
takes part to the interaction network of PKA (Rinaldi 2019), and also it has been
identified as an interactor of TBC1D31, by the use of bioinformatic tools.
Given the role of centrosome/basal body in control primary cilium formation,

the aims of my study were to:

- characterize the complex assembled by TBC1D31/praja2/OFD1/PKA at the
centrosome;

-investigate the role of TBC1D31 complex in primary ciliogenesis

-investigate the regulation of TBC1D31 complex by the GPCR-cAMP pathway

and its impact in primary ciliogenesis.
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3. Materials and methods

Cell lines and tissues. Human embryonic kidney cell line (HEK293) and
NIH3T3 were cultured in Dulbecco modified Eagle’s medium containing 10%
fetal bovine serum in an atmosphere of 5% CO».

Plasmids and transfection. Vector encoding for GFP-TBC1D31 were provided
by Dr Raught B. and Dr Pellettier R.; flag-OFD1 and myc-OFD1 were provided
by Dr Franco B.; vectors encoding praja2 and ubiquitin were previously
described (Sepe 2014) (Carlucci, 2008); praja2 inactive mutant (praja2rm)
carrying cys634 and cys637 changed to alanine was used; flag-E97G and praja2
A550-570 was purchased from Genscript; pEFSB-FRT-cilia-APEX (APEX-
GFP) was purchased from Addgene; TBC1D31 mutant (940-970) and OFD1
mutants were generated by PCR using specific oligonucleotides. siRNAs
targeting praja2 and TBC1D31 were purchased from Dharmacon and Life
technologies respectively. siRNAs were transfected using Lipofectamine 2000
(Invitrogen) at a final concentration of 100 pmol/ml of culture medium.

The siRNA sequences of TBC1D31 (Life Technologies) are:

sequence 1: 5’- GGAAUGCACUUACAAGAUTT- 3’

sequence 2: 5’- GCUACUCAGAGUAUUACAGTT- 3’

The siRNA sequences of Praja2 (Dharmacon) are:

sequence 1: 5’- GAGAUGAGUUUGAAGAGUU- 3’

sequence 2: 5’- GGGAGAAAUUCCUUGGUUA- 3°

sequence 3: 5’- UGACAAAGAUGAAGAUAGU- 3°

sequence 4: 5’- UCAGAUGACCUCUUAAUAA- 3’

Antibodies and chemicals. The following primary antibodies were used:
mouse GFP (1:1000 immunoblot; 1:50 immunoprecipitation; catalog #
11814460001 Roche), mouse flag (1:3000 immunoblot, 1:200
immunoprecipitation; 1:1000 immunofluorescence; F3165 Sigma), mouse
GST (1:5000; catalog # sc-138 Santa Cruz), rabbit praja2 (1:1000
immunoblot, 1:200 immunofluorescence; catalog # A302-991A Bethyl),
mouse y tubulin (1:300; catalog # sc-17788 Santa Cruz), rabbit TBC1D31
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(1:100 immunofluorescence; catalog # ab121771 Abcam), rabbit TBC1D31
(1:1000 immunoblot, 1:100 immunoprecipitation, 1:100
immunofluorescence; Primm), mouse HA.11 epitope (1:1000; catalog #
16B12 BioLegend), rabbit OFD1 (1:1000 immunoblot; catalog # ABC961
Millipore), rabbit OFD1 (1:100 immunofluorescence; catalog #
HPAO031103 Sigma), rabbit Phospho-(Ser/Thr) PKA Substrate (1:1000;
catalog # 96218 Cell Signaling), mouse acethylated tubulin (1:400; catalog
# T7451 Sigma), rabbit acetylated tubulin (1:400; catalog # ab125356
Abcam), mouse myc (1:1000 immunoblot, 1:200 immunoprecipitation;
catalog # M4439 Sigma), mouse tubulin (1:5000; catalog # T6199 Sigma),
mouse Hsp90 (1:5000; catalog # 60318-1-Ig Cell Signaling), rabbit Hsp70
(1:5000; catalog # 10995-1-AP Cell signalling), mouse PKAc (1:1000;
catalog # sc-28315 Santa Cruz). Antibody protein complexes were detected
by HRP-conjugated antibodies (Biorad) and ECL (Euroclone).

The following chemicals were used: Forskolin (40 uM; catalog # F3917
Sigma), H89 (10 uM; catolog # 19-141 Sigma), Chycloheximide (100 pM;
catalog # 01810 Sigma), MG132 (10 puM; catalog # C2211 Sigma),
Puromorphamine (1 pM; catalog # ab120933 abcam).
Immunoprecipitation, pull down assays and immunoblot. Cells were
lysed with buffer 0.5% NP40 (150 mM NaCl, 50 mM Tris HCI pH 7.5,
EDTA 1mM and 0.5% NP40) supplemented with protease inhibitor, PMSF
and phosphatase inhibitor. For ubiquitylation assays, cells were lysed with
triple detergent buffer (150 mM NaCl, 1% NP40, 0.1% SDS, 50 mM Tris
HCI pH 8, 0.5% NaDOC). The lysates were incubated overnight with the
indicated antibodies for the immunoprecipitation. For pull down assay,
lysates were incubated three hours with GST-fused proteins immobilized on
glutathione beads. In both cases, pellets were washed three times with lysis
buffer. Precipitates and 50 y of whole cell lysates were loaded on SDS
polyacrylamide gel and transferred on nitrocellulose membrane. Filter were

blocked with 5% milk in TBS Tween 0.1%, incubated with primary and
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secondary antibodies and finally proteins were detected with ECL
(Euroclone).

Immunofluorescence and confocal analysis. Cells were plated on poly-D-
lysine (Sigma) coated glass. Then cells were fixed with paraformaldehyde 5%,
permeabilized with PBS 0.3% Triton, blocked with PBS 5% Bovine Serum
Albumin (SERVA) and immunostained with the indicated primary antibody.
Signals were revealed using secondary fluorescent antibodies (1:200;
Invitrogen). Immunofluorescences were visualized using a Zeiss LSM 510

Meta argon/krypton laser scanning confocal microscope.

