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Abstract

The OFD1 protein is codified by the gene mutated in Oral facial digital syndrome
type I, a rare developmental disorder ascribed to the growing number of diseases
associated to cilia dysfunction. OFD1 encodes for a centrosomal/basal body protein
required for formation of primary cilia, sensory organelles present on the cell surface
of almost all mammalian cells. A cross talk between autophagy and primary cilia has
recently emerged. By using a variety of in vivo and in vitro approaches, |
demonstrated that, contrary to what shown for other cilioproteins, OFD1 depletion
results in autophagy enhancement and increased autophagosomes biogenesis. In
addition, the results obtained indicate that OFD1 acts by regulating the stability of
the ULK1 complex which plays a critical role in autophagy initiation. Loss of OFD1
impairs degradation of ULK1 complex components (e.g. ULK1 and ATG13) thus
promoting ULK1 kinase activity and enhancing autophagosome biogenesis. The
identification of LC3 interacting regions (LIR) in the OFD1 protein sequence suggest
that OFD1 may function as a selective autophagy receptor for ATG13 by mediating
ATG13 degradation through LC3 interaction.

One of the main features of ciliopathies, including OFD type | syndrome, is the
presence of renal cystic disease. Conditional renal inactivation of Atg7, an essential
gene for autophagy, caused a significant reduction in the number of cysts in mutant
kidneys of an Ofdl mouse model. In line with these observations, treatment with
chloroquine, an autophagy inhibitor already used in clinical practice, showed a
beneficial effect on the renal cystic phenotype observed in a murine Ofdl model,
suggesting that increased autophagy might be associated to renal cystogenesis.
The modulation of autophagy, alone or combined with other treatments, could

represent a therapeutic approach in renal cystic disease.



Introduction

1. Cilia: structure and biomedical relevance

1.1 Cilia and centrosomes

Over the past decades, cilia emerged as crucial organelles of growing biomedical
importance for many tissues. Cilia protrude as filiform organelles from the plasma
membrane of most vertebrate cell types (Satir and Christensen 2007). These
evolutionarily-conserved organelles can be classified into two main functional
groups: motile and non-motile cilia (also called primary cilia). Motile cilia are usually
present on a cell's surface in large numbers and beat in coordinated waves to
regulate fluid transport or cell motility. Motile cilia are present, for example, on the
respiratory epithelium, along the female reproductive tract and on ependymal cells
lining the ventricles of the brain (Stannard and O'Callaghan 2006). Conversely,
primary cilia usually localize one per cell and are predominantly sensory organelles
functioning as cells’ antenna. Primary cilia are widespread in the organism, they are
found on epithelial cells such as kidney tubules, bile ducts, endocrine pancreas,
thyroid but also on non-epithelial cells such as chondrocytes, fibroblasts,
smooth muscle cells, neurons, and Schwann cells (Singla and Reiter 2006).
Cilia consist of a microtubule-based cytoskeleton, the axoneme, composed of nine
peripheral microtubule doublets arranged around a central core that may or may not
contain a pair of singlet microtubules (9+2 or 9+0 pattern) (Fig. 1) (Satir and
Christensen 2007). Motile cilia display the central pair of microtubules (9+2) and a
complex motor machinery composed of dynein arms and radial spokes which
permits the mechanical movement of the cilium (Fig. 1) (Roy 2009). Nodal cilia,
localized at the embryonic node, are the unique motile cilia which lack the central
microtubules doublet. Primary cilia also lack the central microtubule doublet (9+0)
and the accessory motor machinery, in fact they do not actively move (Fig. 1) (Satir,

Pedersen et al. 2010). Microtubules of ciliary axoneme undergo several types of
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post-translational modifications, mainly acetylation and polyglutamylation of tubulin
to increase their stability (Janke and Kneussel 2010).

The ciliary axoneme is covered by a specialized membrane, the ciliary membrane,
which is continuous with the cell membrane but exhibits a distinct lipid and protein
composition (Rohatgi and Snell 2010). This is made possible by the presence of a
selective barrier at the base of the cilium: the transition zone, which controls the
trafficking of essential ciliary components and signalling molecules in the cilium (Fig.
1). The transition zone is characterized by Y-shaped links between the ciliary
membrane and the doublet microtubules of the axoneme (Fig. 1) (Czarnecki and
Shah 2012). At the distal end of the cilium there is the ciliary tip, another specialized
subdomain of the cilium. This subdomain can be dynamically remodelled: for
example, proteins involved in signal transduction, such as mediators of Hedgehog
(Hh) signaling, increase their localization to the ciliary tip in response to pathway
activation (Chen, Yue et al. 2011).

Cilia assembly and maintenance requires a dedicated protein shuttle, the intra-
flagellar transport (IFT) machinery, composed of two multiprotein complexes IFT-A
and IFT-B, responsible, respectively, for anterograde and retrograde transport of
cargoes along the axoneme (Fig. 1). The IFT particles and their associated cargo
proteins are transported along axonemal microtubules by kinesin 2 motor proteins
in the anterograde direction, and by cytoplasmic dynein 2 in the retrograde direction
(Lechtreck 2015). Cilia are highly dynamic organelles, they are assembled and
disassembled each time the cell divides. IFT mediates both assembly and resorption
of the cilium, and processing of signaling molecules. Perturbation of ciliary trafficking

by disruption of the IFT transport results in short or absent cilia (Lechtreck 2015).
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Figure 1. Ciliary structure.

The cilium is a membrane-bound organelle and contains nine outer doublet microtubules running
along its axoneme. The two central singlet microtubules are present only in motile cilia. At its point
of attachment to the cell, the axoneme connects with the basal body. The basal body is attached to
the ciliary membrane through transition fibers. Above transition fibers, the transition zone is
characterized by Y-shaped links connecting the axoneme to the ciliary membrane (Wei, Ling et al.
2015).

At the base of the axoneme, under the cell surface, is located the basal body, a
structure derived from the mother centriole of the centrosome. The basal body
contains a ring of nine microtubule triplets which represent the nucleation site for
cilia growth (Fig. 1). The microtubule triplets protrude from the basal body to the
transition zone and then they extend as doublets to form the ciliary axoneme. In
quiescent cells, the mother centriole migrates to the apical surface of the cell and
matures into the basal body, then it is tethered to the base of ciliary membrane by
the distal appendages, also known as transition fibers (Fig. 1) (Kim and Dynlacht
2013). Once the basal body is docked, the axoneme begins to be assembled,
incorporating tubulin at the distal end. Cilia typically form during G1 or GO phases
and disassemble during cell division. This cycle does not occur in multi-ciliated cells,

which are terminally differentiated and do not undergo division. Typically, the length
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of cilia and the percent of ciliated cells in a population of cells are increased in
quiescent rather than cycling cells. In fact, serum starvation is a method widely used
to promote cilia formation. Other stimuli which influence ciliogenesis are cell
confluence, fluid flow and cell spreading (Plotnikova, Pugacheva et al. 2009, Pitaval,
Tseng et al. 2010, Orhon, Dupont et al. 2016). Likewise, cilia are able to influence
cell cycle progression, as it has been observed that loss of cilia is commonly
associated with increased cell proliferation and loss of cell polarity, two features
related to tumorigenesis (Izawa, Goto et al. 2015).

As stated above, primary cilia act as cell’s antenna with a sensory role. A variety of
receptors, ion channels and transporter proteins localize to cilia and allow the cell
to sense and to respond to various external stimuli (Fig. 2) (Satir, Pedersen et al.
2010). Primary cilia are able to sense chemical signals, mechanical stress (Nauli,
Alenghat et al. 2003), light and temperature (Prodromou, Thompson et al. 2012,
Yildiz and Khanna 2012), depending on the cell type. Primary cilia transduce these
signals to multiple cellular processes, such as proliferation, differentiation,
migration, etc. (Fig. 2) (Clement, Kristensen et al. 2009, Plotnikova, Pugacheva et
al. 2009, Christensen, Veland et al. 2013). Signaling pathways associated to primary
cilia include the Sonic-Hedgehog (Shh) pathway (Goetz and Anderson 2010), the
Wingless/Integrated (Wnt) pathway (Jackson 2018), the Platelet-derived growth
factor (PDGF) signaling (Goetz and Anderson 2010), the Planar-cell-polarity (PCP)
signaling (Jones and Chen 2008), the calcium signaling (Lee, Guevarra et al. 2015),
the cyclic adenosine monophosphate (cCAMP) signaling (Ye, Wang et al. 2017) and

the mammalian target of rapamycin (MTOR) signaling (Boehlke, Kotsis et al. 2010)

(Fig. 2).
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Figure 2. Ciliary signaling.

The primary cilium acts as an antenna for the cell and several important pathways are transduced
through it. The cilium is an essential organelle regulating key developmental pathways such as Sonic
Hedgehog (Shh) and Wnt (planar cell polarity (PCP) pathways. Cilia participate also to the regulation
of intracellular Ca2+ level, through its mechano-sensation capacity (Irigoin and Badano 2011).

As stated above the basal body derives from the mother centriole which is the older
centriole present in the centrosome. The centrosome is a complex organelle that
functions as the major microtubule-organizing center (MTOC) in animal cells. It is
composed of mother and daughter centrioles arranged in orthogonal configuration,
surrounded by an electron-dense area called pericentriolar material (PCM) (Fig. 3).
Centrioles are cylindrical structures composed of nine microtubule triplets

symmetrically arranged around a central core (Fig. 3) (Nigg and Stearns 2011).

14



Mother centriole
Distal appendages
Subdistal appendages

Pericentriolar material

/\.~
\ ~—Proximal ends

Interconnecting fibers

Distal ends

Microtubule triplet
Daughter centriole

Figure 3. Centrosomes structure.
Centrosomes are composed of two perpendicular centrioles, mother and daughter, linked together
by interconnecting fibres. Centrioles are surrounded by an amorphous pericentriolar matrix which
contain also the centriolar satellites. Contrary to the daughter centriole, the mother centriole
possesses the distal and subdistal appendages necessary for cilia assembly. Modified from
(Wikipedia 2018).
The PCM is a scaffold for anchoring of numerous proteins required for microtubule
nucleation, primary cilia formation and other cellular processes (Lopes, Prosser et
al. 2011). In addition to these structures, some electron-dense spherical granules
have been identified around the centrosome. These granules have been termed
centriolar satellites and are marked by the pericentriolar material 1 protein (PCM1).
The centriolar satellites function as shuttles that transport components from the
cytoplasm to the centrosome and vice versa (Lopes, Prosser et al. 2011).
During the cell division cycle, a new centriole grows at the proximal end of both
centrioles, then each pair segregate in new formed cells (Plotnikova, Pugacheva et
al. 2009). Each daughter cell inherits two centrioles: one centriole derives from the
mother cell and the other is replicated from the mother centriole during the cell cycle.
Centrosome duplication is strictly regulated by cell cycle control, the dysregulation

of centrosome number is implicated in chromosomal instability and carcinogenesis

(Nigg and Stearns 2011).
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Centrosomes function as centres for integration of different signalling pathways
which regulate cell cycle progression, cell polarity, migration and mitosis (Arquint,
Gabryjonczyk et al. 2014). The PCM contains many proteins with coiled-coil
domains which represent a scaffold for different signaling proteins (Arquint,
Gabryjonczyk et al. 2014). Many kinases and phosphatases, such as the cAMP-
dependent kinases and DNA damage response proteins, have been associated with
centrosomes (Mayor, Meraldi et al. 1999). Recent observations suggest that
centrosomes are sites for accumulation of proteasome substrates. The proteasome
is present in a functional and activated form at the centrosome and is responsible
for degradation of several centrosome-associated proteins (Vora and Phillips 2016).
The number of centrioles is tightly regulated by the amounts of centrosomal proteins
mainly through the ubiquitin proteasome degradation system (Wojcik, Glover et al.

2000).

1.2 Ciliopathies

Cilia dysfunction is associated to numerous human genetic disorders known as
ciliopathies. Genes mutated in ciliopathies codify for proteins located at cilia or basal
bodies (Waters and Beales 2011). However, also proteins that do not specifically
localize to cilia may influence ciliary functions and cause ciliopathies. For example,
the X-prolyl aminopeptidase 3 (XPNPEP3) protein localizes to mitochondria, but
mutations in its gene are associated with nephronophthisis-like phenotype (O’'Toole,
Liu et al. 2010). In addition, in vivo analyses revealed a likely cilia-related function;
suppression of zebrafish xpnpep3 phenocopied the developmental phenotypes of
ciliopathy morphants and, consistent with a role for XPNPEP3 in ciliary function,
several ciliary cystogenic proteins were found to be XPNPEP3 substrates (O’'Toole,
Liu et al. 2010). Ciliopathies can be caused by impaired cilium formation,

maintenance, or function, abrogation of ciliary signaling molecules, or trafficking
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defects from and to the cilia. Compromised cilium formation or function often result
in ciliopathies characterized by developmental abnormalities including skeletal
anomalies, abnormalities of the central nervous system, organ laterality defects,
retinal dystrophies and so on (Fig. 4) (Cardenas-Rodriguez and Badano 2009). Due
to the role of cilia in signal transduction, ciliary signaling is essential for normal
development; for example deregulation of ciliary Hedgehog signalling due to cilia
abnormalities or disruption of the IFT machinery is associated with skeletal
abnormalities (e.g. polydactyly) and neural tube defects (Murdoch and Copp 2010,
Noda, Kitami et al. 2016). However, the relationship between ciliary genes and
phenotypes is complex. Many clinical features of ciliopathies still do not have a
precise molecular cause and could be multifactorial. In some cases, mutations in
the same gene can result in different ciliopathies with no, or limited, phenotypic
overlap and this can be explained by the presence of protein isoforms with different
function or expression (Reiter and Leroux 2017).

We can distinguish between ciliopathies caused by dysfunction of motile cilia (motile
ciliopathies) and non-motile cilia (sensory ciliopathies) (Fig. 4). Primary ciliary
dyskinesia (PCD) is the most classical example of motile ciliopathy and is
characterized by respiratory problems, infertility and situs inversus (left—right
patterning anomaly) (Praveen, Davis et al. 2015). Defects in primary cilia lead to
different physiological and developmental anomalies which include rare conditions
such as: Bardet-Biedl (Hernandez-Hernandez, Pravincumar et al. 2013), Joubert
(Doherty 2009), Meckel-Gruber (Barker, Thomas et al. 2014) and Oral-facial-digital
type | syndrome (Ferrante, Zullo et al. 2006), Retinitis pigmentosa (Di Gioia,
Letteboer et al. 2012), Nephronophthisis (Hildebrandt, Attanasio et al. 2009), and
more common disorders such as the autosomal dominant and recessive forms of
Polycystic kidney disease (ADPKD and ARPKD, respectively) (Ward, Yuan et al.