Real Time-RT PCR. Transcriptional levels of Sonic Hedgehog signalling
pathway associated-genes in human samples were analysed by Real Time RT
PCR. Total mRNA was extracted with TRIzol reagent (Sigma) according to the
manufacturer protocol. Ipg of total mRNA from each sample was
retrotranscribed using Luna Script RT SuperMix Kit (New England Biolabs).
Real-Time PCR was performed using SYBR Green Master Mix (Biorad) using
the following primers:
GLI2 5’-CAACGCCTACTCTCCCAGAC -3’
5’-GAGCCTTGATGTACTGTACCAC-3’
Each reaction was carried in triplicate using 25 ng of cDNA in 20ul. As internal
control 18S ribosomal RNA expression levels were used. Melting curves were
obtained by increasing the temperature from 60 to 95 °C with a temperature
transition rate of 0.5 °C s~!. Melting curves of final PCR products were analyzed
(OpticonMonitor 3 Bio-Rad).
Medaka stocks. The Cab-strain of wild-type Medaka fish (Oryzias latipes) was
maintained following standard conditions (i.e. 12 h/12 h dark/light conditions at
27°C). Embryos were staged according to (Avellino et al., 2013). All studies on
fish were conducted in strict accordance with the Institutional Guidelines for
animal research and approved by the Italian Ministry of Health; Department of

Public Health, Animal Health, Nutrition and Food Safety in accordance to the
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law on animal experimentation (D. Lgs. 26/2014). Furthermore, all animal
treatments were reviewed and approved in advance by the Ethics Committee at
the TIGEM Institute, (Pozzuoli, NA), Italy.

Sequence analysis. The available medaka Ol-TBC1D31
(ENSORLTO00000007876.1) at chr16:11638220-11645068 genomic sequence
was retrieved from public databases (http://genome-euro.ucsc.edu/) and aligned
with human TBC1D31 transcript (ENST00000287380.6) to identify exons based
on sequence.

mRNA and MO injection of medaka embryos. In vitro synthesis of human
TBCI1D31, wild-type OFD1, OFD1g;35,, OFD1g;55, and hpraja2rm mRNAs were
performed following manufacture’s instruction (Porpora 2018). mRNAs were
injected at 25-100 ng to observe dose-dependent phenotypes; selected working
concentrations were 50 ng/ul for single injections and 25 ng/pul for combined

injections. A morpholino (Mo; Gene Tools LLC, Oregon, USA) was designed

against the splicing donor of exon 3 (Mo-Ol-TBC1D31: 5 -
CACCAGACGAAATCTACTCCAAGTT-3’) of the medaka orthologous of the
TBC1D31 gene. Mo-Ol-TBC1D31 was injected at 0.15 mM concentration into
one blastomere at the one/ two-cell stage. Off-target effects of the morpholino
injections were excluded by repeated experiments with control morpholino or
by co-injection with a p53 morpholino (Mo-p53: 5 -CGGGAATCG-
CACCGACAACAATACG—3’) as described (Porpora 2018).

Whole-mount immunostaining. Whole-mount immunostaining was performed
and photographed, as described (Conte 2010). Embryos at Stage 24 were fixed
in 4% paraformaldehyde, 2X phosphate-buftered saline (PBS) and 0.1% Tween-
20. The fixed embryos were detached from chorion and washed with PTW 1X.
Embryos were digested 7 minutes with 10 g/ml proteinase K and washed twofold
with 2 mg/ml glycine/ PTW 1X. The samples were fixed 20 min in 4%
paraformaldehyde, 2X phosphate-buffered saline (PBS) and 0.1% Tween-20,
washed with PTW 1X and then incubated for 2 h in FBS 1%/PTW 1X, at room

temperature. The embryos were incubated with mouse anti acetylated o -tubulin
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antibody 1:400 (Sigma-Aldrich), overnight at 4°C. The samples were washed
with PTW 1X, incubated with the secondary antibody, Alexa-488 goat anti-
mouse IgG (Thermo Fisher), then with DAPI. Finally, the embryos were placed
in glycerol 100%.
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4. Results

4.1 TBC1D31 binds praja2 at residues 530-630.

By yeast two-hybrid screening using praja2 as a bait, I identified the C-terminal
portion of TBC1D31 (aa 940-970) as prey. TBC1D31 is a protein localized at
the centrosome with unknown function (Gupta 2015).

I first confirmed the interaction between TBC1D31 and praja2 by co-
immunoprecipitation (Co-Ip) assays, using lysates of HEK293 cells transiently
co-expressing GFP-TBC1D31 and flag-praja2 protein (Fig. 10 A). Then, I
decided to identify the domain(s) of praja2 that binds TBC1D31. To this aim, I
performed Co-Ip assays using cells expressing GFP-TBC1D31 and the
following flag-tagged deletion mutants of praja2: 1-530, 1-630 and a mutant that
lacks only the residues from 530 to 630 (A530-630). The analysis identified the
residues 530-630 of praja2 as the binding site for TBC1D31 (Fig. 10 B and C).
I confirmed the interaction in vitro between praja2 and TBC1D31 by pull-down
assay using a GST protein fused to residues 530-630 of praja2 and lysates from
HEK?293 cells expressing GFP-TBC1D31 (Fig. 10 D).
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Figure 10. TBC1D31 binds praja2 at residues 530-630. A. Lysates were
immunoprecipitated with anti-flag antibody or control IgG and then precipitates and a quote
of lysates were immunoblotted with anti-GFP and anti-flag antibodies. B. HEK293 cells
were co-transfected with GFP-TBC1D31 and flag-praja2 vectors (praja2rm, praja2i.sso,
praja2iez). Lysates were immunoprecipitated with anti-flag antibody or control IgG.
Precipitates and a quote of lysates were immunoblotted with anti-GFP and anti-flag
antibodies. C. HEK293 cells were co-transfected with GFP-TBC1D31 and flag-praja2
vectors (praja2rm or praja2asso.so). Lysates were immunoprecipitated with anti-flag
antibody or control IgG. Precipitates and a quote of lysates were immunoblotted with anti-
GFP and anti-flag antibodies. D. HEK293 cells were transfected with GFP-TBC1D31.
Lysates were subjected to pull-down with GST and GST-praja2ssi31. Precipitates and a

quote of lysates were immunoblotted with anti-GFP and anti-GST antibodies.

The domain of TBC1D31 from 940 to 970 was identified in the two-hybrid
screening as the prey that interacts to praja2 bait. I confirmed this interaction in
vitro performing a pull-down assay using a GST protein fused to residues 940 to

970 of TBC1D31 protein and lysates derived from cells expressing flag-praja2
(Fig. 12).
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Figure 11. TBC1D31 940-970 residues bind praja2 in vitro. HEK293 cells were
transfected with flag-praja2. Lysates were subjected to pull-down with GST and GST-
TBC1D31940.970. Precipitates and a quote of lysates were immunoblotted with anti-flag and

anti-GST antibodies.

praja2 acts as an AKAP that targets PKA at specific cellular compartments
(Lignitto 2011). For this reason, I investigated the presence of PKA in the
TBC1D31/praja2 complex. Immunoprecipitation of TBC1D31 from HEK293
cell lysates allowed the recovery of a trimeric complex containing TBC1D31,

praja2 and the catalytic subunit of PKA (PKAc) (Fig. 12).
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Figure 12. TBC1D31, praja2 and PKAc form a trimeric complex. HEK293 lysates were

immunoprecipitated with anti-TBC1D31 antibody or control IgG. Precipitates and a quote

of lysates were immunoblotted with anti-praja2, anti-TBC1D31 and anti-PKAc antibodies.
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4.2 TBC1D31 targets praja2 at the centrosome

TBC1D31 was identified as a protein localized at the centrosome/basal body
(Gupta et al, 2015). I confirmed the localization of TBC1D31 at the centrosome
in HEK293 cells by double immunofluorescence analysis using antibodies
against TBC1D31 and y-tubulin, a marker of the centrosome. Fig.13A shows
that TBC1D31 is localized at the centrosome and centriolar satellites. Similarly,
I found that praja2 localized at the centrosome (Fig. 13B). I confirmed
colocalization of both proteins, praja2 and TBC1D31, at the centrosome. Thus,
TBC1D31 and praja2 colocalize, at least in part, within the same intracellular
compartment (Fig. 13C).
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Figure 13. TBC1D31 and praja2 colocalize within the centrosome. A. HEK293 cells
were fixed and stained for TBC1D31, y-tubulin and DRAQS. B. HEK293 cells were fixed
and stained for praja2, y-tubulin and DRAQS. C. HEK293 cells expressing GFP-TBC1D31
were fixed and stained for praja2 and DRAQS.

Then, I asked if TBCID31 targets praja2 at the centrosome. By
immunofluorescence analysis in HEK293 cells, I found that genetic silencing of
TBCI1D31 dramatically reduced the levels of praja2 staining at the centrosome,
compared to control cells, supporting the notion that TBC1D31 acts as an anchor
for praja2 (Fig. 14A). TBC1D31 silencing was confirmed by western blot
analysis (Fig. 14B).
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Figure 14. TBC1D31 targets praja2 at centrosome. A. HEK293 cells transfected with
control siRNA or siRNA targeting endogenous TBC1D31 were fixed and stained for praja2,
y-tubulin and DRAQS. B. Immunoblot analysis of TBC1D31 and Hsp90 in TBC1D31

silenced cells.

4.3 OFD1 is a component of the praja2/TBC1D31 complex

OFD1 is a protein localized at the centrosome/basal body and at the centriolar
satellites and plays an important role in cilium biology. OFD1 takes part of a
PKA in a variety of normal and cancer cells (Rinaldi 2019). Accordingly, I
decided to tested the presence of OFDI1 in the TBC1D31/praja2/PKA complex.
A Co-Ip assay performed on lysates of HEK293 cells expressing GFP-TBC1D31
and flag-OFD1 demonstrated that OFDI interacts with TBC1D31 and praja2
(Fig. 15A). Co-Ip assays on lysates derived from brain tissues demonstrated the
existence of an endogenous complex composed of praja2/TBC1D31/OFD1 (Fig.
15B). Moreover, triple immunofluorescence assays in HEK293 cells transfected
with GFP-TBC1D31 and flag-OFD1 confirmed the presence of a
TBC1D31/praja2/OFD1 complex located within the same intracellular
compartment (Fig. 15C).
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Figure 15. OFD1 interacts with TBC1D31/praja2 complex. A. Lysates of HEK293 cells
co-transfected with GFP-TBC1D31 and flag-OFD1 were immunoprecipitated with anti-flag
antibody or control IgG. Precipitates and a quote of lysates were immunoblotted with anti-
praja2, anti-GFP and anti-flag antibodies. B. Lysates from mouse brain tissue were
immunoprecipitated with anti-TBC1D31 antibody. Precipitates and a quote of lysates were
immunoblotted with anti-praja2, anti-OFD1 and anti-TBC1D31 antibodies. C. HEK293
cells expressing GFP-TBC1D31 and flag-OFD1 were fixed and stained for flag and praja2.

4.4 PKA phosphorylates OFD1

OFD1, TBCID31 and praja2 form a complex that includes PKA, the main
effector of cAMP. Thus, I decided to investigate the cAMP mediated regulation
of the complex. I tested OFD1 phosphorylation in HEK293 cells expressing flag-
OFD1, serum deprived for 24 hours and then treated for 1 hour with Forskolin
(FSK), a diterpene that raises cAMP levels. Using phospho-PKA substrates
antibodies, I found that cAMP induced a marked phosphorylation of OFD1
(Fig.16 A and B). A prediction analysis of OFD1 protein sequence identified
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two putative PKA consensus residues (S735 and S899), but only S735 was
conserved in the mouse variant (S739) (Fig. 16C). Accordingly, I generated an
OFD1 mutant carrying S735 substituted with alanine (OFD1 S735A). FSK
stimulation failed to induce phosphorylation of OFD1 S735A mutant (Fig 16 A
and B), compared to wild type protein. This finding indicates that serine 735
contributes to the overall OFD1 phosphorylation induced by cAMP. To prove
that OFDI1 phosphorylation was mediated by PKA, I replicated the
phosphorylation assay pretreating cells with H89, an inhibitor of PKA. Fig 16 A
and B show that pre-treatment with H89 completely abrogated cAMP-mediated
OFD1 phosphorylation.