2003, Lee and Somlo 2014). In particular, Polycystic kidney disease is the
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commonest monogenic kidney disease, with a prevalence of 1/500 to 1/1000 and
the commonest hereditary cause of end stage renal failure (Ong and Sandford
2016). Ciliopathies share some clinical manifestations, such as cystic disease of
kidneys, ovary and liver, retinal degeneration, obesity, defects of the central nervous
system, abnormal bone growth, laterality defects and skeletal abnormalities (Fig. 4)
(Waters and Beales 2011). The symptoms display different degrees of clinical
severity, as the disease is more severe when the cilia architecture is compromised.
Additionally, genetic modifiers can influence the clinical manifestation of ciliopathies,
partially explaining their pleiotropy (Waters and Beales 2011). The number of
reported ciliopathies is rapidly increasing, as well as the number of candidate

ciliopathy-associated genes.
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Nature Reviews | Molecular Cell Biology
Figure 4. Organs affected in human ciliopathies.
Ciliopathies are different human diseases resulting from cilia dysfunction. Most ciliopathies have
overlapping clinical features in multiple organs. Sensory ciliopathies show more mixed features in
several vital organs, including the brain, kidney, liver, the eye and digits (Reiter and Leroux 2017).
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Among the many clinical features of sensory ciliopathies, a major hallmark is renal
cystic disease (Avasthi, Maser et al. 2017). Ciliary dysfunction may represent a
common etiological event for renal cystogenesis, however it is not entirely clear how
aberrant and/or malfunctioning cilia promotes the disease. Many cellular processes
such as: cell dedifferentiation, increased cell proliferation, loss of cell polarity,
increased fluid secretion, high intracellular cAMP levels and low intracellular calcium
are deregulated in renal cystogenesis, (Winyard and Jenkins 2011). ADPKD is the
commonest monogenic kidney disease, with a prevalence of 1/500 to 1/1000 and
the commonest hereditary cause of end stage renal failure (Ong and Sandford
2016). It is the caused by mutations in PKD1 and PKD2, which codify respectively
for polycystin-1 (PC1) and polycystin-2 (PC2), two transmembrane proteins, which
form a receptor-channel complex at primary cilia (Lee and Somlo 2014). Cysts
appear like fluid-filled spherical structure lined by a single layer of tubular cells. They
can originate from every segment of the nephron, although are usually more
commonly observed in collecting ducts, then close off from the nephron and become
separated (Verani and Silva 1988). Renal cysts then continue to enlarge by
increased cell proliferation, fluid secretion and changes of the extracellular matrix.
Cysts progressively grow leading to a massive enlargement of kidneys and
replacement of the normal parenchyma ultimately leading to end stage renal failure
which eventually requires dialysis and/or renal transplantation (Harris and Torres
2009). Our understanding of PKD basic disease mechanisms have led to the
identification of novel or re-purposed drugs that target key signaling pathways
involved in renal cysts growth. So far, PKD clinical trials performed with rapamycin
analogues, which are inhibitors of the mTOR pathway, gave disappointing results

and other clinical trial are ongoing.
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1.3 The oral facial digital type | syndrome

The oral facial digital type | (OFDI) syndrome is an X-linked dominant disorder which
belongs to the heterogeneous group of developmental disorders known as Oral
facial digital (OFD) syndromes which affect the mouth, the face and the digits. Most
forms are associated with brain abnormalities and intellectual disability, while the
other clinical features help distinguish the different types of the disorder (Franco and
Thauvin-Robinet 2016, Bruel, Franco et al. 2017). OFD type I, the most common
type, occurs between in 1:50000 and 1:250.000 live births, and is transmitted as an
X-linked dominant trait with male lethality (Macca and Franco 2009). Almost all
individuals with OFDI are female, however exceptional cases of affected males have
been described (Thauvin-Robinet, Thomas et al. 2013, Wentzensen, Johnston et al.
2016). The majority of cases (~75 %) represent sporadic, de novo mutations
although pedigrees with the typical X-linked dominant inheritance can be observed
thus clarifying the diagnosis of the disease. Female patients present anomalies of
the face, oral cavity, and digits with high phenotypic variability even within the same
family (Fig. 5) (Prattichizzo, Macca et al. 2008). Dysmorphic features affecting the
head and face include facial asymmetry, hypertelorism, micrognathia, broadened
nasal ridge, hypoplasia of the malar bone and of the nasal cartilage, and frontal
bossing (Fig. 5). The digital abnormalities, which affect prevalently the hands,
include syndactyly, brachydactyly, clinodactyly, unilateral duplication of the hallux
and more rarely, polydactyly (Fig. 5) (Ferrante, Feather et al. 2001, Thauvin-
Robinet, Cossée et al. 2006, Bisschoff, Zeschnigk et al. 2013). Central nervous
system malformations also are relatively common (~65%) and comprise a variable
spectrum of defects, including agenesis of the corpus callosum, intracerebral single
or multiple epithelial or arachnoid cysts and porencephaly, heterotopia of grey

matter, cerebellar malformations, abnormal gyrations, and microcephaly. Half of

20



individuals with OFD type | have some degree of intellectual deficit or learning

disability (Del Giudice, Macca et al. 2014).

N\t |
Figure 5. Clinical signs of OFDI syndrome.
(A) Peculiar face of an OFD type | patient and tooth abnormalities, (B) cleft palate, (C) tongue
abnormalities (lobulated tongue), (D) clinodactyly, (E and F) Brachydactyly of the feet, (G) Cystic
kidney, (H) Hallux duplication, (I) Brachydactyly and syndactyly observed in upper limbs. Modified
from (Toprak, Uzum et al. 2006, Macca and Franco 2009)

These clinical features overlap with those reported in the other forms of OFD
syndromes, however OFDI can be easily distinguished for the presence of the renal
cystic disease and in familiar cases for the typical pattern of inheritance (Fig. 5)
(Feather, Winyard et al. 1997). The renal impairment can be present at birth or
develops later on, with reports of patients in which the renal involvement completely
dominates the clinical course of the disease (Feather, Woolf et al. 1997). The overall
incidence of renal cystic disease in this condition is around 40%, however, it is more
frequently observed (60%) in cases >18 years (Prattichizzo, Macca et al. 2008).
Histochemical analysis showed that most of the cysts have a glomerular origin, and
only a small percentage are derived from renal tubules (Feather, Winyard et al.
1997). Moreover, pancreatic, ovarian and liver cysts have also been described in
OFDI patients (Kennedy, Hashida et al. 1991).

OFDI syndrome is caused by mutations in the OFD1 gene, which was identified
through a positional candidate gene approach in 2001 (Ferrante, Feather et al.

2001). OFD1 has 23 exons and is located on a region of the X chromosome where
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transcripts frequently escape X-chromosome inactivation. Skewed X-inactivation
may play a role in the extensive clinical variability observed in the disease (Morleo
and Franco 2008). To date, more than 120 different mutations have been identified,
the majority (58%) are small insertions or deletions resulting in frameshifts, with
missense and nonsense mutations accounting for only 23% of cases. Interestingly,
most mutations are in the first part of the gene (exons 3, 8, 9, 13), no mutations
were identified beyond exon 17. This highlights the functional importance of the N-
terminal region of the protein, which is also the most conserved part of the protein
among homolog vertebrates (Thauvin-Robinet, Cossée et al. 2006, Prattichizzo,
Macca et al. 2008). Mutations in the OFD1 transcript have been reported also in
Joubert syndrome, Simpson—Golabi-Behmel syndrome type 2 and Retinitis
Pigmentosa (Budny, Chen et al. 2006, Webb, Parfitt et al. 2012, Wentzensen,
Johnston et al. 2016) thus highlighting the complexity of ciliopathies and of
cilioproteins function and regulation.

The OFDL1 transcript is expressed in all tissues affected by the disorder from early
stages of development to adulthood. In particular, it is highly expressed during
human organogenesis in the metanephros, gonads, brain, tongue, and limbs, and
at lower levels in pancreas, kidneys, skeletal muscle, liver, lung, placenta, brain, and
heart and maintain an abundant and almost ubiquitous expression in adult tissues

(de Conciliis, Marchitiello et al. 1998, Ferrante, Feather et al. 2001).

2. The OFDL1 protein

2.1 Localization and functional studies

OFD1 encodes for a 1012 amino acids protein, named OFD1 displaying five
predicted coiled-coil motifs and a LIS1 homology domain (LisH) (de Conciliis,
Marchitiello et al. 1998). A coiled coil domain is a structural motif in in which 2 or

more alpha-helices are coiled together, this is a highly versatile folding motif
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necessary for oligomerization or scaffold large macromolecular complexes
(Truebestein and Leonard 2016). The LisH domain is located in N-terminal region
of OFD1, its disruption leads to a reduced protein half-life (Gerlitz, Darhin et al.
2005). Interestingly, many missense mutations fall within the LisH domain (Macca
and Franco 2009). The function of the LisH domain has not been completely clarified
although it has been reported to be involved in microtubules dynamics, chromosome
segregation and cell migration (Emes and Ponting 2001).

OFDL1 is a centrosomal/basal body protein, it is associated with the distal ends of
the centrioles and the pericentriolar material, as different studies have demonstrated
that colocalizes with y-Tubulin and PCM1 (Fig. 6) (Romio, Fry et al. 2004, Giorgio,
Alfieri et al. 2007). The centrosomal localization is dependent on the coiled coil
domains of OFD1, which are frequently missing in OFDI patients. Previous studies
have demonstrated that the LisH domain is not required for centrosomal localization
of the protein (Romio, Fry et al. 2004). In post-mitotic ciliated cells OFD1 localizes
at the basal body of primary cilia (Fig. 6) (Romio, Fry et al. 2004). Moreover, cell
biology studies demonstrated that OFD1 is necessary for distal appendages’
formation and centrosomal recruitment of IFT88, two processes essential for cilia
formation. Indeed, mutations of the OFDL1 protein result in centriole length defects
and impaired ciliogenesis (Singla, Romaguera-Ros et al. 2010). In particular,
mutations in the LisH domain blocks ciliogenesis, whereas carboxy-terminal
mutations cause decreased ciliogenesis (Singla, Romaguera-Ros et al. 2010).
OFD1 localizes not only to centrosomes and basal bodies, but also to centriolar
satellites. Immunofluorescence analysis demonstrated that OFD1 colocalizes with
a key centriolar satellite component, PCM1. Moreover, biochemical analysis
demonstrated that PCM1 binds to OFD1, and that the coiled coil domains of OFD1
are crucial for this interaction (Lopes, Prosser et al. 2011). The pool of OFD1

localized at centriolar satellites (Fig. 6) has an opposite role on ciliogenesis as it has
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been demonstrated that the selective degradation of OFDL1 in this specific location
promotes primary cilia formation (Tang, Lin et al. 2013). Thus, while the pool of
OFD1 at centrioles is essential for ciliogenesis, that associated with centriolar

satellites inhibits this process.

A B

OFD1  Acet. tubulin Merge

OFD1 y-tubulin Merge

Acet. Tubulin

OFD1 PCM-1 Merge

+ Tubulin

Figure 6. Subcellular localization of the endogenous OFDL1 protein.

(A) Staining with OFD1 and Acetylated tubulin to detect cilia and y-Tubulin to detect centrosomes,
respectively. Modified from (Giorgio, Alfieri et al. 2007). (B) Staining with OFD1 and Acetylated
tubulin to detect cilia, y-Tubulin to detect centrosomes and PCML1 to detect pericentriolar material.
Modified from (Lopes, Prosser et al. 2011).

OFD1 and Polycystins form a protein complex with EGFR and flotillins in primary
cilia of odontoblasts and renal epithelial cells. This complex constitutes a ciliary
signaling microdomain. When one of these proteins is mutated the stability of the
entire ciliary signaling complex changes, for example the presence of a mutated
form of Polycystin 1 (PC1) causes reduction of OFD1 and other key signaling
proteins in primary cilia (Jerman, Ward et al. 2014).

Furthermore, previous studies also demonstrated that OFD1 displays a nuclear
localization (Fig. 6) and interacts with RuvBlI1, a protein belonging to the AAA* family
of ATPase. In addition, OFD1 can dimerize through coiled coil domains and together
with RuvBI1 interacts with subunits of the TIP60 histone acetyltransferase complex

(Giorgio, Alfieri et al. 2007). This protein complex regulates transcription and cell
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cycle progression, as well as the process of DNA repair and apoptosis (Doyon and
Cote 2004).

In a recent work, produced in the laboratory where | performed my PhD training, the
analysis of the OFD1 interactome revealed interesting findings about this protein.
Some of the putative interactors were found to be involved in expected functions
such as cilia assembly, cytoskeleton organization and chromatin remodelling, in line
with previous observations (laconis, Monti et al. 2017). Other interactors were found
to be associated to protein synthesis. Indeed, in the same laboratory it was
demonstrated that OFD1 interacts with components of the Preinitiation complex of
translation and of the eukaryotic Initiation Factor (elF)4F complex and that OFD1
modulates the translation of specific MRNA targets in the kidney. The results
suggest a possible role for the centrosome in protein synthesis regulation (laconis,

Monti et al. 2017).

2.2 Animal models

During the past 10 years in the laboratory of Prof. Franco where | did my PhD
training a number of constitutional and conditional animal models have been created
to better analyse and understand the pathogenetic mechanisms underlying OFDI
syndrome. A murine animal model for this condition was generated using a Cre-loxP
system (Nagy 2000, Ferrante, Zullo et al. 2006). Cre-mediated excision of exons 4
and 5 of Ofd1 led to production of an aberrant mMRNA encoding a truncated protein.
Ubiquitous Ofd1 inactivation obtained by crossing the Ofd1 floxed line (Ofd1™) with
a transgenic line ubiquitously expressing the Cre from the 4 cells stage (pCX-NLS-
Cre mice) thus from early stages of development causes male embryonic lethality,
while female mice died at birth (Ferrante, Zullo et al. 2006). Heterozygous females
(Ofd1*-;pCX-NLS-Cre) reproduced the main features of the human disease, albeit

with increased severity, probably due to differences between the X-inactivation
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patterns observed between humans and mice (Ferrante, Barra et al. 2003, Morleo
and Franco 2008). Heterozygous females were smaller than wild-type and showed
craniofacial and limb abnormalities, including a severe cleft palate, which is the likely
cause of the observed perinatal lethality in female mutants. Many other clinical
features typical of ciliopathies were observed, such as: skeletal defects,
disorganization of the brain, reduction of the lungs, defects in the great vessels and
cystic kidney. Renal cysts have a glomerular origin in this model and cells lining the
cysts do not display primary cilia. Conversely, cilia are present in non-cystic
glomeruli and in normal tubules adjacent to the cysts, probably due to random X
inactivation. The renal phenotype in these mutants is highly penetrant and 100% of
females presented renal cystic disease which could not be further studied to to the
perinatal lethality observed in female mice (Ferrante, Zullo et al. 2006). As stated
above, the phenotype is more severe in male mutants and hemizygous knock-out
(KO) males die by embryonic day (E) 12.5 for early developmental defects which
affect neural tube, heart and left-right axis specification. Cilia were not present in the
embryonic node of male embryos, confirming that absence of the OFD1 protein
prevents assembly of primary cilia which is essential for normal development
(Ferrante, Zullo et al. 2006).