These results demonstrated that PKA phosphorylates OFD1 at S735 in cells.
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Figure 16. PKA phosphorylates OFD1 at the serine 735. A. HEK293 were transfected
with flag-OFD1 or flag-S735A vectors, serum deprived for 24 hours and then treated with
forskolin (FSK) (40 uM) for 1 hour. Where indicated, cells were pretreated with H89 (10
uM) for 30 minutes. Lysates were immunoprecipitated with anti-flag antibody or GFP
antibody as control. Precipitates were immunoblotted with anti-flag and anti-phospho-
(K/R)(K/R)X(S*/T*) antibodies. B. Quantitative analysis of three independent experiments
shown in A. Student’s t test *p<0,05, **p<0,01. C. Schematic representation of OFD1
domain organization, with predicted phosphorylation sites at S735 and S899 in human

variant.
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Previous report demonstrated that praja2 acts as an AKAP that binds and targets
PKA to specific intracellular compartments (Lignitto 2011). Considering that I
demonstrated the presence of praja2 in complex with OFD1, PKA and
TBCI1D31, I decided to investigate whether praja2 allowed PKA-mediated
phosphorylation of OFD1 within the complex. I tested this hypothesis by
monitoring OFD1 phosphorylation in cells subjected to genetic silencing of
praja2. Fig. 17 A and B show that, in absence of praja2, cAMP mediated
phosphorylation of OFD1 is drastically reduced, supporting the hypothesis that
the phosphorylation of OFD1 occurs within the praja2/TBC1D31 complex.
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Figure 17. praja2 is necessary for PKA-mediated OFD1 phosphorylation. A. HEK293
co-transfected with flag-OFD1 and control siRNA or siRNA targeting endogenous praja2,
were serum deprived for 24 hours and treated with FSK (40 uM) for 1 hour. Lysates were
immunoprecipitated with anti-flag antibody and anti-GFP antibody as control. Precipitates
were immunoblotted with anti-phospho-(K/R)(K/R)X(S*/T*) PKA substrates and anti-flag
antibodies. A quote of lysates was immunoblotted with anti-praja2 antibody. B. Quantitative
analysis of experiment shown in A. A mean of three independent experiments is shown.

p<0,05.
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4.5 cAMP primes OFD1 to praja2-mediated ubiquitylation and proteolysis.
praja2 is an E3 ubiquitin ligase regulated by cAMP and is present in complex
with OFD1. Thus, I tested whether praja2 ubiquitylates OFD1. Ubiquitylation
assays were performed in HEK293 cells overexpressing myc-OFD1, ubiquitin-
HA and either flag-praja2 wild-type or flag-praja2 ring mutant (praja2rm), that
binds substrates but is unable to transfer ubiquitin to them. Fig. 18A shows that
OFD1 was heavily polyubiquitylated by praja2. Conversely, the ubiquitylation
of OFD1 was abrogated in the presence of praja2rm.

Next, I tested OFD1 ubiquitylation in cAMP-stimulated HEK293 cells. FSK
treatment in cells overexpressing flag-OFDI1 and ubiquitin-HA induced a
markedly polyubiquitylation of OFD1 that was almost reversed by genetic
silencing of praja2 (Fig. 18B), supporting the hypothesis that cAMP induces
OFD1 ubiquitylation through praja2.
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Figure 18. cAMP induces praja2-mediated OFD1 ubiquitylation. A. HEK293 were co-
transfected with myc-OFD1, ubiquitin-HA and flag-praja2 either wild-type or ring mutant
(praja2rm). Lysates were immunoprecipitated with anti-myc antibody. Precipitates were
immunoblotted with anti-myc and anti-HA antibodies, lysates were immunoblotted with
anti-flag antibody. B. HEK293 co-transfected with flag-OFD1, ubiquitin-HA and either
control siRNA or siRNA targeting endogenous praja2, were immunoprecipitated with anti-
flag antibody. Precipitates were immunoblotted with anti-flag and anti-HA antibodies;

lysates were immunoblotted with anti-praja2 antibody.
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Ubiquitylation is often coupled to degradation of substrates. Hence, I tested
whether cAMP induces also OFD1 proteolysis. First, I evaluated OFD1 half-life
in HEK293 cells serum deprived for 24 hours and treated for different times with
cycloheximide (CHX), an inhibitor of protein synthesis. Fig. 19A shows that
CHX treatment didn’t affect OFD1 levels. Instead, FSK treatment in cells treated
with CHX induced a time dependent decline of OFD1 levels (Fig. 19 A and B).
Furthermore, pretreatment of HEK293 cells with MG132, a proteasome
inhibitor, completely reversed the time-dependent decline of OFD1 levels
induced by cAMP stimulation, indicating that ubiquitylated protein is degraded
via proteasome (Fig. 19 C and D). To prove that OFDI1 proteolysis was
mediated by praja2, I analyzed OFD1 levels in cells subjected to genetic
silencing for praja2. Following transfection, cells were serum deprived overnight
and then treated with FSK. Fig. 19 E and F show that downregulation of praja2

prevented OFD1 decline in cAMP-stimulated cells, compared to controls.
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Figure 19. cAMP induces OFD1 proteolysis mediated by praja2. A. HEK293 serum
deprived for 24 hours, were pretreated with cycloheximide (CHX) (100 uM) and, were
indicated, treated with FSK (40 puM) for the indicated time points. Lysates were
immunoblotted with anti-OFD1 and anti-o-tubulin antibodies. B. Quantitative analysis of
experiments shown in A. A mean of two independent experiments is shown. C. HEK293
serum deprived for 24 hours, were pretreated with MG132 (10 uM) and then with FSK (40
uM) for the indicated time points. Lysates were immunoblotted with anti-OFD1 and anti-
Hsp90 antibodies. D. Statistical analysis of experiments shown in A. A mean of three
independent experiments is shown. Student’s t test *p<0,05 **<0,01. E. HEK293
transfected with control siRNA or siRNA targeting endogenous praja2, were serum deprived
for 24 hours, pretreated with CHX (100 uM) for 30 minutes and then treated with FSK (40
uM) for the indicated time points. Lysates were immunoblotted with anti-OFD1, anti-praja2
and anti-Hsp90 antibodies. F. Statistical analysis of experiments shown in A. A mean of

three independent experiments is shown. Student’s t test *p<0,05 **<0,01.