Similar to other ciliopathies, OFD type | syndrome is characterized by the presence
of neurological abnormalities (Waters and Beales 2011). Experimental evidence
obtained by studying the Ofd1*-;pCX-NLS-Cre demonstrated that Ofd1l plays a
crucial role in forebrain development, and in particular, in the control of dorso-ventral
patterning and early corticogenesis. In Ofdl mutant male embryos, lack of cilia
causes deregulation of the SHH pathway, a major pathway involved in brain
development. Defects in cytoskeletal organization and apical-basal polarity in Ofd1l
mutant embryos lead to severe patterning and growth defects (D'Angelo, De Angelis

et al. 2012).
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Another mouse model with Ofdl limb-specific inactivation was generated to
understand the role of Ofdl in development. Ofd1 limb-specific inactivation resulted
in polydactyly and shortened long bones, with progressive loss of Shh signal
transduction and cilia malformation (Bimonte, De Angelis et al. 2011).

To study the role of Ofd1 in the renal cystic disease, a conditional model in which
Ofd1 is specifically inactivated in the kidney was generated (Zullo, laconis et al.
2010). Ofd1l floxed mice were crossed with the CreXs? mice, in which the Cre
recombinase is expressed, starting from E15.5, predominantly in the medullary
portion of the kidney. Renal inactivation of Ofd1 leads to viable mice that develop
cysts of tubular origin starting from postnatal day (P) 14 (Fig. 7). Cysts became
progressively larger and more numerous leading to a severe impairment of the renal
function at P28 (Fig. 7). By the stage of P90 mice are sacrificed since their condition
is not compatible with life. Primary cilia initially form and then disappear after the
development of cysts, suggesting that the absence of primary cilia is a consequence
rather than a cause of renal cystic disease. The kidneys of Ofd1™;creXs®? mutants
showed upregulation of the mTOR pathway, similarly to what observed in other
models of polycystic kidney disease. Treatment with rapamycin, a specific inhibitor
of the mTOR pathway, resulted in a significant reduction in the number and size of
renal cysts (Zullo, laconis et al. 2010). mTOR represents a potentially interesting
therapeutic target for cystic renal disease (Torres, Boletta et al. 2010), however
different clinical trials with mTOR inhibitors have so far failed to be effective in clinical
trials of PKD patients (Serra, Poster et al. 2010). In some cases mMTOR inhibition
slowed the increase in total kidney volume of patients but did not slow down the

progression of renal impairment (Walz, Budde et al. 2010).
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Figure 7. Characterization of Ofd1";Cres* mutant animals.
(A) Gross appearance of kidneys from mice at P70. (B) Haematoxylin/eosin staining of kidneys
sections from Ofd1";creks? mutants at different stages. At P7, no cysts are visible. Dilated tubules
appeared at P14 and cysts (black arrows), rapidly increased in size and number. (C) Glomerular
Filtration Rate (GFR) at different stages showed reduced renal function in kidneys from mutant males
and females compared with control littermates. (Zullo, laconis et al. 2010)

Finally, an additional conditional null mouse model (Ofd1-IND) containing the Ofd1
floxed alleles and the tamoxifen-inducible Cre-recombinase expressed from the
actin promoter (CAGG-creER™) has been generated (D'Angelo, De Angelis et al.
2012, laconis, Monti et al. 2017). In this model the activation of the Cre is achieved
through tamoxifen administration at later stages to bypass the early stages of
development during which the action of normally functioning cilia is required and to
avoid the early male lethality and the perinatal lethality observed in female mutants.
In this model efficient ubiquitous deletion of Ofdl is induced just before birth by
injecting pregnant mothers at E18.5. The tamoxifen injection strongly downregulates
Ofd1 at PO (80%). Interestingly, Ofd1-IND mice (both males and females) are viable
30 days after injection. These mutant mice (both males and females) show renal
tubules dilation at P10, while at P18 the majority of the renal parenchyma is replaced
by cysts. Similarly to Ofd1f;creks® model, an hyperactivation of the mTORC1

pathway in kidney is present starting from P10 (laconis, Monti et al. 2017).
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3. Autophagy

3.1 The role of autophagy

The term “autophagy” derives from the Greek meaning “self-eating”, it is a cellular
catabolic process which degrades intracellular components, such as soluble
proteins, aggregated proteins, organelles, macromolecular complexes, and
infectious agents (Mizushima 2005). Autophagy delivers cytoplasmic contents to
lysosomes via double-membrane organelles called autophagosomes. Following
fusion with the lysosomes, the contents of the autophagosome are degraded by the
lysosomal proteases. The primordial function of autophagy, which is conserved from
yeast to humans, is to protect cells during starvation conditions (Moreau, Luo et al.
2010). Cells, through autophagy, degrade macromolecules into their building
blocks, which can be used for protein synthesis and ATP energy production. Nutrient
depletion in mice upregulate autophagy in almost all tissues with different degrees
of intensity (Mizushima, Yamamoto et al. 2004). In the early neonatal period,
neonates face severe starvation due to sudden termination of the placental nutrient
supply. Autophagy is transiently upregulated in this period to protect neonates from
nutrient deprivation (Kuma, Hatano et al. 2004).

Many studies have clearly demonstrated that the role of autophagy is not restricted
to the response to starvation. Autophagy occurs constitutively at low levels even
under normal growth conditions as quality control (Moreau, Luo et al. 2010). The
most direct evidence is the accumulation of abnormal proteins and damaged
organelles in autophagy-deficient cells (Komatsu, Waguri et al. 2005). Organelles
such as peroxisomes, endoplasmic reticulum and ribosomes can be selectively
degraded by autophagy. The turn-over of these organelles is fundamental to
maintain cellular homeostasis. Damaged and dysfunctional mitochondria are
removed by autophagy to protect cells form radical oxygen species. This selective

mitochondrial autophagy is called mitophagy, and plays an important role in aging,
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cancer and neurodegenerative diseases (Moreau, Luo et al. 2010). Moreover,
mitophagy is also important to regulate the number of mitochondria to match
metabolic demand. In most mammals, mature red blood cells lack mitochondria, and
this is achieved by mitophagy during maturation of immature red blood cells.
Diverse neurodegenerative diseases, such as Parkinson, Alzheimer and
Huntington, are characterized by protein inclusions and mitochondrial dysfunction
which lead to cell death in neuronal tissues. Autophagy plays an important role in
clearance of protein aggregates and damaged mitochondria to prevent these
diseases (Ravikumar, Duden et al. 2002, Mizushima 2005). Genes associated with
neurodegenerative diseases have been implicated in different steps of the
autophagic process. For example, the mutant form of huntingtin, responsible for the
Huntington disease, impairs through autophagosomes efficient cargo recognition
(Rui, Xu et al. 2015). Moreover, two essential genes for mitophagy, encoding for the
kinase PINK1 and the cytosolic E3 ubiquitin ligase parkin, are mutated in inherited
forms of Parkinson’s disease (Cookson 2012). Autophagic clearance of protein
aggregates is also fundamental in other cell types, such as hepatocytes and
cardiomyocytes (Nakai, Yamaguchi et al. 2007, Rautou, Mansouri et al. 2010)
Another important role of autophagy is the clearance of pathogens like viruses and
bacteria in cells of the immune system. Recent studies also indicate that autophagy
participates in the activation of innate and adaptive immunity (Levine and Deretic
2007).

Several studies showed a link between autophagy and cancer. The role of
autophagy in tumour formation and progression is controversial. Autophagy defects
are associated with increased tumorigenesis, but the mechanisms behind this has
not been determined yet. Nevertheless, loss of the essential autophagy gene
Beclinl (BECNL1) is found with high frequency in human cancers (Gong, Bauvy et

al. 2012) and loss of autophagy induces genomic instability and necrosis with
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inflammation in mouse tumour models (Karantza-Wadsworth, Patel et al. 2007).
Conversely, in some cases autophagy helps cancer cells to maintain homeostasis
and viability during periods of metabolic stress (Lu, Luo et al. 2008).

As stated above, the autophagy is mainly considered a protective mechanism
required for cell survival, however excessive activation of this process can lead to
cell death (Shi, Weng et al. 2012). Extensive autophagy is commonly observed in
dying cells, leading to its classification as an alternative form of programmed cell
death. Autophagic cell death is notable for the presence of autophagic vacuoles in
the dying cell (Debnath, Baehrecke et al. 2005). The excessive activation of
autophagy may increase the amount of cargo randomly sequestered by
autophagosomes and the loss of selectivity leads to a complete self-digestion of the

cell (Wong and Cuervo 2010).

3.2 The autophagic machinery

The identification of the genes involved in autophagy mainly comes from studies in
yeast. Most of these autophagy related genes (Atg) have orthologs in mammals with
similar functions, revealing conservation of the autophagic machinery across
species (Mizushima 2007). The most characteristic feature of the autophagic
process is the formation of double-membraned vesicles known as
autophagosomes, which correspond to the mature form of phagophores. The
phagophore or isolation membrane is a cup-shaped double-membrane whose
edges extend and fuse, trapping the engulfed cytosolic material as autophagic cargo
(Fig. 8) (Mizushima 2007). Phagophores nucleate at endoplasmic reticulum (ER)
membrane sub-domains termed “omegasomes” that are phosphatidylinositol-3-
phosphate (PI13P) rich and marked with the DFCP1 and WIPI2 proteins (Fig. 8) (Axe,
Walker et al. 2008). However, ER-mitochondria and ER-plasma membrane contact

sites as well as other organelles, such as the Golgi complex and the plasma
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membrane were described as sites for phagophore formation (Hamasaki, Furuta et
al. 2013, Abada and Elazar 2014, Nascimbeni, Giordano et al. 2017).

The synthesis of PI3P by the vacuolar protein sorting 34 (VPS34), a class lli
phosphatidylinositol 3-kinase (PI3K), is critical for initial steps of autophagosome
biogenesis (Fig. 8). VPS34 forms a core complex with its regulator, p150 and its
accessory protein BECLIN1. BECLIN1 forms the scaffold for recruitment of
additional proteins, such as ATG14L (yeast Atgl4 ortholog) or UV irradiation
resistance-associated gene (UVRAG). The binding of UVRAG and ATG14L to the
core complex is mutually exclusive (ltakura, Kishi et al. 2008). In particular, ATG14L
is responsible for recruitment of the PI3K class Ill complex on the ER membrane
and nucleation of the phagophore (Matsunaga, Morita et al. 2010), while UVRAG is
involved in the autophagosome maturation (Kim, Jung et al. 2015). The formation
of PI3P at phagophore formation sites enables recruitment of PI3P-binding proteins
WIPI2 and DFCP1, belonging to the WIPI family, and consequently allows the
recruitment of the ATG12-ATG5-ATG16L complex (Fig. 8) (Dooley, Razi et al.
2014).

Subsequently, two conjugation systems involving ubiquitin-like (UBL) proteins
contribute to expansion of the phagophore (Fig. 8). The first UBL protein conjugation
system involves the formation of the ATG12-ATG5-ATG16L complex. Sequential
reactions catalysed by the E1 enzyme ATG7 and the E2 enzyme ATG10 conjugate
ATG12 to the lysine residue in ATGS5, and the resulting ATG12-ATG5 conjugate
forms a complex with ATG16L that associates with the extending phagophore
(Ohsumi and Mizushima 2004). Once the autophagosome is formed, the ATG5-
ATG12-ATG16L complex dissociates from the membrane. The second UBL protein
conjugation system involves the modification of Atg8 orthologs: the microtubule-
associated protein light chain 3 (LC3) and the gamma-aminobutyric acid receptor-

associated protein (GABARAP). LC3 is cleaved by cysteine protease ATG4 and
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then conjugated with phospholipid phosphatidylethanolamine (PE) by ATG7 and
ATG3, a second E2-like enzyme (Ichimura, Kirisako et al. 2000). At this point LC3
is present in its lapidated form (LC3-Il) which associates with newly forming
autophagosome membranes and remains on mature autophagosomes until its
fusion with lysosomes. Atg8-family proteins are the best-studied proteins of the core
autophagic machinery. They are essential for elongation and closure of phagophore
to form a proper autophagosome. LC3-1l is attached to both outer and inner
membranes of autophagosomes, and it is actively involved in sequestration of
material in the growing phagophore. It has been demonstrated that Atg8-family
proteins are crucial for selective autophagy through interaction with selective
autophagy receptors. In addition to the crucial role of Atg8 proteins, ATG9 has been
described to participate to phagophores expansion (Fig. 8). ATG9 is the only
transmembrane protein in the autophagy core machinery and has been proposed
to play a key role in directing membranes from donor organelles for autophagosome
formation. However direct experimental evidence or a mechanistic explanation
supporting the latter hypothesis are not available yet (Feng and Klionsky 2017).

Once the autophagosome has formed, it fuses with lysosomes and delivers its
contents for degradation. The resulting structures are called “autolysosomes” or
“autophagolysosomes” (Fig. 8) (Mizushima 2007). The phagophore closure is a
critical step for autophagosome maturation and for the successive fusion with
lysosomes. The cleavage of LC3 and the removal of PI3Ps from the outer
autophagosomal membrane facilitates the maturation into fusion-capable

autophagosomes (Nair, Yen et al. 2012, Wu, Cheng et al. 2014).
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Figure 8. The autophagic machinery.

Autophagosome formation is controlled upstream by the Unc-51-like kinase 1 (ULK1) complex. This
complex phosphorylates components of the PI3K class Ill complex which in turn produces local
PI3Ps at a characteristic ER structure called omegasome. PI3P recruits the PI3P-binding proteins
WIPI2 and DFCPL1. Expansion and closure of the autophagosomal membrane are dependent on the
ATG5-ATG12-ATG16L complex and on the mammalian homologs of Atg8, which are LC3 and
GABARAP. Cellular membranes, delivered by ATG9-containing vesicles, contribute to elongation of
the autophagosomal membrane. Phagophore closure allows autophagosomes to fuse with
lysosomes, generating autolysosomes in which enclosed cargoes are degraded (Dikic and Elazar
2018).

3.3 The regulation of autophagy

Basal autophagy is very low under normal conditions; therefore, an efficient
mechanism to induce autophagy is crucial for cells to adapt to stress and
extracellular cues when cells need to rapidly switch. In yeast, induction of
autophagosome formation is regulated by the Atgl-Atg13-Atg1l7 complex (Kamada,
Funakoshi et al. 2000). In mammalian cells, the very first autophagy-specific
complex is the ULK1 complex, consisting of the unc-51-like kinase 1 (ULK1) itself,
the focal adhesion kinase family interacting protein of 200 kDa (FIP200), ATG13
and ATG101 (Fig. 8) (Hosokawa, Hara et al. 2009, Hosokawa, Sasaki et al. 2009,

Jung, Jun et al. 2009). ULK1 is a serine/threonine protein kinase and represents the
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mammalian orthologue of the yeast Atgl, while FIP200 functions as the mammalian
counterpart of Atgl7 (Hara, Takamura et al. 2008). In contrast to the yeast Atgl
complex, ULK1, ATG13, FIP200, and ATG101 form a stable complex independent
from nutritional conditions, thus, autophagy induction does not seem to be regulated
at the level of assembly of the complex (Hosokawa, Hara et al. 2009). The kinase
activity of ULK1 is essential for autophagy initiation: kinase-dead mutants of ULK1,
as well as chemical inhibition of ULK1 kinase activity, block the autophagic response
to starvation (Egan, Chun et al. 2015). FIP200 and ATG13, also, are essential for
autophagy induction, as both proteins increase ULK1 kinase activity and stability
(Ganley, Lam et al. 2009). In particular, the ATG13-ATG101 heterodimer mediates
the interaction between FIP200 and ULK1 (Qi, Kim et al. 2015). Perturbation of
these interactions leads to impaired autophagy, highlighting the importance of these
protein—protein interactions. Lack of one or more components of the ULK1 complex
results in reduced stability of the complex and impaired autophagy in response to
starvation (Jung, Jun et al. 2009).

The exact localization of the ULK1 complex under normal conditions is unclear, but
upon starvation the ULK1 complex forms punctate structures in proximity to the
phagophore assembly sites on the ER (Karanasios, Stapleton et al. 2013). It has
been showed that the ULK1 complex recruits other Atg proteins at these sites,
including components of the VPS34 complex (Fig. 8). VPS34 and its interacting
partners, BECLIN1 and ATG14L, are phosphorylated by ULK1, leading to enhanced
VPS34 activity, in addition to PI3P production and autophagy initiation (Russell, Tian
et al. 2013). ULK1 regulates the VPS34 complex also by AMBRAL, an interactor of
BECLINL1 that functions as autophagy regulator. ULK1-mediated phosphorylation of
AMBRA1 results in dissociation of the VPS34 complex from the cytoskeleton and in
its translocation to autophagy initiation sites (Di Bartolomeo, Corazzari et al. 2010).

In addition to VPS34 complex, ULK1 is also able to phosphorylate the initiation
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complex members themselves, including ULK1 (autophosphorylation), ATG13,
FIP200 and ATG101 (Ganley, Lam et al. 2009, Hosokawa, Hara et al. 2009).

The ULK1 complex integrates upstream nutrient and energy signals to coordinate
the induction of autophagy. Different pathways converge on ULK1 through
activatory/inhibitory post-translational modifications (Fig. 9). A master regulator of
autophagy in response to nutrients is the mechanistic target of rapamycin (mTOR)
protein, a serine/threonine kinase involved in cell growth and metabolism (Jung, Ro
et al. 2010). mTOR is the catalytic subunit of two structurally distinct complexes:
MTOR complex 1 (IMTORC1) and mTOR complex 2 (mTORC2). mTORCL1 functions
as energy-sensor: in the presence of nutrients, mTORCL1 is active and inhibits
autophagy by phosphorylating ULK1 at a serine in position 757, as well as ATG13
at multiple residues (Fig. 9). Conversely, rapamycin and nutrient starvation reduce
MTORCL1 activity, thus both ULK1 and ATG13 are rapidly dephosphorylated,
resulting in activation of the ULK1 kinase and consequent induction of autophagic
processes (Ganley, Lam et al. 2009, Hosokawa, Hara et al. 2009).

Another important cellular energy sensor, the AMP-activated protein kinase
(AMPK), plays an important role in autophagy induction. The increase in the
AMP:ATP ratio leads to activation of AMPK, which inactivates mTORC1 through the
phosphorylation of regulatory-associated protein of mTOR (RAPTOR), thus
indirectly activating ULK1 activity (Kim, Kundu et al. 2011). However, AMPK can
also directly phosphorylate and activate ULK1 at multiple serine residues in a
nutrient dependent manner, thus leading to autophagy induction (Fig. 9) (Egan,
Shackelford et al. 2011).

In addition to phosphorylation, ULK1 levels can also be regulated by ubiquitination
which affects protein degradation (Fig. 9). For example, AMBRAL and the E3-ligase
TNF receptor associated factor 6 (TRAF6) promote ULK1 ubiquitination and

subsequent stabilization, thus enhancing ULK1 activity (Nazio, Strappazzon et al.
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2013). Conversely, the ubiquitination of ULK1 by the cullin E3 ligase complex,
composed of the E3 ligase Cullin-3 (Cul3) and the adaptor kelch-like family member
20 (KLHL20) has been shown to promote ULK1 degradation in a proteasome-
dependent manner (Liu, Lin et al. 2016). In the same report Liu et al., demonstrated
that KLHL20-dependent ULK1 degradation restrains the amplitude and duration of
autophagy. Apart from Cul3-KLHL20, the E3-ligase neural precursor cell-expressed
developmentally down-regulated 4—like (NEDDA4L) has also been demonstrated to

regulate ULK1 degradation during prolonged starvation (Nazio, Carinci et al. 2016).

CUL3-KLHL20

mTORC1

AMPK “pwbsa

Figure 9. Regulation of the ULK1 complex.

The ULK1 complex undergoes multiple modifications: phosphorylation (P), acetylation (Ac) and
ubiquitylation (Ub). Green modifications activate the complex whereas red modifications have an
inhibitory effect. Modified from (Zachari and Ganley 2017)

3.4 Selective autophagy

Although autophagy has primarily been recognized as a non-selective degradation
pathway, recent studies reveal that the autophagosomal membrane can selectively
recognize specific cargos, a process named “selective autophagy”. Selective
autophagy occurs to specifically remove damaged or excessive organelles or
specific proteins even under nutrient-rich conditions (Zaffagnini and Martens 2016).

Selectivity in autophagy is conferred by cargo receptor proteins, which are able to
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tether a cargo to a nascent autophagosome by simultaneously binding cargoes and
Atg8-family proteins on the isolation membrane. These proteins are called selective
autophagy receptors and are themselves degraded by autophagy. The interaction
between receptors and Atg8-family proteins is mediated by an LC3-Interacting
Region called “LIR” characterized by a specific consensus sequence (Jacomin,
Samavedam et al. 2016). This consensus sequence corresponds to the shortest
sequence required for interaction with an Atg8-family protein. The consensus
sequence is (ADEFGLPRSK)-(DEGMSTV)-(WFY)-(DEILQTV)-
(ADEFHIKLMPSTV)-(ILV), where the aromatic residue in positions 3 and the
hydrophobic residue in position 6 correspond to the most crucial amino acids for the
interaction (Jacomin, Samavedam et al. 2016). In addition to the core motif, the
importance of an acidic amino acid, either N- or C-terminal to the conserved
aromatic residue, has been demonstrated (Jacomin, Samavedam et al. 2016).

The first selective autophagy receptor to be identified was sequestosome 1
(SQSTM1,; also known as p62), that is able to bind polyubiquitinated proteins and
mediate their autophagic degradation through the interaction with LC3 (Pankiv,
Clausen et al. 2007). The LIR motif is absolutely required for targeting of receptors
and bound cargoes into the lumen of autophagosomes. Following the discovery of
p62, additional selective autophagy receptors have been identified. Similarly, to p62,
the related neighbour of BRCAL gene 1 (NBR1) was found to act as an aggrephagy
receptor. NBR1 share a similar domain architecture with p62, characterized by a
LIR and a ubiquitin-binding domain, important for the sequestration of misfolded and
ubiquitinated proteins and their autophagic degradation (Lamark, Kirkin et al. 2009).
Other important selective autophagy receptors are: the nuclear dot protein 52 kDa
(NDP52) which functions as xenophagy receptor, the BCL2 Interacting Protein 3
Like (BNIP3L) and optineurin, which is important for clearance of damaged

mitochondria (Birgisdottir, Lamark et al. 2013).
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LIR containing proteins are not necessarily selective autophagy receptors. Indeed,
many proteins of the core autophagic machinery have functional LIR motifs. The
LIR motif in ULK1 is required for its starvation-induced association with
autophagosomes but not for ULK1 degradation (Alemu, Lamark et al. 2012).
Interestingly, in addition to the interaction with ULK1, ATG13 and FIP200 interact
also with human Atg8 proteins through LIR domains. This interaction allow Atg8
proteins to act as scaffolds for assembly of the ULK complex at the phagophore
(Alemu, Lamark et al. 2012).

In addition, LIR motifs are present in proteins involved in other autophagic functions
such as autophagosomes maturation or vesicular transport (Birgisdottir, Lamark et
al. 2013). Moreover, several signaling proteins, such as Dishevelled 2, have a
functional LIR which is necessary for their autophagic degradation (Gao, Cao et al.

2010).

3.5 Primary cilia control autophagy

Recently, emerging studies showed a bidirectional interaction between cilia and
autophagy. It has been showed that primary cilia are able to influence autophagy
and vice versa. The first connection between autophagy and primary cilia came from
the observation that autophagy activation upon starvation requires the presence of
a properly functional primary cilium (Pampliega, Orhon et al. 2013). Pampliega and
co-authors demonstrated that loss of components of the IFT machinery (i.e. IFT88
and IFT20) impairs ciliogenesis and prevents a complete induction of autophagy. In
addition, in the same paper the authors present data suggesting that defective
Hedgehog ciliary signaling may be behind the impaired autophagy induction in cells
with dysfunctional cilia (Pampliega, Orhon et al. 2013). However, the molecular
mechanisms connecting the ciliary Hedgehog signaling with autophagy is/are still

poorly understood. In addition to these observations, several components of the
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autophagic machinery have been localized at the axoneme and/or the basal body
of the cilium (Fig. 10). In particular, the presence of Atg proteins in these structures
suggests that the ciliary base with the adjacent plasma membrane could be a new

site for autophagosome formation (Pampliega, Orhon et al. 2013).

Initiation complex Elongation complex Autophagosome

Figure 10. Autophagy-related proteins associate with ciliary structures.
Co-immunostaining (top) and 3D reconstruction (middle and bottom) for the indicated autophagy-
related proteins (green) and acetylated tubulin (red) in kidney epithelial cells after 24 hours of serum-
starvation. The analysed Atg proteins associated with the basal body and the ciliary axoneme.
Modified from (Pampliega, Orhon et al. 2013).

Moreover, another paper showed that the crosstalk between primary cilia and
autophagy involves the mTOR pathway. In this paper the data presented indicate
that primary cilia depletion inhibits autophagy through activation of the mTOR
signaling pathway. On the other hand, treatment with rapamycin is able to restore
autophagy in cells with compromised cilia (Wang, Livingston et al. 2015). The
involvement of mTOR in cilia-mediated autophagy has been showed also in
RPGRIP1-like (RPGRIP1L) KO cells. Mutations in RPGRIP1L cause ciliary
dysfunctions and reduced autophagic activity due to an increased activation of
MTORCL1. Application of the MTORCL1 inhibitor rapamycin rescued dysregulated
MTORC1, autophagic activity and cilia length (Struchtrup, Wiegering et al. 2018).

In line with these data, primary cilia have been demonstrated to be necessary for
activation of autophagy during neuroectoderm differentiation. In this model, the

activation of cilia-mediated autophagy decreased Nrf2 activity and OCT4 and
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NANOG expression, thus promoting the neuroectoderm fate (Jang, Wang et al.
2016). Moreover, the interplay between autophagy and the primary cilium is
important in the regulation of cell size and volume in the kidney (Orhon, Dupont et
al. 2016). The autophagy induced by fluid flow regulates kidney epithelial cell
volume. The inhibition of ciliogenesis impairs flow-induced autophagy and
consequently the regulation of cell volume. In kidney proximal tubules, primary cilia
act as flow sensors and transduce the signals to the LKB1-AMPK-mTOR pathway
to activate autophagy (Orhon, Dupont et al. 2016). These studies demonstrated that
cilia-mediated autophagy is important in physiological adaptation to stress to

maintain tissue homeostasis.

3.6 Does Autophagy influences ciliogenesis?

A large body of experimental evidence now indicate a link between cilia and
autophagy and several papers showed that ciliogenesis is regulated by autophagy
(Pampliega, Orhon et al. 2013, Tang, Lin et al. 2013, Wang, Livingston et al. 2015).
Autophagy has been shown to degrade components essential for ciliogenesis, such
as IFT20 and OFD1. However, the data related to the role of autophagy in cilia
formation are still controversial. Pampliega et al. showed that autophagy inhibition
induces ciliogenesis in mouse embryonic fibroblasts (MEFs) through the
accumulation of IFT20 (Pampliega, Orhon et al. 2013). In contrast, Tang et al.
showed that ciliogenesis is inhibited in MEFs autophagy-defective cells, due to the
accumulation of OFD1 at centriolar satellites (Tang, Lin et al. 2013). The differences
in cell confluency and or culturing conditions, which are known to influence
ciliogenesis, may underlie the apparent discrepant findings. The regulation of
autophagy-mediated ciliogenesis could also be related to the cell type and thus be
cell context specific. Genetic and chemical inhibition of autophagy has been shown

to attenuate the growth of primary cilia in retinal pigmented epithelium (RPE) cells
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(Kim, Shin et al. 2015, Shin, Bae et al. 2015). Conversely, the activation of
autophagy negatively regulates primary cilia length in mouse embryo fibroblasts,
through decreased expressions of the cilia-associated proteins IFT88, KIF3a and
Ac-tubulin (Xu, Liu et al. 2016).

Altogether these data clearly indicate that the relationship between autophagy and
primary cilia formation is intriguing but far from being clear and requires further
investigations possibly following homogeneous culturing conditions and by

comparing results obtained in different cell types.

3.7 Autophagy and the centrosome

In addition to primary cilia, also centrosomes are linked to autophagy through
different mechanisms. The number of centrosomes is tightly regulated during the
cell cycle and each centriole duplicates to produce two daughter centrioles. The
number of centrosomes is regulated not only by the ubiquitin proteasome system,
but also by autophagy. Autophagy controls centrosome number by degrading the
centrosomal protein of 63 kDa (CEP63) (Watanabe, Honda et al. 2016). Autophagy
inhibition causes the presence of supernumerary centrosomes, thus promoting
chromosome mis-segregation and genomic instability (Arquint, Gabryjonczyk et al.
2014). As stated above, some Atg proteins are located to centrosomes and ciliary
structures. In a recent paper, the authors describe that a pool of the Atg8 ortholog,
GABARAP, resides at the centrosome and at the peri-centrosomal region (Joachim,
Razi et al. 2017). PCM1, the pericentriolar material 1 protein mentioned at page 10
of this thesis in the introduction section, directly binds GABARAP through a LIR motif
and regulates its recruitment at centriolar satellites. In addition, PCM1-GABARAP-
positive centriolar satellites colocalize with forming autophagosomes. Loss of PCM1
results in destabilization of GABARAP through proteasomal degradation and

enhanced GABARAP-mediated autophagic flux. Conversely, PCM1 has no
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significant effect on LC3B-positive autophagosome formation (Joachim, Razi et al.
2017).

PCML1 is a known interactor of OFD1 (Fig. 11) and both proteins colocalize at
centriolar satellites (Lopes, Prosser et al. 2011). Moreover, Tang et al. demonstrated
that OFD1 interacts with LC3, another Atg8 ortholog (Fig. 11) and specifically
colocalize with LC3 at centriolar satellites. Nothing is known so far on how OFD1
binds LC3 although the interaction seems to involve also PCM1 (Tang, Lin et al.
2013). In the same paper the authors also showed that the pool of OFD1 at centriolar
satellites is specifically degraded by autophagy upon serum starvation to promote

primary cilia biogenesis (Tang, Lin et al. 2013).
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Figure 11. OFD1 interacts with LC3 and is degraded through autophagy.

(A) Western blotting analysis in mouse embryonic fibroblasts (MEF) KO for Atg5 showed
accumulation of OFD1 protein. (B) Co-immunoprecipitation (co-IP) of OFD1 with LC3 (top), LC3 with
PCM1 (middle), or OFD1 with PCM1 (bottom) in HEK293T cells. Modified from (Tang, Lin et al.
2013).