4.6 Phosphorylation primes OFD1 to ubiquitylation and proteolysis
Next, I tested whether OFD1 phosphorylation by PKA at S735 was required for

its ubiquitylation and proteolysis. To this end, I performed ubiquitylation assays
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in cells overexpressing ubiquitin-HA and either flag-OFD1 or flag-S735A
mutant. Following transfection, cells were serum deprived for 24 hours and then
treated with FSK. Fig. 20A shows that ubiquitylation of OFD1 mutant induced
by FSK treatment was completely abrogated, compared to OFDI1 wild-type
variant.

Next, I evaluated OFDI1 proteolysis in cells expressing S735A mutant. As
expected, cCAMP stimulation was unable to affect the levels of S735A mutant,
compared to wild-type protein (Fig. 20 B and C). These experiments
demonstrate that phosphorylation is a prerequisite for OFD1 ubiquitylation and
proteolysis mediated by praja2-UPS pathway.
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Figure 20. OFD1 phosphorylation induces its ubiquitylation and proteolysis. A.
HEK293 co-transfected with ubiquitin-HA and either flag-OFD1 or flag-S735A, were
serum deprived for 24 hours and treated for 1 hours with FSK (40 uM). Lysates were
immunoprecipitated with anti-flag antibody. Precipitates were immunoblotted with anti-HA
and anti-flag antibodies. B. HEK293 transfected with flag-OFD1 or flag-S735A, were serum
deprived for 24 hours, pretreated with CHX (100 uM) for 30 minutes and treated with FSK
(40 uM) for the indicated time points. Lysates were immunoblotted with anti-flag and anti-
o-tubulin antibodies. C. Statistical analysis of experiments shown in A. A mean of three

independent experiments is shown. Student’s t test *p<0,05.
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The Oro-Facial Digital type I syndrome is caused by mutations of OFD1 gene.
More than 130 different mutations were identified and about 30% of them are
point mutation (Macca 2009; Romio 2003). Mutations occurring in LisH domain
are related to alteration of OFD1 function in ciliogenesis (Singla et al, 2010).
The OFD1 E97G mutation is one of the most mutated residues within the LisH
domain (Macca 2009). I decided to investigate the effect of cAMP stimulation
on the mutant form of OFDI1. Fig. 21 A and B show that OFD1 E97G levels
weren’t affected by FSK treatment, suggesting a pathogenic role of altered

proteolysis of OFD]1 in this ciliopathy disorder.
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Figure 21. OFD1 E97G has an altered proteolysis. A. HEK293 transfected with flag-
OFD1 or flag-E97G, were serum deprived for 24 hours, pretreated with CHX (100 pM) for
30 minutes and treated with FSK (40 pM) for the indicated time points. Lysates were
immunoblotted with anti-flag and anti-Hsp90 antibodies. B. Statistical analysis of
experiments shown in A. A mean of three independent experiments is shown. Student’s t

test *p<0,05.

4.7 TBC1D31/OFD1/praja2/PKA axis regulates ciliogenesis

Ciliogenesis is a finely regulated process that occurs under growth arrest
condition, when the mother centriole of the centrosome migrates under the
plasma membrane, differentiates into a basal body and starts to elongate as an
axonemal structure. Given the peculiar localization of TBC1D31 at the
centrosome and the role of centrosome in primary ciliogenesis, I tested the
localization of TBC1D31 in ciliated cells. To this end, HEK293 cells were serum

deprived for 48 hours to induce cilia formation, and then stained for acetylated

o—tubulin, a modified form of tubulin that accumulates at the ciliary axoneme.
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As expected, TBC1D31 was localized at the basal body of primary cilium (Fig.
22A).

I evaluated also whether TBC1D31 was necessary for cilia formation. Fig. 22 B
and C show that genetic silencing of TBC1D31 drastically reduced the
percentage of ciliated cells, compared to control cells. This finding suggested an

important role of TBC1D31 in primary ciliogenesis.
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Figure 22. TBC1D31 localized at the basal body of primary cilia and it is necessary for
primary ciliogenesis. A. HEK293 were serum deprived for 48 hours, fixed and stained for
TBCI1D31 and acetylated a-tubulin. B. HEK293 cells transfected with control siRNA or
siRNA targeting endogenous TBC1D31 were serum deprived for 48 hours, fixed and stained
for TBC1D31 and acetylated o-tubulin. C. Quantitative analysis of experiments shown in