These observations indicate that the interplay between ciliary structures and
autophagy is emerging as a new field which, however, requires future studies.
Remains unclear how ciliary and centrosomal proteins participate to autophagy

regulation and in general to the different steps of the autophagic processes.
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Further studies will be required to better understand the molecular mechanisms

involved in this interplay.

3.8 The impact of autophagy in kidney function

As mentioned above, autophagy has already been linked to renal function.
Autophagy maintains cellular homeostasis in the kidney, particularly in podocytes
and proximal tubular cells by defending the cells from stress stimuli such as
ischemia and nephrotoxins (Takabatake, Kimura et al. 2014). Podocytes exhibit an
unusually high level of basal autophagy, probably because they have an extremely
limited capacity for replacement (Mizushima, Yamamoto et al. 2004). Autophagy is
essential for podocyte integrity, in fact podocyte-specific deletion of Atg5 led to a
glomerulopathy phenotype accompanied by accumulation of oxidized and
ubiquitinated proteins, ER stress, and proteinuria in aging mice (Hartleben, Godel
et al. 2010).

Unlike podocytes, renal tubules display a low level of basal autophagy under normal
conditions (Mizushima, Yamamoto et al. 2004), however this level of basal
autophagy is important for maintaining homeostasis of renal tubular cells. Mice with
Atg5 deletion in proximal tubules gradually developed deformed mitochondria and
accumulation of cytosolic inclusions, leading to proximal tubular cell hypertrophy
and eventual degeneration (Kimura, Takabatake et al. 2011). The deletion of Atg5
in distal tubule cells does not cause a significant alteration in kidney function, while
deleting Atg5 in both distal and proximal tubule cells results in impaired kidney
function (Liu, Hartleben et al. 2012). These studies confirm that autophagy is
important for maintaining kidney homeostasis and for slowing down kidney aging.
Dysregulation of autophagy has been implicated also in polycystic kidney disease
(PKD) (Ravichandran and Edelstein 2014). Increased autophagosome formation

has been observed in kidneys of rodent models of ADPKD and ARPKD (Belibi, Zafar
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et al. 2011). However, the higher number of autophagosomes observed is caused
by an impaired autophagic degradation due to a block of autophagosome-lysosome.
Whether defective autophagy contribute to the pathogenesis of PKD is not clear
based on the data available so far. A recent paper reported that treatment of a
zebrafish ADPKD model with autophagy activators attenuated cyst formation (Zhu,
Sieben et al. 2017). Additionally, metformin, an AMPK activator, inhibited pronephric
cyst formation in a zebrafish model of polycystin-2 deficiency (Chang, Ma et al.
2017). However, other studies showed an enhancement of autophagy in cystic
kidneys as for example described in Aquaporin-11 (AQP11) KO mice that display
polycystic kidney disease. This study showed in AQP11(-/-) mice increased
expression of transcripts encoding autophagy-related genes (e.g. LC3b, SQSTM1,
BECLIN1 and ATG5 ), suggesting the involvement of autophagy in the development
and maintenance/progression of renal cysts (Tanaka, Watari et al. 2016). Moreover,
pharmacological targeting of autophagy in an animal model of ARPKD, the PCK rat,
was shown to be beneficial for cyst growth in the kidney. In this model, kidney
weights, renal cysts and the fibrotic areas decreased by treatment with
hydroxychloroquine, an autophagy inhibitor (Masyuk, Masyuk et al. 2017). These
studies suggest that the autophagy is a cellular process deregulated in PKD and
that autophagy modulation can influence renal cystogenesis. Also in this case,
further studies not only in different models of renal cystic disease, but also at
different stages of disease progression will be required to understand the link
between autophagy and renal cyst formation. The study of early/precystic stages of
cystogenesis will inform on the role of autophagy in cyst formation while evaluation
of more advanced stages will reveal the impact of autophagy in renal disease

progression.
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Results

1. OFD1 is required for autophagy inhibition

The involvement of centrosome and primary cilia in autophagy raised different
questions about the role of the centrosomal/basal body protein OFD1 in centrosome
/primary cilia autophagy related processes. As stated above, OFD1 is an autophagy
substrate and interacts with LC3, a critical protein for autophagy (Tang, Lin et al.
2013). However, the role of OFDL1 in autophagy regulation is not known. For these
reasons, we set up experiments to investigate autophagic processes in in vitro and
in vivo models of OFD type | syndrome.

Given our interest in the renal phenotype, we used human kidney-2 (HK2) cells to
study autophagy in OFD1-depleted in vitro models. HK2 are immortalized proximal
tubule cells derived from normal adult human kidney (Ryan, Johnson et al. 1994).
In our laboratory, Knock-Out clones for the OFD1 transcript (KO-OFD1) were
generated in HK2 cells by CRISPR-Cas9 technology. KO-OFD1 cells do not express
the protein due to a frameshift mutation which causes a premature stop codon (Fig.
12A).

Nutrient depletion by Hanks' Balanced Salt Solution (HBSS) is commonly used to
induce autophagy in cell cultures. The amount of LC3-Il correlates with the number
of autophagosomes, however increased LC3-Il levels can be the result of either
enhanced autophagosome synthesis or reduced autophagosome turnover (Barth,
Glick et al. 2010). For this reason, wt and KO-OFD1 cells were treated with
Bafilomycin (Baf) and Chloroquine (Cq) which block the degradation of
autophagosome content, including LC3-11 (Fig. 12A-B). Lack of increase of LC3-1l in
the presence of such inhibitors indicates a defect or delay in the autophagic process
(Barth, Glick et al. 2010).

KO-OFD1 cells showed increased LC3-II levels both in the presence and in the

absence of autophagy inhibitors, suggesting an enhanced synthesis of
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autophagosomes (Fig.12A). Consistent with these findings, inactivation of OFD1
obtained through transfection with SiRNA directed against the human OFD1
transcript, revealed accumulation of LC3-Il in OFD1-depleted and starved cells
treated with bafilomycin (Fig. 12B). In addition, KO-OFD1 cells showed increased
LC3-1l levels also in steady state conditions under Baf treatment, demonstrating that
autophagy is enhanced already in basal condition (Fig. 12C). These results suggest

that loss of OFD1 enhances autophagy by increasing autophagosomes biogenesis.

A ((0\ <<<>\ <<0'\ <<0\
& O,O & o’o & O,O & o’o
A\ - Q S Q - N\ 5
HBSS - - + + + + + +
Baf - - - - + + - - LC3-II
Cq - - - - - . + + 42 **I
OFD1 M- — — - o
23
ACTIN — — . S S— — L . ’ wWT
—_——— 2.2 i KO-OFD1
1
5

o

LC3 0
- — . —
HBSS HBSS +Baf
B HBSS C
Baf - = + ®
OFD1siRNA - + - + QO\ <<0\
OFD1 - O O
SO
PE2 W s . Baf - = + +
OFD1 " -y
R-TUBULIN e e e S
ACTIN
- e e—
LC3
LC3
- - — —
ACTIN S —

Figure 12. Loss of OFD1 enhances LC3-Il protein levels.

(A) Western blot (WB) analysis of HK2 WT and KO-OFD1 cells treated with Baf (100nM) or Cq
(50uM) for two hours in HBSS. Quantification of LC3-Il band intensity is represented as fold-change
of WT vs KO-OFD1. Bar graphs show standard error mean (SEM). Student’s t-test, *P<0.05;
*»*P<0.01. (B) WB analysis of LC3 protein levels in HK2 cells transfected with siRNA against OFD1
mRNA. 96h after transfection cells were starved with HBSS for 2 hours in the presence of Baf
(100nM). (C) WB analysis of LC3 protein levels in HK2 WT and KO-OFD1 cells treated with Baf
(100nM) at steady state condition (+FBS)
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Degradation of p62 is another widely used marker to monitor autophagy. p62
accumulates when autophagy is inhibited, and decreased levels can be observed
when autophagy is induced (Bjorkoy, Lamark et al. 2009). OFD1-depleted cells
showed reduced p62 levels due to enhanced autophagic degradation, and indeed,
in these conditions, Baf treatment restores p62 levels compared to controls (Fig.
12B). The levels of p62 are also decreased in KO-OFD1 cells, whereas in cells
treated with the VPS34 inhibitor, SAR405, the levels of p62 are comparable between
KO-OFD1 and controls. (Fig 13A). Moreover, our results demonstrate that KO-
OFD1 cells showed higher p62 levels in starved condition (under HBSS) after Baf
treatment, confirming that p62 is more degraded by autophagy in the absence of
OFD1 (Fig. 13B). These results confirm that the impairment of OFD1 causes

enhancement of the autophagic flux.
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Figure 13. Loss of OFD1 promotes p62 degradation.

(A) WB analysis of p62 in HK2 KO-OFD1 cells treated with SAR-405 (10uM) for 6 hours. (B) WB
analysis to analyse time course of degradation of transfected GFP-p62 in HK2 cells after HBSS
treatment for the indicated interval (h). Baf (100nM) was used to block GFP-p62 degradation.

To further confirm our results reintroduction of OFD1 in KO-OFD1 cells rescued, as
expected, the autophagic flux as cells transfected with the 3xFLAG-OFD1 construct
showed reduced LC3-II levels compared to cells transfected with the empty vector
(Fig. 14A). In line with this data, overexpression of OFD1 in WT cells also inhibits
autophagy (Fig. 14A) confirming that the autophagic phenotype observed is

specifically linked to modulation of the OFD1 levels and is OFD1-dependent.
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Figure 14. OFD1 over-expression inhibits autophagy.

(A) WB analysis of LC3 protein levels in HK2 WT and KO-OFD1 cells transfected with 3xFLAG-
OFD1 or with the empty vector. Quantification of LC3-Il band intensity is represented as Fold-change
of Empty vector vs 3xFLAG-OFD1. Error bars show standard error mean (SEM). Student’s t-test,

*P<0.05; *P<0.01.

We then tested whether this effect could be observed in a system more
physiologically linked to the OFD type | syndrome and we tested the autophagic flux
in lymphoblasts from OFD type | patients. The patients analysed have frameshift
mutations in OFD1 gene generating a prematurely truncated protein. Our analysis
confirmed the previous results. Cells from OFDI patients were treated with Baf to
block LC3 degradation both in steady state and serum-starvation conditions (Fig.
15A). Serum starvation was used to induce autophagy since in our experience
HBSS treatment caused excessive cell death of lymphoblasts. Our results indicate
that cells from OFDI patients showed accumulation of LC3-II levels compared to
control cells after Baf treatment (Fig. 15A). These results further support that

impairment of OFD1 results in enhanced autophagy.
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Figure 15. Increased autophagy in lymphoblasts from OFDI patients.

(A) WB analysis of LC3 in lymphoblasts from controls and OFDI patients. Cells were treated with Baf
(100nM) for 2h in steady state and serum-starved (-FBS) conditions. Graphs show the Fold-change
of LC3-Il band intensity between controls and OFDI patients’ cells in the presence of Baf. Error bars
show standard error mean (SEM). Student’s t-test, *P<0.05; **P<0.01.

2. OFD1 regulates autophagy in a ciliaindependent manner

As stated above, the absence of OFD1 impairs ciliogenesis in vivo and in vitro
(Ferrante, Zullo et al. 2006, Singla, Romaguera-Ros et al. 2010). We verified if this
IS true also in our in vitro model and indeed, staining for acetylated tubulin in serum-
starved KO-OFD1 cells showed no cilia (Fig. 16A). To understand if the enhanced
autophagy observed in KO-OFD1 cells is cilium dependent, | analysed the
autophagic flux in serum-starved cells at confluent (ciliated cells) and sub-confluent
(not ciliated cells) conditions (Fig. 16B). As stated above, ciliogenesis and cell cycle
are strictly linked (Plotnikova, Pugacheva et al. 2009), and cell confluence promotes
cilia growth. WT cells form primary cilia after serum-starvation in confluent condition,
while KO-OFD1 cells do not display primary (Fig 16A). KO-OFD1 cells showed
enhanced autophagy in both confluent and sub-confluent conditions, suggesting
that the increased autophagy is not dependent on the presence of primary cilia (Fig.
16B). In both conditions (sub-confluent and confluent) LC3-11 levels are increased in

KO-OFD1 cells treated with Baf compared to WT cells (Fig. 16B).
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Figure 16. OFD1 regulates autophagy in a ciliaindependent manner.

(A) Immunofluorescence staining of primary cilia with an antibody against acetylated tubulin in HK2
cells starved o/n in confluent condition. (B) WB analysis of LC3 protein in HK2 KO-OFDL1 cells in
sub-confluent and confluent conditions starved in serum-free medium for 24h. Cells were treated
with Baf (100nM) for 2 hours.

3. The role of OFD1 in autophagy is mTOR independent

MTOR is a key regulator of autophagy (Jung, Jun et al. 2009), | thus investigated
whether the increased autophagy was associated to mTOR activity downregulation
in KO-OFD1 cells. Cells were starved with HBSS and refeeded with complete
medium to evaluate mTOR activity in response to nutrients. In these conditions |
observed that phosphorylation levels of mTOR targets are comparable or higher in
KO-OFD1 cells compared to WT cells (Fig. 17A), suggesting that the increased
autophagic flux observed in KO-OFD1 cells is not associated to reduced mTOR

activity.
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In addition, | also checked the activation of mMTOR associated to amino acid stimulus
in HK2 cells. | starved cells with amino acids free medium for 1 hour then | refeeded
the cells with an amino acids-complete medium to activate mTOR. | observed a
stronger mTOR activity in KO-OFD1 cells in the presence of amino acids since the
phosphorylation levels of mTOR targets are increased in the absence of OFD1 (Fig.
17B). These results confirmed that impairment of OFD1 leads to increased mTOR
activity, as already observed (Zullo, laconis et al. 2010). On the basis of these and
other results generated in the lab by others we concluded that mTOR up-regulation

does not correlate with the increased autophagy observed in KO-OFD1 cells.
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Figure 17. The role of OFD1 in autophagy is mTOR independent.

(A) WB analysis of mTORC1 substrates phospho-ULK1, phospho-S6K1, and phospho-S6 in WT and
KO-OFD1 cells starved with HBSS for 2h (0 time-point) and stimulated with complete medium. (B)
WB analysis of mMTORCL1 substrates phospho-ULK1, phospho-S6K1, and phospho-S6 in WT and
KO-OFD1 cells starved with RPMI + Glucose 4.5¢g/L + Dialyzed FBS for 1h (O time-point) and
stimulated with amino acids-complete medium for the indicated time.
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4. OFDL1 interacts with the ULK1 complex and controls its stability

To investigate the role of OFD1 in autophagy regulation | focused my attention on
the putative interactors with a role in autophagy. Mass spectrometry analysis
revealed the presence of FIP200, an essential component of the ULK1 complex
(Jung, Jun et al. 2009), among the putative interactors (laconis, Monti et al. 2017).
| first confirmed the interaction between OFD1 and FIP200 by co-
immunoprecipitation (co-IP) analysis of the endogenous protein (Fig. 18A).
Moreover, | also demonstrated that OFDL1 is able to interact with ATG13, another
member of the ULK1 complex (Fig. 18B). In particular, the results indicate that OFD1
binds strongly to FIP200 in nutrient independent manner, conversely the interaction

of OFD1 with ATG13 is dramatically increased by nutrients deprivation (Fig. 18A-

B).
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Figure 18. OFD1 interacts with components of the ULK1 complex.

(A) Immunoprecipitation of endogenous OFD1 in HK2 WT cells. Cells starved 2 hours with HBSS.
“TL” indicates Total lysates. (B) Immunoprecipitation of endogenous ATG13 in HK2 WT cells. Cells
starved 2 hours with HBSS.

ULK1 regulates autophagy by phosphorylating downstream components of the
autophagic machinery, including its binding partners FIP200 and ATG13 (Ganley,
Lam et al. 2009, Jung, Jun et al. 2009). The low sensitivity of the antibody against
phospho-ATG13 did not allow me to look at the ATG13 phosphorylated form. | thus
transfected ATG13 and WB analysis showed that the phosphorylation levels of

ATG13 in Serine 318, a direct target of ULK1, increased in KO-OFD1 cells
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compared to WT cells (Fig. 19A), indicating that ULK1 is more active in OFD1-
depleted cells. The enhanced activity of ULK1 in KO-OFD1 cells is confirmed also
by the increased phosphorylation of VPS34 in Serine 249, another target of ULK1
(Fig. 19B). Also in this case | transfected VPS34 due to low sensitivity of the
antibody. These results confirmed that loss of OFD1 enhances the activity of the

ULK1 complex.
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Figure 19. Loss of OFD1 enhances the ULK1 kinase activity.

(A) WB analysis of phospho-ATG13 (S318) in HK2 WT and KO-OFDL1 cells transfected with GFP-
ATG13. Cells starved 2 hours with HBSS. (B) WB analysis of phospho-VPS34 (S249) in HK2 WT
and KO-OFD1 cells transfected with VPS34 and starved 2 hours with HBSS.

Our data suggested that OFD1 regulates the activity of the ULK1 complex, | thus
tested whether OFD1 can influence the formation of this complex. One hypothesis
could have been that OFD1 could influence the formation of the complex by
competing with ULK1 for the binding of FIP200 and ATG13. Therefore, to test this
hypothesis, | immunoprecipitated ATG13 in WT and KO-OFDL1 cells but | found that
the interaction of ATG13 with FIP200 and ULK1 is comparable to OFD1 depleted
cells with that observed in WT cells (Fig. 20A). | confirmed the result also in HEK-
293 cells silenced for OFD1. OFD1 reduction does not influence the interaction
between FIP200 and ULK1 (Fig. 20B). However, in both experiments KO-OFD1 and
OFD1-silenced cells showed increased protein levels of FIP200, ULK1 and ATG13

(Fig. 20A-B).
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Figure 20. OFD1 does not influence ULK1 complex formation.
(A) IP of ATG13 in HK2 WT and KO-OFDL1 cells (B) IP of FIP200 in HK2 cells transfected with sSiRNA
against OFD1 mRNA. Cells were analysed 96h after transfection.

At this point | evaluated the protein levels of components of the ULK1 complex in
normal conditions and after nutrients depletion. Interestingly, | observed that ULK1
and ATG13 proteins are degraded in WT cells during starvation, while their protein
levels remain stable in KO-OFD1 cells (Fig. 21). As stated above, the degradation
of ULK1 and other autophagic components during starvation is important to restrain
autophagy amplitude and duration (Liu, Lin et al. 2016). The impaired degradation
of ULK1 and ATG13 observed in KO-OFD1 cells could be related to the deregulated
autophagy induction in these cells. Conversely, FIP200 protein levels are not
significantly changed in KO-OFD1 cells. This could be explained by the higher
stability of this protein compared to ULK1 and ATG13 (Jung, Jun et al. 2009, Liu,

Lin et al. 2016).
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Figure 21. Impaired degradation of ULK1 and ATG13 in KO-OFD1 cells.

WB analysis of ULK1 complex components in HK2 WT and KO-OFD1 cells treated for indicated
times with HBSS. Quantification of band intensities is represented as Fold-change of WT vs KO-
OFD1. Bar graphs show standard error mean (SEM). Student’s t-test, *P<0.05; **P<0.01;
***P<(0.001.

The differences in protein levels between WT and KO-OFD1 are not related to
transcriptional regulation, as shown by quantitative RT-PCR analysis that
demonstrates comparable gene expression levels of FIP200, ULK1 and ATG13

between KO-OFD1 and WT cells (Fig. 22).
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Figure 22. FIP200, ULK1 and ATG13 transcripts are not regulated by OFD1.
Real-time PCR analysis of FIP200, ULK1 and ATG13 transcripts in HK2 KO-OFD1 cells. Cells
starved 2 hours with HBSS. The data are represented as Fold-change of WT vs KO-OFD1 +SEM.
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Moreover, when | treated cells with cycloheximide, a potent inhibitor of protein
synthesis (Ennis and Lubin 1964), the protein levels of FIP200, ULK1 and ATG13
decreased in WT cells while remained more stable in KO-OFD1 cells (Fig. 23A),
confirming that loss of OFD1 results in impaired degradation of ULK1 complex
components. On the same line, overexpression of 3XFLAG-OFD1 in KO-OFD1 cells
reduced protein levels of FIP200, ULK1 and ATG13 compared to cells transfected
with the empty vector (Fig. 23B), demonstrating that OFD1 regulates the stability of
ULK1 complex components by promoting their degradation.

Altogether, these results indicated that OFD1 acts as inhibitor of autophagy, by

controlling the stability of the ULK1 autophagosome initiation complex.

WT , KO-OFD1 KO-OFD1
CHX(h) 0 2 4 6 8 16 0 2 4 6 8 16 Empty vector + -
3XFLAG-OFD1 - +
FIP200 #5 s s v s sees GHED G GIED ames e

FLAG a—
UL - - FIP200 W s

ULKT —

ATG13 T 00 S o e s 00 S S N e - ATG13 s

ACTIN e e we ca - w— —— ——— — — ACTIN

Figure 23. OFD1 promotes ULK1 and ATG13 degradation.

(A) WB analysis of ULK1 complex components in HK2 cells treated at indicated time-points with
cycloheximide (CHX) (50ug/ml) to block protein synthesis. (B) WB analysis of ULK1 complex
components in HK2 KO-OFDL1 cells transfected with 3XFLAG-OFD1 or empty vector.
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5. Analysis of ULK1 and ATG13 ubiquitination in KO-OFD1 cells

Ubiquitination represents one of most important post-translational modification for
protein stability. ULK1 and ATG13 are more stable in KO-OFD1 cells, we thus
hypothesized that OFD1 could regulate their ubiquitination. To analyse the
ubiquitination of ULK1 | immunoprecipitated the protein in WT and KO-OFD1 cells
overexpressing MYC-ULK1 and HA-UBIQUITIN (Fig. 24A). As showed previously,
ULK1 levels are increased in KO-OFD1 cells (Fig. 24A). Unfortunately, | was not
able to detect UBIQUITIN signal on immunoprecipitated samples, although the
ULK1 protein has been appropriately immunoprecipitated (Fig. 24A). | repeated this
experiment six times and | always obtained the same results. The reasons for this
problem are not clear. The absence of UBIQUITIN signal could be related to
technical problems or to a very low ubiquitination level of ULK1 in HK2 cells. We
decided to concentrate on a different aspect and not to pursue the ubiquitination at
this time.

Moreover, | analysed the ubiquitination of ATG13 in the absence of OFDL1. |
immunoprecipitated ATG13 in WT and KO-OFD1 cells overexpressing GFP-ATG13
and HA-UBIQUITIN (Fig. 24B). GFP-ATG13 does not show different
polyubiquitination levels between WT and KO-OFD1 cells, however the presence of
a single band at 110 kDa suggests mono-ubiquitination of the protein which is more
abundant in KO-OFD1 cells (Fig. 24B). There is no evidence in the scientific
literature about mono-ubiquitination of ATG13. Further studies will be required to
demonstrate the existence of the mono-ubiquitination and the role of this

modification in the process.
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Figure 24. Analysis of ULK1 and ATG13 ubiquitination levels.

(A) IP of ULK1 in HK2 WT and KO-OFD1 cells transfected with MYC-ULK1 and HA-UBIQUITIN (left).
WB analysis on total lysates (right). (B) IP of ATG13 in HK2 WT and KO-OFD1 cells transfected with
GFP-ATG13 and HA-UBIQUITIN (left). WB analysis on total lysates (right).

As stated above, the regulation of ULK1 thorough post-translational modifications is
critical for autophagy modulation. After autophagy induction ULK1 is ubiquitinated
and degraded to restrain the amplitude and the duration of autophagy. Liu and co-
authors demonstrated that the Cul3-KLHL20 complex is responsible for
ubiquitination and degradation of ULK1 during starvation (Liu, Lin et al. 2016). Since
my results showed that OFD1 promotes the degradation of ULK1, | wondered
whether this process could be mediated by KLHL20. | performed co-

immunoprecipitation of OFD1 and KLHL20 and | surprisingly found that OFD1 is
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able to interact with KLHL20 (Fig. 25A). However, the role of this interaction is not
clear, because | was not able to reproduce the results described in Liu et al. 2016.
In their paper they demonstrated in Hela cells that KLHL20 promotes ULK1
degradation, whereas the inactivation of KLHL20 induces the stabilization of ULK1.
Conversely, when | silenced KLHL20 in HK2 cells | observed, unexpectedly, a
decrease of ULK1 protein levels (Fig. 25B). Our data seem to indicate that KLHL20
has an opposite effect on ULK1 protein levels in HK2 cells (Fig. 25B). The cause of
this discrepancy is not clear right now. KLHL20 is an adaptor protein, and its role
could be different in our cellular model due to different interacting proteins. Since
KLHL20 does not promote ULK1 degradation in HK2 cells, we decided to abandon
this hypothesis and to analyse the mechanisms involved in the degradation of ULK1

and ATG13 in our cellular model.
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Figure 25. OFD1 interacts with KLHL20.

(A) Co-IP of endogenous OFD1 and KLHL20 in HEK-293 cells. Left panel shows the IP of
endogenous OFD1 protein. Right panel shows the IP of endogenous KLHL20 protein. (B) WB
analysis in HK2 cells transfected with siRNA against KLHL20 transcript. Cells were treated with
HBSS for indicated times to induce ULK1 degradation.
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6. ULK1 and ATG13 are degraded through different mechanisms

To understand how OFD1 could control the degradation of ULK1 and ATG13, |
analysed whether they are degraded by autophagy or proteasome, the two main
degradative pathways. | induced degradation of ULK1 and ATG13 through nutrient-
depletion and | blocked proteasomal activity through Bortezomib, an inhibitor of the
catalytic site of the 26S proteasome (Fig. 26A). Inhibition of proteasome reduces
the degradation of ULK1 during starvation, but do not have any effects on ATG13
levels (Fig. 26A). Treatments with Bortezomib or MG-132, another proteasome
inhibitor, upregulate ULK1 levels also in steady-state conditions, while do not affect
ATG13 protein levels (Fig. 26B). These results demonstrate that ULK1 is mainly
degraded by the proteasome, as already shown (Liu, Lin et al. 2016, Nazio, Carinci

et al. 2016) while ATG13 is not influenced by proteasomal degradation.
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Figure 26. ULK1 is mainly degraded by proteasome.

(A) WB analysis of ULK1 and ATG13 degradation in HK2 cells treated with HBSS and Bortezomib
(100nM) for the indicated times. (B) WB analysis in HK2 cells treated with MG-132 (10uM) or
Bortezomib (100nM) for 2 hours.
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At this point | analysed the effect of autophagy inhibition on the degradation of ULK1
and ATG13. | used KO-ATG9 autophagy-deficient cells treated with HBSS or
cycloheximide to induce degradation of such proteins. The accumulation of p62
confirmed autophagy impairment in KO-ATG9 cells (Fig. 27A-B). Consistent with
previous findings, ULK1 is normally degraded in autophagy-deficient cells,
confirming that it is mainly degraded by the proteasome (Fig. 27A-B). In contrast,
KO-ATG9 cells showed impaired degradation of ATG13, suggesting that, indeed,

ATG13 is degraded by autophagy (Fig. 27A-B).
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Figure 27. ATG13 degradation is impaired in autophagy-deficient cells.
(A) WB analysis in SAOS cells WT and KO-ATG9 treated with CHX (50ug/ml) for indicated times.
(B) WB analysis in SAOS cells WT and KO-ATGS9 treated with HBSS for indicated times.
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Treatment with autophagy inhibitors, SAR-405 and Baf, upregulate ATG13 protein
levels, confirming this hypothesis (Fig. 28A-B). Interestingly, both ATG13 and OFD1
are increased by autophagy inhibition (Fig. 28A-B), suggesting that they are both

autophagy substrates.
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Figure 28. Autophagy inhibition upregulates ATG13 and OFD1.
(A) WB analysis in SAOS cells treated with SAR-405 (10uM) and Baf (100nM) for 6 hours. (B) WB
analysis in HK2 cells treated with SAR-405 (10uM) for 6 hours.

7. 1s OFD1 a novel selective autophagy receptor?

OFD1 binds LC3 and is an autophagy substrate (Tang, Lin et al. 2013). However,
the interaction between OFD1 and LC3 has not been well-characterized. Analysis
of the OFDL1 protein sequence by using the iLIR server (https://ilir.warwick.ac.uk/)
(Kalvari, Tsompanis et al. 2014) revealed the presence of six potential LIR motifs
(Fig. 29). Further bioinformatics analysis and alignment of homologous proteins in
Homo sapiens, Mus musculus, Rattus norvegicus, Gallus gallus and Macaca
mulatta revealed that three of them (LIR1, LIR3 and LIRG6) display high conservation

across species (Fig. 29).
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Figure 29. OFD1 protein contains putative LIR motifs.
Putative LIR sequences identified in the OFD1 protein sequence. Conservation of three
representative LIRS across species is depicted in the lower panel.

As stated above, LIR motifs are characteristic of selective autophagy receptors,
which promote the autophagic degradation of specific cargoes through the
interaction with Atg8-family proteins (e.g. LC3 and GABARAP). Since OFD1
interacts with ATG13 and promotes its degradation, | hypothesized that OFD1 may
functions as a selective autophagy receptor for ATG13.

First, | confirmed the interaction between LC3 and OFD1 through co-IP analysis and
glutathione S-transferase (GST) pulldown assay. GFP-LC3 co-immunoprecipitated
with 3XFLAG-OFD1 in HEK-293T transfected with both constructs (Fig. 30A).
Accordingly, the 3XFLAG-OFD1 protein was pulled-down by the GST-LC3B protein

bound to the glutathione sepharose 4B resin (Fig. 30B).
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Figure 30. OFD1 interacts with LC3.
(A) FLAG immunoprecipitation in HEK-293T transfected with 3XxFLAG-OFD1 and GFP-LC3. (B) GST
pull-down of lysates from HEK-293T transfected with empty vector or 3-FLAG-OFD1.

Therefore, we started to mutagenize the putative LIRs identified in the OFD1 protein
to demonstrate their functionality. The approach consists in the substitution of the
two hydrophobic amino acids (positions 3 and 6 of the LIR sequence) into Alanine.
Previous reports demonstrated that these mutations are sufficient to ablate the
interaction with LC3 (Birgisdottir, Lamark et al. 2013).