A. A mean of four independent experiments is shown. Student’s t test *p<0,05.

The data above indicate that OFDI1 stability is regulated by the PKA-cAMP
signaling. Considering the role of OFD1 in primary ciliogenesis, I investigated
whether regulation of OFD1 by PKA might impact on primary cilia formation.
HEK?293 cells were transiently transfected either with flag-OFD1 or flag-S735A
mutant and serum-deprived for 48 hours to induce cilia formation. Staining for

a-acetylated-tubulin shows that morphology of primary cilia was markedly
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altered in cells expressing OFD1-S735A mutant with fragmentation and
interruptions along the axoneme (Fig. 23 A upper panels and B). No significant
changes of cilium morphology were evident in cells expressing the wild type
variant. The number of ciliated cells was not modified by OFD1 or S735A
expression (Fig. 23 C). The same cilia alterations were observed also in cells
expressing cilia-APEX-GFP, a cilia-targeted proximity labeling enzyme (Fig.
23 A middle panels). Moreover, the staining for ARL13B, a protein localized
at the ciliary membrane, showed similar results in NIH3T3 cells (Fig. 23 A

lower panels).
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Figure 23. OFD1 phosphorylation controls cilium morphology. A. HEK293 cells
transfected with flag-OFD1 or flag-S735A were serum deprived for 48 hours, fixed and
stained for flag and acetylated o-tubulin. Where indicated cells were co-transfected with
cilia-APEX-GFP (middle panel). In lower panels, NIH3T3 cells expressing either flag-
OFD1 or S735A-flag were serum deprived for 48 hours, fixed and stained for flag and
ARL13B. B-C Quantitative analysis of experiments shown in A. A mean value of three

independent experiments is shown. Student’s t test ***p<0,001.
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cAMP-PKA signaling plays a key role in inducing cilia resorption in serum-
deprived cells (Porpora 2018). Accordingly, I tested the effect of OFDI1
phosphorylation by PKA in cilium disassembly. HEK293 cells, expressing either
an empty vector (NT), flag-OFD1 or flag-S735A were serum deprived for 48
hours and treated 6 hours with FSK. In control cells and in OFD1-expressing
cells, cAMP induced a reduction of the percentage of ciliated cells; conversely,
in cells expressing the phosphorylation mutant of OFD1, the treatment with FSK
had no major impact on the percentage of ciliated cells (Fig. 24 A and B). These
results indicate that OFD1 phosphorylation by PKA plays an important role in

cilia morphology and dynamics.
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Figure 24. OFD1 phosphorylation controls ciliogenesis. A. HEK293 cells transfected
with flag-OFD1 or flag-S735A were serum deprived for 48 hours and treated with FSK (40
uM) for 6 hours. Cells were fixed and stained for flag, acetylated a-tubulin and DRAQS. B.
Quantitative analysis of experiments shown in A. A mean value of three independent

experiments is shown. Student’s t test *p<0,05 **p<0,01.

Activation of cCAMP-PKA signaling in the ciliary compartment inhibits Sonic
Hedgehog pathway (Tempé 2006). I decided to investigate if PKA-mediated
OFD1 phosphorylation had a role in this pathway. To this end, I used NIH3T3
cells transiently expressing either empty vector, flag-OFD1 or flag-S735A.
Following transfection, cells were serum deprived and treated with

purmorphamine (agonist of Smoothened), alone or in combination with FSK. I
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evaluated mRNA levels of gli2 as readout of SHH pathway activation. Fig. 25
shows that, in control cells and in cells expressing OFD1 wild-type,
purmorphamine treatment induced high levels of gli2 mRNA. In these cells,
treatment with FSK prevented gli2 mRNA accumulation. In contrast, expression
of the S735A mutant completely abolished gli2 mRNA accumulation in
purmorphamine-treated cells (Fig. 25). These results support the hypothesis that
OFD1 phosphorylation plays an important role in the SHH signaling pathway.

m -
i SHH
[ m SHH+FSK

gli2/18s mRNA
(fold change)

o N M O 0

CMV  flag-OFD1flag-S735A

Figure 25. OFD1 phosphorylation controls SHH signaling. NIH3T3 cells expressing
either empty vector (CMV), flag-OFD1 or flag-S735A, were serum deprived for 24 hours
and treated for 24 hours with purmorphamine (SHH). Where indicated cells were treated
with FSK (40 uM) for 6 hours. gli2 RNA was analyzed by quantitative pcr with reverse
transcription. A mean value of three independent experiments is shown. Student’s t test

#4p<0,01.

4.8 TBC1D31/OFD1/praja2/PKA axis regulates Medaka fish development

To prove the role of TBC1D31, which is conserved among vertebrates, in the
ciliogenesis in vivo, we carried out an in vivo analysis in the Medaka fish
(Oryzias latipes, Ol) model system using gene knockdown, gene overexpression
and rescue experiments. A Morpholino (Mo) against TBC1D31 was designed
and injected in Medaka embryos (Ol-TBC1D31 KD). From stage 24, silencing
of TBC1ID31 caused a delay in development, with morphological alteration
associated with microcephaly, microphthalmia, pigmentation defects and

pericardial edema (Fig 26 A). To teste whether these abnormalities were
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associated with alteration in primary ciliogenesis, immunofluorescence assays
were performed in the apical surface of neural tube cells of Medaka embryos
stained with acetylated a-tubulin. Fig 26 B and C show that the length of
primary cilia in Ol-TBC1D31 KD was drastically reduced compared to wild-
type embryos. To prove that this phenotype was specifically due to the absence
of TBC1D31, TBC1D31 mRNA was injected in Ol-TBC1D31 KD. Fig 26 A-C
show that injection of TBC1D31 completely rescued the length of primary cilia
and consequently also embryos phenotype, indicating that TBC1D31 has a
fundamental role in Medaka fish development. I demonstrated that PKA-
phosphorylation of OFDI in the TBC1D31 assembled complex plays a
fundamental role in the regulation of primary cilia. Hence, I decided to evaluate
the effects of S735A mutant in Medaka fish development. Fig. 26 A shows that
Medaka embryos injected with S735A mRNA had a similar phenotype to Ol-
TBC1D31 KD. Alterations in the development were related to defects in
ciliogenesis that generate highly fragmented cilia (Fig. 26 B and C). The cilia
length in OFDl-injected Medaka embryos was evaluated. As expected,
ciliogenesis was similar to wild-type embryos (Fig. 26 B and C). These results
confirmed that OFD1 phosphorylation played an important role in ciliogenesis
and also in Medaka fish development.

If most of the changes in the ciliogenesis caused by Ol-TBC1D31 KD are due to
altered phosphorylation and proteolysis of OFD1 by praja2 activity, I reasoned
that co-injection of OFD1s735p mutant, mimicking OFD1 phosphorylated form,
combined with the dominant negative variant of human praja2 (hpraja2rm),
should re-establish, at least in part, the ciliogenesis in Mo-Ol-TBC1D31
morphants and rescue larva phenotype. Fig. 26 A shows that co-injection of
S735D/praja2rm mRNA in OlI-TBC1D31 KD completely rescued the whole
embryos phenotype. Cilia length of OI-TBC1D31 KD injected with
S735D/praja2rm mRNA was rescued by about 50% (Fig. 26 B and C). As
control, either OFD1 wild-type or OFD1 S735A mutant were injected in Ol-
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TBCI1D31 KD and, as expected, no rescue was observed neither in Medaka

phenotype nor in cilia length (Fig. 26 A-C).
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Figure 26. TBC1D31 and OFD1/praja2/PKA axis regulates Medaka fish development
A. Stereomicroscopic images of WT, OlI-TBC1D31 KD, OI-TBC1D31 KD + hTBC1D31,
OIl-TBC1D31 KD + hOFD1 WT, hS735A, OI-TBC1D31 KD + hS735A, Ol-TBC1D31KD
+ hS735D and OI-TBC1D31 KD + hS735D + hpraja2 rm injected Medaka larvae, at stage
40. B. Confocal images of cilia of the neural tube cells in the wild-type, OI-TBC1D31 KD,
OI-TBC1D31 KD + hTBC1D31, hOFDI1, OI-TBC1D31 KD + hOFDI1, hS735A, Ol-
TBC1D31 KD + hS735A, Ol-TBC1D31 KD+ hS735D and OI-TBC1D31 KD + hs735D +
hpraja2rm stained for acetylated o-tubulin Ab (green) and DAPI (blue). C. Quantitative
analysis of experiments shown in B. Cilium length was analyzed. Student’s t test

#45p<0,001.

The specificity of injected mRNA was evaluated by western blot analysis

performed in Medaka embryos tissues (Fig. 27 A and B).
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Figure 27. Human protein expression in Medaka fish tissues. A. Representative

immunoblots of OFD1 and B-actin from indicated Medaka embryos. B. Representative

immunoblots of praja2, OFD1 and B-actin from indicated Medaka embryos.
These results strongly support the hypothesis that phosphorylation and ubiquitin-

dependent proteolysis of OFD1 within the TBC1D31 complex is fundamental

for ciliogenesis and Medaka fish development.
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5. Discussion

In my PhD thesis, I described the presence of a TBC1D31 complex at the
centrosome that includes praja2, OFD1 and PKA. cAMP signaling regulates this
complex, inducing OFD1 phosphorylation by colocalized PKA and its
ubiquitylation and proteolysis through praja2-UPS pathway. This mechanism
has a fundamental role in promoting primary cilium disassembly.

In the laboratory where I performed these studies, the RING-H2 E3 ligase praja2
has been extensively studied. By yeast two-hybrid screening performed using
praja2 as a bait, I identified TBC1D31 as praja2 interactor. TBC1D31 is a protein
recently identified as a component of the centrosome and also of the ciliary
compartment, but its function was largely unknown (Gupta 2015). By Colp and
in vitro binding assays, I identified the aminoacidic residues 530-630 of praja2
as the binding site of TBC1D31. Moreover, I confirmed that the C-terminal
portion of TBC1D31 is responsible for direct binding to praja2.

I demonstrated that TBC1D31 and praja2 complex is localized at the
centrosome. TBC1D31 acts as an anchor for praja2 at the centrosome. The
centrosome plays a fundamental role in primary ciliogenesis. When cells exit the
mitotic cycle, the centrosome is rearranged in the basal body of cilia (Sanchez
2016). Accordingly, functional analysis demonstrated that TBC1D31 plays an
essential role in primary ciliogenesis. Praja2 is an AKAP that targets PKA at
specific cellular compartment, near its substrates, controlling cAMP signaling at
discrete intracellular compartments (Lignitto 2011). Hence, I found that PKA
was also present in the TBC1D31 complex. These findings suggest a role of
TBC1D31/praja2/PKA complex in primary ciliogenesis.

OFD1 was identified as a member of the TBC1D31 assembled complex. Within
the complex, OFD1 is phosphorylated by PKA at serine 735. Phosphorylation of
OFD1 was completely abrogated by praja2 silencing, confirming that praja2 acts
as an AKAP that locally facilitates OFD1 phosphorylation at the centrosome.
OFD1 phosphorylation was essential for its ubiquitylation by praja2. I identified

a centrosome-based transduction unit that controls PKA-mediated

62



phosphorylation of OFD1 and ubiquitylation by colocalized praja2. For the first
time, I report a regulation of OFD1 by the praja2-UPS system in response to
cAMP signaling. By removing OFD1, praja2 controls primary ciliogenesis. UPS
is involved in the dynamic regulation of primary cilia structure and function,
through the control of protein turnover of key ciliary elements involved both in
the assembly and disassembly of primary cilia (Hossain 2019). The cAMP-
mediated proteolysis of OFDI by praja2 induces cilia disassembly and
downregulation of signaling in the ciliary compartment.

The role of OFD1 in primary ciliogenesis is still debated. OFD1 is localized at
the centrosome and pericentriolar satellites, and it was identified as a ciliary
protein located at the basal body. Thus, mutations of OFD1 gene are responsible
of a ciliopathy known as Oro-Facial Digital syndrome (Ferrante 2001). The
removal of OFD1 portion located at pericentriolar satellites is essential for the
initial step of primary ciliogenesis. Pericentriolar OFD1 binds BBS4, a
component of the BBSome complex. BBSome is essential for the regulation of
the IFT complex and for the transport of ciliary membrane proteins in the ciliary
compartment; thus, mutations in BBSome components are associated with
Bardet-Biedel syndrome, one of the best-known ciliopathies (Wingfield 2017).
In growing conditions, OFDI retains BBS4, thereby inhibiting the onset of
primary cilia. Following serum deprivation, pericentriolar OFD1 is actively
removed by the autophagy machinery determining the release of BBS4 and the
formation of primary cilia (Tang 2013). Conversely, the portion of OFD1 located
at the centrosome is essential for primary ciliogenesis. Centriolar OFD1 is
involved in the formation of distal appendages. When cells exit the mitotic cycle,
distal appendages of the mother centriole are remodeled and transformed into
the basal body. OFDI is also involved in the recruitment of IFT88, a protein of
the intraflagellar transport system. According with the requirement of both distal
appendages and IFT88 for primary ciliogenesis, mutations of OFD1 inhibits