Furthermore, to understand which portion of the OFD1 protein is able to interact with
LC3, I used three fragments of the OFD1 proteins, already described (Giorgio, Alfieri
et al. 2007), corresponding respectively to the N-terminal (A), central (B) and C-
terminal regions (C) of OFD1 protein (Fig. 29-31). The results of these experiments
demonstrated that only the A and C fragments are pulled-down by the GST-LC3B
protein (Fig. 31), suggesting that these are the regions containing putative functional
LIRs. Further experiments are currently ongoing in the laboratory to understand
whether OFDL1 is a novel autophagy receptor and whether the OFD1-LC3 binding is

essential and/or necessary for ATG13 degradation.
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Figure 31. OFD1 binds LC3 through the N-terminal and C-terminal regions of the
protein.

GST pull-down of lysates from HEK-293T cells transfected with the A, B and C portions of 3XxFLAG-
OFD1 protein.

8. Loss of Ofd1 enhances autophagy in vivo

To test the physiological relevance of our observations | moved to in vivo models
reproducing the features observed in OFDI syndrome. | analysed two different Ofd1
murine models: the inducible model (Ofd1-IND) and the CreKs?;Ofd1 conditional
model. First, we set up conditions to study the autophagic flux in kidneys and treated
fasted (6 hours) P7 wt pups by intraperitoneal injection of leupeptin, which is a
lysosomal protease inhibitor. The results demonstrated that leupeptin is capable to
reach the kidney and to block the renal autophagic flux as demonstrated by the
specific increase of the LC3-1l band observed in leupeptin treated animals compared
to DMSO-only treated mice (Fig. 32A). We then moved to our models and in the
Ofd1-IND model we demonstrated that Ofdl leupeptin-treated mutant kidneys
showed increased levels of LC3-Il compared to treated controls, demonstrating that
loss of Ofd1l causes increased autophagy in vivo, in kidneys at pre-cystic stages
(Fig. 32B). This result indicate that enhanced autophagy is present before renal
cysst formation and raised the question whether autophagy may contribute to the

pathogenesis of the disease from the early phases of renal cysts formation.
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Figure 32. Kidneys from Ofd1-IND mice showed increased autophagy.

(A) WB analysis of LC3 proteinin renal lysates from WT mice starved (6h) and treated with leupeptin.
(B) WB analysis of LC3 protein in renal lysates from Ofd1-IND mice at P8. All mice have been starved
(6h) and treated with leupeptin. Quantification of LC3-II band intensity represented as Fold-change
of WT vs Ofd1-IND Error bars show standard error mean (SEM). Student’s t-test, ***P<0.001.

| confirmed these results also in the Cres?;Ofd1 conditional model, in which the
Ofd1 gene is specifically inactivated in the kidney (Zullo, laconis et al. 2010). Also
in this case as described above mice were fasted and treated with leupeptin to block
the autophagic flux. Also Kidneys from CreKsP;Ofd1 treated mice showed increased
LC3-1l levels compared to treated WT mice (Fig. 33) from early cystic stages,

confirming the enhancement of autophagy in two different Ofd1 mutant models.
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Figure 33. Kidneys from CreXsP;Ofd1 mice showed increased autophagy.

WB analysis of LC3 protein in renal lysates from CreXs*;0fd1 mice at P13 (early cystic stage). All
mice have been starved and treated with leupeptin. Quantification of LC3 Il band intensity
represented as Fold-change of WT vs CreXsP;Ofd1. Error bars show standard error mean (SEM).
Student’s t-test, *P<0.05.
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In line with data obtained in vitro, ATG13 protein levels were increased in kidneys

from Cre*sP;Ofd1 mice both at pre-cystic and cystic stages (Fig.34).
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Figure 34. ATG13 is increased in CreXsP;Ofd1 mice.

WB analysis of ATG13 protein in renal lysates from Cre*sP;Ofd1 mice at P8 (top, precystic stage) and
P22 (bottom, cystic stage). Quantification of ATG13 band intensity represented as fold-change of
WT vs CreksP;0fd1 mice. Error bars show standard error mean (SEM). Student’s t-test, *P<0.05.

9. Inhibition of autophagy reduces renal cysts formation in Ofd1l mutant mice
To understand if autophagy could contribute to the renal cystic phenotype observed
in OFD type | syndrome, we crossed mice carrying Ofdl floxed alleles with Atg7
deficient mice that were previously characterized and reported to display impaired
starvation—induced and constitutive autophagy (Komatsu, Waguri et al. 2005).
Kidneys derived from Atg7 deficient mice appeared normal and without any evident
morphological alterations (Fig. 35A). CreXsP;Ofd1"Y;Atg7"" mice showed decreased
number of renal cysts compared to CreXsP;Ofd1”Y mice (Fig. 35B-C) demonstrating
that inactivation of ATG7 in these mice attenuates cysts formation. These data
suggest that the increased autophagy observed in Ofdl mutant kidneys may

contribute to the pathogenesis of renal cystic disease.
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Figure 35. Inhibition of autophagy reduces renal cysts formation in Ofd1 mutant mice.
(A) Haematoxylin/Eosin staining of renal sections from CreXP;Atg7"™ mice at P110. (B)
Haematoxylin/Eosin staining of renal sections from CreXsP;0fd17%;Atg7"" male mice at P23. (C)
Quantification of cysts number of kidneys from CreXsP;0fd1¥;Atg7" mice compared to their control
mice. Values are expressed as fold-change considering Cre*sP;0fd1”%;Atg7" as 1. Error bars show
standard error mean. Student’s t-test, *P<0.05.

Based on the data described above, we hypothesize that inhibition of autophagy
may represent a strategy to ameliorate the renal cystic phenotype. We thus treated
CreXsP;0fd1l with the autophagy inhibitor CQ and compared the results with
CreXsP;0fd1 mice treated with vehicle only. Histological evaluation of the kidneys
revealed that also CQ treatment lead to reduction in the number of renal cysts

(Fig.36).
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Figure 36. Chloroquine reduces cysts number in kidneys from Ofd1 mutant mice.
Histological analysis of renal sections from CreXsP;0fd1¥ mice at P23 treated with PBS or CQ. Graph
shows the fold-change of cysts number of PBS vs CQ treated mice +SEM. Student’s t-test, *P<0.05.

These results suggest that autophagy inhibition could be a new promising therapy
to inhibit cyst formation in cystic kidney disease. This pharmacological approach

could be associated with other drugs to slow down the progression of the disease.
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Discussion

Primary cilia are sensory organelles that allow cells to sense different stimuli thus
activating various signaling pathways. As such, disruption of the primary cilium
causes deregulation of different cellular processes (Satir, Pedersen et al. 2010).
Recent studies showed that primary cilia are important also for autophagy activation.
Cells with compromised cilia are not able to efficiently induce autophagy through a
still undefined mechanism (Pampliega, Orhon et al. 2013). Deregulation of cilia-
mediated signaling pathways such as mTOR and/or the Hh signaling have been
involved in autophagy inhibition in cilia-depleted cells (Pampliega, Orhon et al. 2013,
Wang, Livingston et al. 2015). However, other ciliary signaling could be involved in
cilia-mediated autophagy and further studies are required to understand this
relationship. During the PhD training, my project involved the investigation of the
role of the centrosomal/basal body protein OFD1 in autophagy. OFD1 is required
for primary cilium formation and in fact OFD1-depleted cells do not form primary
cilia. In contrast with previous studies, my results showed that loss of OFD1 results
in impaired cilia formation and enhanced autophagy, suggesting that ciliary
dysfunction is not always associated with autophagy deficiency. Another example
comes from studies of pancreatic ductal adenocarcinoma (PDAC) cells, in which
loss of primary cilia is associated to increased autophagy (Seeley, Carriére et al.
2009, Perera, Stoykova et al. 2015). Therefore, ciliary proteins may have different
roles in autophagy regulation depending on the pathway or the cell type involved.

Moreover, | found that OFD1 modulates autophagic processes independently from
the presence of primary cilia, suggesting that OFDL1 is directly involved in autophagy
regulation and does not need cilia to exert this role. We also analyzed mTOR, a key
regulator of autophagy. When active, mTORC1 promotes anabolic processes such
as protein, lipid and nucleotide synthesis, and represses catabolic processes, such

as autophagy. Our study demonstrates that OFD1-depleted cells show increased
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autophagy although they display higher mTOR activity, suggesting that OFD1 could
act downstream the mTOR pathway and that mTOR is not responsible for the
enhanced autophagy observed in OFD1 depleted models.

Numerous experimental evidences obtained by others in our laboratory reveal that
OFDL1 is localized on autophagosome forming sites supporting a direct role for this
ciliary protein in the control of autophagosome biogenesis. This hypothesis is
confirmed by the interaction of OFD1 with the ULK1 complex which represents the
first step in autophagy induction.

It has been shown that contrary to what demonstrated in yeast, the formation of the
ULK1 complex in mammals is not influenced by nutrients (Jung, Jun et al. 2009,
Zachari and Ganley 2017). Here we show that although the OFD1-ATG13
interaction seems to be nutrient dependent, FIP200, ULK1 and ATG13 interact with
each other and regularly form the complex in the absence of OFD1 suggesting that
OFD1 is not necessary for the formation of the complex.

However, my results demonstrate that OFD1 modulates the activity of the ULK1
complex by regulating the stability of its components. Different studies revealed that
stability of the ULK1 complex is affected by the protein levels of its components.
Depletion of ATG13 or FIP200 leads to decreased stability of ULK1 (Ganley, Lam
et al. 2009, Jung, Jun et al. 2009). My results indicate that in the absence of OFD1,
ULK1 and ATG13 are more stable, thus promoting the kinase activity of the complex
and subsequently enhancing autophagy in KO-OFD1 cells. Conversely, over-
expression of OFD1 promotes degradation of ULK1 and ATG13, causing autophagy
inhibition.

Which are the mechanisms through which OFD1 regulates degradation of ULK1 and
ATG13? This is still and open question and is currently under investigation in our
laboratory. Several post-traslational modifications can modulate the stability of

ULK1 or ATG13 (Fig. 9). The presence of mono-ubiquitination of ATG13 in KO-
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OFD1 cells (Fig. 24) could have an important role on its stability or function.
However, additional experiments are required to prove or disprove this hypothesis.
During the investigation of the mechanisms involved in the degradation of the ULK1
complex, | found that both OFD1 and ATG13 are degraded through autophagy.
Moreover, preliminary results showed that ATG13 is not degraded by OFD1 when
autophagy is inhibited, suggesting that OFD1 promotes degradation of ATG13
through the autophagic process.

The identification of putative LIR domains in the OFD1 protein sequence supported
this hypothesis and we hypothesize that OFD1 may function as a selective
autophagy receptor for ATG13. To understand whether the interaction between
OFD1 and LC3 could be responsible for ATG13 degradation, we decided to
mutagenize the putative LIRs identified in OFD1. According to my hypothesis, the
OFD1 protein mutated in the functional LIR region should not induce autophagic
degradation of ATG13, therefore, it should not inhibit autophagy. According to this
hypothesis OFD1 may be a new selective autophagy receptor, responsible for the
degradation of a core autophagy protein (ATG13) to restrain ULK1 activity and
consequently autophagy activation. This could represent an important feedback
mechanism for the control of autophagy activation during starvation. The
experiments are still ongoing and, to date, | don’t have a definite answer.

The presence of functional LIR domains in OFD1 could highlight new possible
cellular functions for this already versatile protein. The OFD1 protein sequence is
characterized by many coiled coil domains important for protein-protein interactions.
OFD1 may act as scaffold for different cargoes and mediate their autophagic
degradation through LC3. Different ciliary proteins are degraded by autophagy, and
OFD1 may be an important mediator of this process, referred to as ciliophagy
(Cloonan, Lam et al. 2014). The modulation of ciliary protein levels through

autophagy might influence primary cilia formation and resorption. The elucidation of
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the role of OFD1 in autophagy and the definition of the selective processes in which
OFD1 is involved could shed new light towards understanding the complicate link
between autophagy and ciliogenesis.

As mentioned above, the OFD1 protein is located at centrosome. The involvement
of this centrosomal protein in autophagy highlights the link between centrosomes
and autophagy. These organelles have been described as important signaling
centers for GABARAP-mediated autophagy (Joachim, Razi et al. 2017). The
centrosomal protein PCM1, a known interactor of OFD1, interacts with GABARAP
through a LIR domain (Joachim, Razi et al. 2017). OFD1 presents many interesting
similarities with PCM1, such as the binding with an Atg8 family protein (LC3) and
the localization at centriolar satellites. Considering the similarity between the two
proteins, OFD1 and PCM1 may collaborate in autophagy regulation. Also in this
case, additional studies are required to understand their roles and how they connect
the centrosome to autophagy.

The results illustrated in this thesis clearly show that OFD1 impairment results in
enhanced autophagy both in in vitro and in vivo models of OFD type | syndrome and
| also demonstrated the same in lymphoblastoid cell lines obtained from OFDI
patients. The autophagy deregulation observed could contribute to the different
clinical manifestations observed in the disease. As stated above, autophagy has an
essential role during development, thus it could be involved in some of the
developmental abnormalities observed in OFDI patients. Similarly to what described
for other inherited disorders associated to ciliary dysfunction, OFDI patients display
neurological abnormalities (Del Giudice, Macca et al. 2014) and it has been
demonstrated that OFD1 plays a crucial role in forebrain development and in early
corticogenesis (D'Angelo, De Angelis et al. 2012). It is tempting to speculate that

autophagy regulation may be involved in the role of OFDL1 in brain development.
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Moreover, most of the OFDI patients display skeletal abnormalities (Macca and
Franco 2009) and conditional inactivation of Ofdl in early limb buds results in
mineralization defects during endochondral bone formation (Bimonte, De Angelis et
al. 2011). Autophagy has been shown to play an important role in mineralization and
bone homeostasis (Nollet, Santucci-Darmanin et al. 2014), thus it may be involved
in the skeletal defects observed in OFDI syndrome. In both cases specifically
designed experiments will give the answers to these questions.

Since autophagy has been mainly proposed as a protective mechanism, the harmful
effects of increased autophagy are not widely described in the scientific literature.
Autophagy has been clearly linked to cancer (White 2015). In cancer cells,
increased autophagy can provide substrates for high-level metabolism and promote
cell proliferation (White 2015). Renal cystic disease, one of the hallmarks of
ciliopathies and OFD type | syndrome, shares important traits with cancer, such as
higher proliferation rate and altered metabolism (Seeger-Nukpezah, Geynisman et
al. 2015). Increased autophagy could cause cyst-lining cells to change metabolism
and to hyper-proliferate, contributing to the progression of the renal disease.
Another effect of excessive autophagy is cell death (Shi, Weng et al. 2012). The
increased apoptosis contributes to cystogenesis in polycystic kidneys and is
associated with progressive loss of normal nephrons (Goilav 2011). Increased
autophagy could cause excessive apoptosis in cystic kidneys of OFDI patients
promoting the progression of the renal disease. Staining with the anti-cleaved
Caspase-3 antibody in kidneys from CreXs?;Ofd1l mice confirmed a moderate
increase in apoptotic cells in the epithelial layer lining the cysts in the dilated renal
tubules (Zullo, laconis et al. 2010).