primary cilia formation. This evidence demonstrates that centrosomal OFDI is
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required for primary ciliogenesis. In fact, OFD1 knockout induced a marked
reduction of primary cilia (D’Angelo 2012; Ferrante 2009; Ferrante 2006).
cAMP signaling is involved in the regulation of primary cilia. Both catalytic and
regulatory subunits of PKA have been identified within the ciliary compartment.
Here, PKA activation tonically inhibits SHH pathway, inducing proteolysis of
gli proteins and accumulation gli repressors (Wang 2000). The identification of
the orphan receptor Gpr161 at the primary cilium provided a new link between
cAMP/PKA and primary cilia. Thus, Gpr161 act as an AKAP that localizes PKA
in the ciliary axoneme, controlling locally generated PKA signaling
(Mukhopadhyay 2013).

I showed that cAMP, through the regulation of OFD1, induces cilia resorption.
Thus, the stimulation of serum deprived cells with cAMP induces cilia
disassembly that is reversed by the expression of a phospho-deficient mutant of
OFD1. These findings are consistent with the role of cAMP in controlling cilium
dynamics. Thus, in serum deprived cells, the stimulation with cAMP induces
cilia resorption. This, at least in part, is due to the cAMP/PKA mediated
proteolysis of Nima-related kinases NEK10. NEK 10 has an essential role in cilia
formation; cAMP stimulation induces NEK10 ubiquitylation and proteolysis
mediated by the E3 ligases CHIP, inducing cilium disassembly (Porpora, 2018).
However, cAMP can also promote ciliogenesis. In serum supplemented
confluent cells, cAMP enhances the speed of anterograde flux, increasing cilium
length (Besschetnova 2010). The apparently opposite roles of cAMP in cilium
dynamics are related to different growth conditions that probably modify the
sensitivity of the ciliary compartment to cAMP. The different growth conditions
may, thus, shift the sensitivity of the system to cAMP and/or modulate the
dissemination of cAMP signals to the ciliary compartment. In this context,
nanobody-based optogenetic tools have revealed the spatial contribution of
cAMP signalling in cilium biology and dynamics. Thus, high cAMP levels
within the cilium increase the axonemal length, whereas accumulation of cAMP

within the cell body by membrane GPCR activation reduced cilium length.
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The phospho-deficient mutant of OFD1 (S735A) leads to generation of cilia with
altered morphology and fragmentations along the axoneme. Defects in cilium
morphology can alter the activation of SHH pathway. Thus, I found that the
expression of OFD1 S735A drastically abolished the transcription of gli2 mRNA
in SHH-stimulated cells. SHH signaling is strictly dependent on the IFT
machinery, that localizes components of the pathway in the ciliary compartment.
Accordingly, an altered structure of ciliary shape can determine an impairment
of the pathway (Huangfu 2003).

Another interesting aspect of my study is the finding that a ciliopathy-related
mutant OFD1 (E97G) was not degraded by cAMP stimulation. E97G 1is a
mutation located in the LisH domain that causes the Oro Facial Digital syndrome
(Macca 2009). The LisH domain is necessary for OFD1-mediated recruitment
of IFT88; thus, mutations in this domain have a major impact on primary
ciliogenesis (Singla 2010). The finding that E97G mutant of OFDI1 is resistant
to cAMP-mediated proteolysis, supports the hypothesis that cAMP-mediated
removal of OFD1 is an important mechanism for cilium biology.

The ciliary phenotype I observed in cells expressing OFD1 mutations was
confirmed also in Medaka fish, an animal model widely used to study processes
involved in vertebrate development. Knock-down of TBC1D31 in Medaka fish
alters the ciliogenesis and induces major developmental defects. Concomitant
overexpression of OFDI didn’t rescue the phenotype induced by TBC1D31
knockdown, possibly because TBCI1D31 depletion directly affects
praja2/PKA/OFD1 molecular network at centrosome. Phosphorylation of OFD1
has a crucial role in development of Medaka fish. Thus, OFD1 S735A
overexpression generates a dramatic phenotype, similar to that observed in the
TBCI1D31 knockdown fish. Co-expressing praja2 rm mutant and a phospho-
mimetic OFD1 mutant (S735D) rescued the ciliogenic defects and the
development of TBC1D31-knocked down Medaka fish embryos. This indicates
that TBC1D31 is essential to assemble the praja2/OFD1/PKA complex in which
OFD1 is phosphorylated by PKA and ubiquitylated and proteolyzed by praja2;
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these events are necessary to the normal dynamic of primary cilia and also for

the correct development.
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6. Conclusion

Here I described the identification of a centrosomal transduction unit regulated
by cAMP that is involved in primary ciliogenesis and development. TBC1D31
is a centrosomal protein that acts as a scaffold to assemble a multimeric complex
constituted by the ciliary protein OFD1, the E3 ubiquitin ligase praja2 and PKA.
In response to GPCRs stimulation, cAMP induces PKA-mediated
phosphorylation of OFDI1 that is coupled to its ubiquitylation and proteolysis by
praja2 within the same complex. The cAMP mediated regulation of this complex
is involved in the control of primary cilia dynamics. By controlling OFD1 levels,
this regulatory circuitry significantly impacts on cilium biology and
development, with important implications for genetic and proliferative

disorders.
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Figure 28. TBC1D31 assembled complex regulates ciliogenesis and signaling. GPCRs
stimulation activates adenylate cyclase that raises cAMP levels, that in turn activates PKA.
PKA phosphorylates OFD1 on the serine 735, promoting its ubiquitylation and proteolysis

by praja2. The reduction of OFD1 levels impacts on primary ciliogenesis and signaling.
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