Finally, increased autophagy could cause excessive degradation of specific proteins
involved in the pathogenesis of the disease. For example, the Polycystin 1 (PC1)

protein, codified by PKD1, one of the transcripts responsible for ADPKD, is
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degraded by autophagy (Pema, Drusian et al. 2016) and its dosage is strictly
connected with disease severity (Hopp, Ward et al. 2012). The enhanced
autophagic degradation of PC1 in Ofdl mutant mice may cause and/or contribute
to renal cystogenesis. For this reason, autophagy inhibition may ameliorate the
cystic phenotype blocking PC1 degradation. Crossing Ofd1l mutant mice with Pkd1
mice could clarify the role of PC1 dosage in OFD type | syndrome.

Recent studies showed a beneficial effect of metformin in zebrafish and mouse
models of ADPKD (Takiar, Nishio et al. 2011, Chang, Ma et al. 2017). Metformin is
a pharmacological activator of AMPK and is widely used in clinics. AMPK stimulation
results in mTOR inhibition and consequently autophagy enhancement. The authors
suggested that autophagy activation could have therapeutic potential for ADPKD
treatment (Takiar, Nishio et al. 2011, Chang, Ma et al. 2017). However, the
involvement of autophagy in the beneficial effect of metformin is not clear. Metformin
inhibits the cystic fibrosis transmembrane conductance regulator (CFTR), which is
responsible for the fluid secretion in cyst lumen (Takiar, Nishio et al. 2011).
Moreover, metformin-mediated inhibition of mMTOR signaling slows the proliferation
of cystic epithelial cells (Takiar, Nishio et al. 2011). The modulation of these
pathways could play a major role on the therapeutic effect of metformin in ADPKD
models.

Another recent paper revealed that treatment with autophagy activators attenuates
cyst formation in a zebrafish model of ADPKD (Zhu, Sieben et al. 2017). This
supports the hypothesis that autophagy modulation could be a modifying event for
cystogenesis. However, the role of autophagy in renal cystic disease is
controversial: we demonstrated that in OFDI animal models autophagy is enhanced
while it has been shown that autophagy is inhibited in ADPKD models.

As discussed above, an increasing number of ciliary/centrosomal proteins involved

in autophagy are being discovered. In contrast to what shown for other ciliary
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proteins, my results demonstrated that loss of OFD1 results in increased autophagy.
It is plausible that cilioproteins play different roles in autophagy and only detailed
and specific studies analyzing the autophagic profile of a significative number of
cilioproteins will clarify this issue. Different experimental evidence indicates a link
between autophagy and renal cystic disease and | propose that the protein
imbalance caused by autophagy deregulation could be involved in ciliopathy-
associated conditions, including renal cystic disease. Therefore, modulation of
autophagy could have a therapeutic value in ciliopathies. The recognition of a role
for autophagy in the pathogenesis of PKD is of high clinical relevance. Our data
indicate autophagy deregulation in the early phases of renal cysts formation and we
believe that dissection of the molecular mechanisms underlying the initial phases of
renal cyst formation will allow designing therapeutic approaches that could prevent
cysts formation and/or slow down progression of renal cystic disease thus disclosing

new therapeutic avenues for renal cystic disease.
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Materials & Methods

Cell culture, treatments and transfection

Human Kidney 2 (HK-2) cells were grown in DMEM/F12 medium (Gibco 11330057)
supplemented with 5% FBS, 1mM glutamine, 1X Insulin-transferrin-sodium selenite
(Sigma 11884) and 1X Penicillin/Streptomicin (ECB3001D). Sarcoma osteogenic
cells (SAOS) KO-ATG9 were a gift of Carmine Settembre and are still unpublished.
SAOS cells were grown in McCoy's 5a Medium Modified (Gibco 16600082)
supplemented with 15% FBS, 1mM glutamine, 1X Penicillin/Streptomicin. Cells
were grown at 37 °C with 5% CO2. To induce ciliogenesis, HK2 cells were starved
for 16h with DMEM/F12 without FBS. To induce autophagy, cells have been starved
with HBSS (HEPES 10 mM). Bafilomycin (Sigma B1793) was used at 100nM to
block the autophagic flux. Chloroquine (Sigma H0915) was used at 50 uM and SAR-
405 (ApexBIO A8883) at 10uM. Proteasome inhibition was performed using
Bortezomib (100nM) and MG-132 (10uM).

For amino acid starvation and stimulation experiments, the cell culture medium was
amino acid—free RPMI 1640 (US Biological) supplemented with 10% dialyzed FBS
(Invitrogen, Thermo Fisher Scientific). After 1 hour of starvation, a complete amino
acid RPMI 1640 medium was added back to the cells.

Cells were transfected with TransIT®-LT1 Transfection Reagent (Mirus MIR 2304)
according to the manufacturer’s instructions and harvested after 48h. Transfection
of sSiRNA was performed using Interferin (Polyplus 409). Cells were harvested after

96h for the WB analysis.

Plasmids and siRNAs
The construct 3xFLAG-OFD1 codifies for the OFD1 protein with a 3xFLAG tag in N-
terminal region and was already described (Giorgio, Alfieri et al. 2007, laconis, Monti

et al. 2017). The plasmids expressing the 3 portions of OFD1 protein (3XFLAG-
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OFD1A, 3xFLAG-OFD1B, 3xFLAG-OFD1C) were already described (Giorgio, Alfieri
et al. 2007). The empty vector is the p3xFLAG-CMV ™-10 Expression Vector (E7658
Sigma). GFP-LC3 and GFP-p62 plasmids were provided by Dr. Carmine Settembre
(Cinque, Forrester et al. 2015). FLAG-VPS34 was a gift from Ruey-Hwa Chen (Liu,
Lin et al. 2016). HA-Ubiquitin construct was provided by Dr. Lucia Di Marcotullio (Di
Marcotullio, Ferretti et al. 2006). GST-LC3b and GST plasmids were a gift from Dr.
Paolo Grumati (Grumati, Morozzi et al. 2017). pMXs-IP-EGFP-hAtgl3 was a gift
from Noboru Mizushima (Addgene plasmid #38191). myc-hULK1 was a gift from
Do-Hyung Kim (Addgene plasmid #31961).

OFD1 and KLHL20 silencing were performed with ON-TARGETplus siRNA

SMARTpool (Dharmacon) against OFD1 and KLHL20 transcripts respectively.

Western blot and co-immunoprecipitation

Total protein extracts from cells and tissues were obtained by using RIPA buffer
(150 mM NacCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50
mM Tris, pH 8.0) completed with a mix of inhibitors of proteases (P8340 Sigma) and
phosphatases (PHOSS-RO Roche). Mouse kidneys were disrupted using the
Qiagen TissueLyser. The extracted proteins were separated by SDS-PAGE and
then transferred onto Immobilon-P PVDF membrane (IPVH00010). Membranes
were blocked with BSA or 5% non-fat milk and then incubated with the respective
antibodies. Cells for co-Immunoprecipitation were lysed in lysis buffer (50 mM Tris-
HCI, 1 mM EDTA, 10 mM MgCI2, 5mM EGTA, 0.5% Triton X-100, pH 7.28), 1 mg
of lysate was incubated with specific antibodies and IgG, as control. Co-IP was
performed using Protein A/G PLUS-Agarose (Santa Cruz sc-2003), the
immunoprecipitated beads were washed three times with lysis buffer and then
eluted with the Laemmli sample buffer. Band intensities were quantified by ImageJ

and fold-change between two groups was calculated. Western blot quantifications
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showed the mean of fold-changes calculated in at least three different experiments.
Error bars represent the standard error of the mean (SEM). The significance of the
results was calculated by Student’s t-test and reported as p-value. Symbol meaning:

* P<0,05; ** P<0,01; *** P<0,001.

Antibodies
The antibody anti-OFD1 was generated against the human full-length OFD1 protein
and was used for WB analyses (Ferrante, Zullo et al. 2006, Giorgio, Alfieri et al.

2007). All other antibodies used in this study are commercially available and are

listed below.

Antigen Company Catalog Number | Application
ACETYL-TUBULIN SIGMA AT7451 IF
ACTIN SIGMA A5316 WB
ATG13 CELL SIGNALING | 13273 WB; IP
ATG101 CELL SIGNALING | 13492 wWB
BETA-TUBULIN SIGMA T4026 WB
FIP200 PROTEINTECH 17250-1-AP WB; IP
FLAG SIGMA F1804 WB; IP
GAPDH SANTA CRUZ SC-32233 WB
GFP ABCAM AB290 WB; IP
HA BIOLEGEND 901502 WB
KLHL20 SANTA CRUZ SC-515381 WB; IP
LC3B NOVUS BIO NB100-2220 WB
MYC MILLIPORE 05-724 WB; IP
OFD1 SIGMA HPAO031103 IP

P62 ABNOVA H00008878 WB
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p-ATG13 (S318) ROCKLAND 600-401-C49 WB
p-S6 (S240) CELL SIGNALING | 2215 WB
p-S6K1 (T389) CELL SIGNALING | 9205 WB
p-ULK1 (S757) CELL SIGNALING | 6888 WB
p-VPS34 (S249) CELL SIGNALING | 13857 WB
S6 CELL SIGNALING | 2217 WB
S6K1 CELL SIGNALING | 9202 WB
UBIQUITIN SANTA CRUZ SC-8017 WB
ULK1 CELL SIGNALING | 8054 WB
VPS34 SANTA CRUZ SC-365404 WB

Ubiquitination assays

The analysis of ULK1 and ATG13 ubiquitination was performed transfecting HEK-
293T cells with respective constructs and HA-ubiquitin. Cells were treated with
MG132 for 16 hr or subjected to starvation (HBSS) for reported time periods. Cells
were lysed with RIPA lysis buffer, and lysates were used for immunoprecipitation
with anti-MYC or anti-GFP and followed by western blot with anti-HA to detect

UBIQUITIN signal.

GST pull-down assay

GST and GST-LC3B plasmids were expressed in Escherichia coli BL21 (DE3) cells.
Expression was induced by addition of 0.5 mM IPTG in LB medium and cells were
incubated at 37°C for 5 hours. Harvested cells were lysed using sonication in a lysis
buffer (20 mM Tris-HCI pH 7.5, 10 mM EDTA, 5 mM EGTA, 150 mM NaCl) and GST
fused proteins were immuno-precipitated using Glutathione Sepharose 4B beads
(GE Healthcare). Fusion protein-bound beads were used directly in GST pull down

assays. HEK293T cells were transfected with indicated constructs and cell lysates
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were mixed with GST fusion protein-loaded beads and incubated over-night at 4°C.
Beads were then washed five times in lysis buffer, resuspended in Laemmli buffer

and boiled. Supernatants were loaded on SDS-PAGE.

Histological and immunofluorescence analysis

For immunofluorescence experiments, cells were fixed in PFA 4%. Blocking was
performed in PBS 0.05% Saponin, 0,5% BSA. The primary antibodies used was
anti-acetylated tubulin antibody (cat. no. T6793, Sigma-Aldrich). Analysis at the
microscopy was performed with a LEICA SPE confocal microscope with a 63x oil
objective.

For histological assay, isolated kidneys were fixed in 4% paraformaldehyde in PBS
buffer at 4°C overnight. After fixation, the tissue was dehydrated with increasing
concentrations of ethanol, cleared with xylene and embedded in paraffin. The tissue
was sectioned using a microtome and hematoxylin—eosin staining was performed
on paraffin sections. Representative images of hematoxylin—eosin-stained kidneys
were acquired. Cysts number was counted manually with ImageJ software in at least

5 different sections of each sample.

Real-time PCR and Primers

RNA was extracted from cells using the RNeasy Mini Kit from QIAGEN (74106).
cDNA was obtained with QuantiTect Reverse Transcription Kit from QIAGEN. The
LightCycler® 480 SYBR Green | Master Mix (04707516001) was used for all
samples for Real-time PCR. The AACT method was used for statistical analysis to
determine gene expression levels. Primers that amplify the ACTIN transcript were
used as internal reference. Primers used for real-time PCR are listed below.
hFIP200-FW (5-GGATCTCAAACCAGGTGAGGG-3)

hFIP200-REV (5’-GTGCCTTTTTGGCTTGACAGT-3’)
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hULK1-FW (5-CTGGTCCTCTTGCTTCCGTC-3')
hULK1-REV (5-ACACCAGCCCAACAATTCC-3’)
hATG13-FW (5-GACCTTCTATCGGGAGTTTCAG-3’)
hATG13-REV (5-GGGTTTCCACAAAGGCATCAAAC-3)
hACTIN-FW (5-AGAGCTACGAGCTGCCTGAC-3))

hACTIN-REV (5-AGCACTGTGTTGGCGTACAG-3)

Animal models

The generation of Ofd1 floxed mice was previously described (Ferrante, Zullo et al.
2006). Ofd1-IND mice (laconis, Monti et al. 2017) were obtained crossing Ofd1%*
females with CAGGCre-ER™ mice, a transgenic mouse line in which Cre-ER™ is
ubiquitously expressed to permit, temporally regulated, Cre-mediated
recombination in diverse tissues of the mouse (Hayashi and McMahon 2002). For
induction of Cre activity at birth in the inducible model, tamoxifen administration was
performed once at E18.5 in the pregnant mother Ofd1%" crossed with CAGGCre-
ER™ male. Ofd1-IND male mice are viable and develop kidney cysts starting from
P10. CreksP;Ofd mice are characterized by kidney-specific inactivation of Ofdl
(Zullo, laconis et al. 2010). They were obtained by crossing females Ofd1"*+ with the
CreXsP transgenic line in which Cre recombinase is specifically expressed in renal
tubular epithelial cells and the developing genitourinary tract under the control of the
Ksp-cadherin (Cdhl16) gene promoter (Zullo, laconis et al. 2010). To block
autophagic degradation mice were starved and injected intra-peritoneally with
leupeptin (50 mg/kg) for 6h. Atg7"" mice were previously described, they are
characterized by impairment of starvation-induced and constitutive autophagy
(Komatsu, Waguri et al. 2005). CreXsp; Atg7"* mice, with renal specific inactivation of
Atg7, were obtained crossing CreXs? mice with Atg7"" mice. CreXsP;Atg7"* were

crossed with Ofd1":Atg7"  mice to obtain CreksP;Ofd"*;Atg7"  and
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CreXsp,Ofd™;Atg77M mice. These mice are viable and are characterized by the
inactivation of both Atg7 and Ofd1 in the kidney.

To block autophagic degradation, mice were starved and treated by intraperitoneal
injection of leupeptin (50 mg/kg). The animals were sacrificed 6 hours after the
treatment. To address the effect of autophagy blockade on cysts formation, mice
were treated with either vehicle alone or chloroquine (50mg/kg) (Sigma H0915) by

daily intraperitoneal injection from P8 to P23.

Contributions

Elvira Damiano generated the KO-OFD1 HK2 cells used in this thesis using
CRISPR/Cas9 technology. Serena Maione performed WB analysis of LC3 in
kidneys from CreksP;Ofd1 mice illustrated in Fig 33. Daniela laconis generated the
CreXsp;0fd1f; Atg7" mice and performed all the treatments in mice used to generate

the data illustrated in Fig 32-33-36.
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